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BEHAVIOR OF LITH
IN w-BUTANOL1 3

IUM AND

By H. V. Venkatasetty and Glenn H. Brown#4

Department of Chemistry, University of Cincinnati, Cincinnati, Ohio

Received September 6, 1961

The conductances of lithium iodide and ammonium iodide have been measured in re-butanol at 0, 25, and 50°.

The values

of the dissociation constants for the ion-pairs and the limiting equivalent conductances are obtained by the method of Shed-

lovsky.
of the salts are found to behave as weak electrolytes.

The ion-size parameters are calculated by Bjerrum’s method as well as by the Danison-Ramsey method.
The observed differences in the dissociation constants and the mobili-

Both

ties are explained in terms of the specific types of ion-ion and ion-solvent interactions.

Introduction

The investigation of the properties of solutions of
ionophores5 in non-aqueous systems has received
considerable attention in recent years with a view
to understanding the nature of ion-ion and ion-
solvent interactions in these systems under a wide
variety of Conditions. A large number of 1:1
electrolytes have been investigated in a wide
variety of solvents.6 A literature survey of non-
aqueous systems reveals the absence of conduct-
ance data for solutions of ionophores in n-butanol
over a range of temperature. Seward7 measured
the conductances and viscosities of the solutions
of tetra-n-butylammonium picrate in n-butanol
over the entire concentration range from dilute
solution to fused salt at 91°. n-Butanol, being an
associated solvent with low vapor pressure and
moderate value of dielectric constant of 17.1 at
25°, offers an interesting solvent to study specific
ion-ion and ion-solvent interactions.

(1) Presented at the 139th National Meeting of the American
Chemical Society, St. Louis, Missouri, March 21-30, 1961.

(2) This paper is abstracted in part from a dissertation submitted
by H. Y. Venkatasetty to the Graduate School of the University of
Cincinnati in partial fulfillment of the requirements for the Degree of
the Doctor of Philosophy, 1961.

(3) The conductance equipment used in this research was made
available through a grant from the Research Corporation.

(4) Department of Chemistry, Kent State University, Kent, Ohio.

(5) R. N. Fuoss, J. Chem. Educ., 32, 527 (1955).

(6) H. S. Harned and B. B. Owen, “The Physical Chemistry of
Electrolyte Solutions,” 3rd Ed., Reinhold Publ. Corp., New York,
N. Y., 1958, Chapter 6.

(7) R. P. Seward, J. Am. Chem. Soc., 73, 515 (1951).

Experimental

Apparatus.— The conductance measurements were made
using a conventional alternating current Wheatstone
bridge equipped with a Wagner earthing device. The power
source for the bridge was a Leeds and Northrup oscillator
with a frequency of 1000 c.p.s. The balance detection
device consisted of a crystal headphone. The ratio arms
of the bridge consisted of a Aohlrausch slide wire purchased
from Leeds and Northrup and in almost all the measure-
ments great care was taken in measuring resistances to
balance the bridge at the center of the slide wire to elimi-
nate errors due to inductance.8 The conductance cell used
was designed according to the recommendations of Jones
and Bollinger9and had a graded seal between the Pyrex and
the platinum. The electrodes were slightly platinized using
a standard procedure. Tre cell constant was determined
using 0.01 D KC1 solution according to the procedure of
Jones and Bradshaw.D The cell constant was 0.15000
cm.-1 at 0.0° and the cell constants at the other tempera-
tures were calculated1l using the 0.0° value. The cell
constant calculated for 25 0° was checked experimentally
using the procedure of lves and Sames,2with benzoic acid
solutions prepared from a National Bureau of Standards
sample. The cell -was maintained at 25.00 + 0.02° and
50.00 =t 0.02° in an oil bath and the measurements at 0.0°
were made in an oil trough placed in a well insulated ice
chest.13 The temperature rf the bath was measured with a
Beckmann thermometer which had been calibrated against
a thermometer certified by the National Bureau of Stand-
ards.

Materials.— A saturated solution of lithium iodide tri-
hydrate of “National Formulary” quality, purchased from

(8 G. Jones and R. C. Josephs, ibid., 50, 1049 (1928).

(9) G. Jones and G. M. Bollktger, ibid., 53, 411 (1931).

(10) G. Jones and B. G. Bradshaw, ibid., 55, 1780 (1933).

(11) E. W. Washburn, ibid., 38, 2455 (1916).

(12) D. J. G. lves and K. Sames, J. Chem. Soc., 511 (1943).

(13) G. Jones and M. J. Pr«ndergast, 3. Am. Chem. Soc., 59, 731
(1937).

2075
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the Mallinckrodt Chemical Works, was prepared in conduc-
tivity water and freed from anionic impurities by passing
it through the anion-exchange resin Amberlite IRA-400.
After evaporating the solvent from this solution under
vacuum, and cooling, lithium iodide crystallized. These
crystals were dried in a vacuum oven at about 120° and
stored over P206 in a vacuum desiccator for several weeks.
The solid lithium iodide was placed in a specially designed
steel bomb and heated under vacuum in a furnace at
about 650° for about 2 hr. and then the temperature was
raised to about 850° for 1.5 hr. to completely dehydrate the
salt. The salt showed no alkalinity and analysis of the
sample by Fajans’ method showed it to be better than
99.96% pure.

The ammonium iodide was Baker analyzed “Reagent
Grade” and a saturated solution was made in de-ionized
water freed from dissolved oxygen by boiling. This solu-
tion was passed through a column containing the cation-
exchange resin Dower 50-X, equilibrated with 2 M am-
monium nitrate solution, and then washed free of nitrate;
the cation-exchanger was followed by an anion exchange
resin IRA-400 which had been equilibrated with 2 M
potassium iodide solution and then washed free of iodide
ion. The effluent was collected in a colored bottle to
protect the ammonium iodide from photochemical action.
The solution of ammonium iodide was evaporated under
reduced pressure, the salt recrystallized from an ethanol-
ether mixture, and dried to constant weight in vacuo at 60-
65°. Analysis by Fajans’ method showed a purity of
99.98%.

Reagent grade n-butanol was refluxed for several hours
with lime and distilled three times. In the final distillation
the fraction boiling between 117.3 and 117.5° under atmos-
pheric pressure was collected. The refractive index of the
purified solvent was 1.3992 compared to the literature value
of 1.3991.14 The specific conductance of the solvent re-
ported in the literaturebis 9.12 X 10*9mho at 25°. The
dielectric constant of ra-butanol calculated according to
Circular No. 514 of National Bureau of Standards®is 20.44
at 0°, 17.1 at 25°, and 14.10 at 50°. The viscosities of n-
butanol at different temperatures reported in the literature
are 0.05186 poise at 0°,170.0246 poise at 25°,18knd 0.01411
poise at 50°17 these values check well with the extrapolated
values of viscosity temperature functions of liquids found
in the literature.13 The densities of n-butanol determined
in this work are 0.8246 g./cm.3 at 0°, 0.8057 g./cm.3 at
25°, and 0.7875 g./cm.3at 50°; these values are in agree-
ment with the values reported in the literature.® The puri-
fied solvent was stored in sealed bottles and any transfer of
the solvent was made in a drybox under a positive pressure
of dry nitrogen.

Preparation of Solutions.— All solutions were prepared in
a drybox by transferring to a container a known weight of
the salt and dissolving it in an exact volume of the solvent.
Dilute solutions were prepared by further dilutions, using
calibrated pipets and burets. Concentrations were es-
tablished by analysis. These solutions were preserved in
bottles which had been coated on the outside with black
paint and were sealed with serum caps. n-Butanol is
found to have no effect on these serum caps. Transfers of
solutions always were made using the proper sized hypo-
dermic syringe. All weighings were corrected for the
buoyancy effect of air.

Procedure for Making Measurements.— The cell was first
cleaned with potassium dichromate-sulfuric acid cleaning
solution, washed several times with distilled water, and
finally with de-ionized water. It then was rinsed well with
“chemically pure” acetone, dried, and stored in a drybox.
From this point on, all handling of solutions was carried
outin adrybox. Before each filling of the cell, it was rinsed
well a number of times with the solution under study. The

(14) “International Critical Tablea,” Vol. 7, McGraw-Hill Book Co.,
Inc., New York, N. Y.?1930, p. 36.

(15) L. Scheflan and M. B. Jacobs, “The Handbook of Solvents,”
D. Van Nostrand Co., Inc., New York, N. Y., 1953, p. 159.

(16) National Bureau of Standards Circular No. 514, 1951.

(17) “Handbook of Chemistry and Physics,” 40th edition, Chemical
Rubber Publishing Co., Cleveland, Ohio, 1958, p. 2158.

(18) Reference 14, p. 41.

(19) A. N. Nissan, Fhil. Mag., 32, 441 (1941).

(20) J. Timmermann, “Physico-Chemical Constants of Pure Or-
ganic Compounds,” Elsevier Publishing Co., New York, N. Y., 1950,
p. 319.
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transfer of the solution from the bottle to the cell was con-
veniently accomplished by the use of a syringe fitted with a
suitable hypodermic needle that was inserted through the
stopcock into the filling tube of the cell. The conductance
cell was placed in the appropriate bath and allowed to come
to temperature. Readings were taken every 20 min. until
the resistance was constant. Since the specific conductance
of n-butanol is 9.12 X 10~9mho at 25°, solvent correction is
not necessary even for the most dilute solutions.

Results and Discussion

The data for the equivalent conductance of
lithium iodide and ammonium iodide correspond-
ing to different concentrations at 0, 25, and 50°
are recorded in Table I. The maximum experi-
mental error inherent in these data is 0.1%.

Table |
Equivalent Conductance of Lil in ji-Butanol
Temp. Temp. Temp.
0.0° 25 £ 0.02° 50 + 0.027°
¢ X 10* c X 10* c X 10*
N Aobsd K Aobsd N Aobsd
8.21 6.37 8.02 12.13 7.84 19.39
16.42 5.74 16.04 10.69 15.68 16.57
20.50 5.44 20.05 10.17 19.60 15.64
24.62 5.27 24.06 9.75 23.52 15.02
41.00 4.66 40.10 8.69 39.20 13.02
61.50 4.32 60.10 7.79 58.70 11.64
82.10 3.87 80.20 7.02 78.40 10.71
102.60 3.66 100.20 6.73 97.90 10.06
123.10 3.59 120.30 6.30 117.60 9.53
143.70 3.28 140.40 5.98 137.20 9.15
164.20 3.05 160.40 5.91 156.80 8.81
Equivalent Conductance OF NELJ IN n-BUuTANOL
Temp. Temp. Temp.
0.0° 25 + 0.02° 50 + 0.02°
¢ X 10* ¢ X 10* c X 10*
N Aobsd N Aobsd N Aobsd
6.79 6.86 6.60 12.23 6.50 19.25
13.57 6.07 13.26 10.99 12.96 16.53
16.90 5.84 16.57 10.59 16.20 15.84
23.74 5.43 23.20 9.84 22.68 14.43
33.90 4.97 33.15 8.98 ?£.40 13.04
50.90 4.42 49.70 7.97 48.60 11.67
67.80 4.07 66.30 7.28 64.80 10.77
84.80 3.94 82.90 7.10 81.00 10.08
101.80 3.78 99.40 6.77 97.20 9.51
118.70 3.57 116.00 6.33 113.40 9.07
135.70 3.49 132.60 6.32 129.60 8.55
The plots of equivalent conductance vs. the

square root of concentration for both L il and NH 4
at the three temperatures studied show marked
deviation from linearity. This indicates that these
salts behave as weak electrolytes in n-butanol with
definite ion-pair formation. The limiting equiva-
lent conductance (AQ and the ion-pair dissociation
constant (K) for the different solutions were evalu-
ated by the Shedlovsky method.2l2 Figure 1
shows the Shedlovsky plot for ammonium iodide.
Comparable curves are obtained for lithium iodide
solutions. The values of AOand K are summarized
in Table I1.

The conductance of ions to a large measure
depends on the size of the ions and also on the
vrcosity of the medium through which they move.

(21) T. Shedlovsky, J. Franklin Inst., 225, 739 (1938).

(22) R. M. Fuoss and T. Shedlovsky, J. Am. Chem. Soc., 71, 1496
(1949).



Nov., 1962

Tabte Il

Summary of Data for Solutions of Lil and NIJ in

%i-Butanol

OBj“ ODR6

Electro- Temp., Jio) K cm. cm.
lyte °C. Exp. X 104 X 108 X IO AT
Lil 0.0 8.58 20.94 3.54 4.81 0.444
Lil 25.0 17.42 13.74  3.71 4.94 429
Lil 50.0 30.30 7.41 3.83 5.05 427
NH,I 0.0 9.09 17.39 3.34 4.67 471
NHJ 25.0 16.00 19.53 4.15 5.21 .394
NHJ bOoO 29.s5 6.73 3.76  4.98 421

°dg is the ion-size parameter from Bjerrum'’s theory.

bQdr is the ion-size parameter from the Denison-Ramsey
equation.
The interaction between two oppositely charged
ions depends on the charge, size, structure, and
polarizability of the ions as well as the interaction
of the ions with the solvent molecules. w-Butanol
being an electron donor solvent with the dipole
moment of 1.67 Debye units is expected to solvate
the cations much more strongly than the anions.

The values of A« and for Lil and NH4 at
0, 25, and 50° are comparable to each other.
Therefore, the cations Li+ and NH4+ are either
of comparable size or there must exist specific
interactions between these cations and the polar
solvent molecules which affect the motion of these
ions through the solvent medium.

The model proposed to explain the small values
of AOfor Lil solutions assumes that the Li+ ions,
because of their small size and high charge density,
can exert a strong attractive force on the polar
solvent molecules and thus create a tight solvent
atmosphere in the first solvent shell around the
cation. This model is supported by experimental
evidence from other measurementsZ of AO and
from X-ray data on the structure of solutions. 4%
The ion-size parameter calculated using Bjerrum’s
theory® of ion-pair formation and the Denison-
Ramsey method (Table IlI) is larger than the
crystallographic radius of 2.76 A. (Pauling) for
Lil. These results, together with the nearly con-
stant Walden product (Table I1) at all the tempera-
tures studied, indicate that the Li+ ions are sur-
rounded by a single layer of solvent molecules
and that there is little change in the size of the
solvodynamic unit over the entire temperature
range. The large values of the dissociation con-
stant (K) can be explained by realizing that strongly
coordinated solvent molecules around the Li+
ions hinder the close approach of iodide ions to
form stable ion-pairs. The values of AOand K
obtained for Lil in this study compare favorably
with the values obtained by OgstonZ for Lil «3H2
in ethanol.

(23) Reference 6, pp. 698-704.

(24) G. W. Brady, J. Chem. Phys., 27, 304 (1957).

(25) M. Strauss, Doctoral Dissertation, University of Cincinnati,
1960.
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Fig. 1—Shedlovsky plot for ammonium iodide at O, 25,
and 50°.

Since the ammonium ion, with a tetrahedral
configuration, is large relative to the Li+ ion and
since it has a lower charge density than the Li+
ion, it cannot exert as strong an attractive force
on the solvent dipoles to solvate itself as is the case
with the Li+ ion. However, the experimentally
observed low values of a0 (Table 1) may be ex-
plained, in part, as due to the electrostatic attrac-
tion between the charge on the NH4+ ion and the
solvent dipoles. This interaction can produce
a distortion of the quasi-crystalline structure
of the solvent and thus interfere with the motion
of the ions. This coulombic ion-dipole interaction
may be reinforced by hydrogen bonding between
the nitrogen of the ammonium ion and the oxygen
of n-butanol, possibly at all the corners of the
tetrahedron. Even though these interactions do
not give a tightly held solvent atmosphere around
the ammonium ion, they can account for the low
values of A0 and the large values of K. This
model of the ammonium ion in n-butanol is sup-
ported by the reasonable agreement between the
calculated Bjerrum ion-size parameter (Table I1)
and the crystallographic interionic distance of
3.63 A. (Goldschmidt). Burgess and Kraus3
evaluated A0 and K for NH4 in pyridine at 25°.
Their values of AO = 952 and K — 24 X 10-4
compared to the present values of AO = 16.00 and
K = 1953 X 10-4 suggest that there are specific
ion-solvent interactions in «-butanol and a very
small amount of such interactions, if any at all,
in pyridine.

(26) N. Bjerrum, Kgl. Danske Videnskab, 7, No. 9 (1926).

(27) A. G. Ogston, Trans. Faraday soc., 32, 1679 (1936).

(28) D. s. Burgess and C. A. Kraus, J. Am. Chem. Soc., 70, 706
(1948).
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The decomposition of aqueous solutions of chloroacetic acid in acid and neutral solutions by H atoms was investigated.
The rate constants for hydrogen and chloride abstraction from the chloroacetic acid and from the chloroacetic anion by H

atoms were derived.

It was found that H atoms as such react with chloroacetic acid mainly by hydrogen abstraction.

The comparison of these results with radiation chemical data yields evidence for the nature of the reducing radicals produced

in the radiolysis of water.

Introduction

Recent experimental studies indicate that the
reducing radicals formed in the radiolysis of water
can exist in two forms, exhibiting widely different
reactivity with specific scavengers, e.g., H:0:.:
N2,3 organic alcohols, and ketones4 and chloro-
acetic acid.56 It was shown2that the form of H
atom equivalent produced by irradiation of neu-
tral aqueous solutions differs from the species
produced by the oxidation of H2 by OH radicals,
and from those produced by radiolysis of acid
aqueous solutions.I'7 The possible pairs of the
reducing species considered were eaq and H, or
alternately H atom and H2+ion. Radiation chemi-
cal data do not make it possible so far to discrimi-
nate unambiguously between these possibilities.126

Comparative studies of the reactivity of H
atoms generated as such and introduced into the
solution8 and of the reducing species produced in
the radiolysis of water may yield information con-
cerning the nature of the reducing radicals produced
in irradiated solutions under various experimental
conditions. Recent studies8 of the decomposi-
tion of aqueous solutions of HD2 by H atoms
showed that the acid form of the reducing radical
involves a hydrogen atom as such. In order to
provide further evidence for the nature of these
species, the decomposition of agueous solutions of
chloroacetic acid by atomic hydrogen was in-
vestigated. Radiation-chemical studies of this
system were recently carried out.56 In the pres-
ent work the radiation chemical data are com-
pared with experimental results for the decom-
position of acid and neutral chloroacetic solutions
by atomic hydrogen.

Experimental

Production of H-Atoms.—Atomic hydrogen was gen-
erated by a method previously described,8 by an electrode-
less discharge in H2 gas at 30 mm. pressure. The pumping
velocity was 150 1. min.-1. Atomic hydrogen was passed

(1) A. 0. Allen and H, Schwarz, Proc. Intern. Conf. Peaceful Uses
At. Energy, Geneva, 29, 30 (1958).

(2) N. F. Barr and A. O. Allen, J. Phys. Chem., 63, 928 (1959).

(3) F. S. Dainton and D. B. Peterson, Nature, 186, 878 (1960).

(4) J. T. Allan and G. Scholes, ibid., 187, 218 (1960).

(5) E. Hayon and J. Weiss, Proc. Intern. Conf. Peaceful Uses At.
Energy, Geneva, 29, 80 (1958).

(6) E. Hayon and A. O. Allen, J. Phys. Chem., 65, 2181 (1961).

(7) J. T. Sworski, 3. Am. Chem. Soc., 76, 4687 (1954).

(8) (a) G. Czapski and G. Stein, J. Phys. chem., 63, 850 (1959);
(b) G. Czapski, J. Jortner, and G. Stein, ibid., 63, 1769 (1959); (c)
G. Czapski and G. Stein, ibid., 64, 219 (1960); (d) G. Czapski, J. Jort-
ner, and G. Stein, ibid., 65, 956 (1961); (e) 65, 960 (1961); (f) 65,
964 (1961).

The acid form of these reducing radicals involves the H atom as such.

for 15 min. through 25 cc. of the evacuated solution kept
at4°.

Determination of dose of H atoms was carried out by
reduction of 10-3 M ferrisyanide solution.8® During the runs
the dose rate of H atoms was checked. The mean dose
in this series of experiments was 1 X 10-e mole I.-1 sec.-1
(2.5 X 10-8 mole sec.-1). After using the ferricyanide
dosimeter, it was found necessary to pass atomic hydrogen
through pure water in order to obtain reproducible results.

Analysis.— Chloride was determined by a turbidometric
method. The reagent solution consisted of 0.0IN AgNO03
in 2 N HNO3. Equal volumes of the reagent solution with
the analyzed solution were mixed at room temperature,
25°.  The turbidity was measured at 400 nva with a Beck-
man DU spectrophotometer. The optical density increases
with time, reaching a maximum value after 20-30 min.
depending on Cl- and chloroacetic acid concentration. The
maximum reading was taken. The measured optical
density is linear with CI- concentration up to o.d. 0.8, for
a 1-cm. light path.

The method is adequate for microdetermination of in-
organic chloride in the concentration region 5 X 10-5-
10-3 M. The results were found to depend on chloroacetic
concentration higher than 0.5 M, and were duly corrected.
The accuracy of the method is +3%. At chloroacetic
acid concentrations above 3 M, the chloride production
during the analysis was very fast and no experiments were
carried out in this region.

Materials and Solution.—A.R. grade chloroacetic acid
(Hopkin & Williams), sulfuric acid, and KOH were used.
The pH usually was adjusted by H2S04and KOH. In some
cases 10-3 M phosphate buffer was employed. Solutions
were freshly prepared and kept in ice until used. The
initial chloride concentration of solutions up to 0.5 M
did not exceed 2.5 X 10-6 M chloride. Solutions in the
concentration region 1-3 M did not contain more than 2 X
10~i M chloride.

Results

The decomposition of chloroacetic acid by atomic
hydrogen was followed by measuring the formation
of inorganic chloride. It was found convenient
to define the reaction yield 72 for the product in
terms of

[C1~]F
At

where A is the dose rate of H atoms expressed in
mole secwl F the volume of the solution expressed
in 1, and t the duration of the run. The values
of R(C1~) were obtained as mean values of at
least three runs, and were reproducible within
+ 20% or better.

Reaction Yields in Acid Solutions— The experi-
mental results for 72(01“) obtained in acid solu-
tions from pH 0.4 to pH 2 are presented in Table
I. In acid solutions 72(C1“) is dependent on chloro-
acetic acid concentration leveling off at high
concentration. The limiting value observed is

72(01%) )
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72°(Cl~) = 0.33. At constant chloroacetic acid
concentration, the chloride yield is independent
of pH in the region 0.4-2.0.

Reaction Mechanism in Acid Solutions— The
limiting chloride reaction yield reaches the value
of 0.33 at high scavenger concentrations. Thus
the experimental results are interpreted by assum-
ing competition between two first-order scavenging
reactions, which involve hydrogen and chloride
abstraction from chloroacetic acid.

Table |
Chloride Yields from Aqueous Solutions of Chloro-
acetic Acid at 4°

Dose of H atoms/10-6 mole I."1 sec.-1; duration of r

900 sec.
[CH2CICOOH],
pH moie 1-1 /e(ci>
0.4 0.5 0.18
4 .05 .032
4 .005 .02
1.0 3.5 ( .33)
1.0 3.3 &8
10 2.5 .33
1.0 1.0 21
10 0.5 .15
1.0 .2 .08
1.0 1 .07
1.0 .05 .02
1.2 5 .18
1.9 3.5 ( -28)
1.9 0.5 .16
1.9 .05 .02
3.3 4 .07
3.3 .05 .06
4.2 .87 .08
4.2 44 .07
4.2 .01 .03
4.4 5 .08
4.4 .05 .07
7.4 .01 .04
H + CH2:2CICOOH —~ H2+ CHC1COOH (1)
H+ CHZICOOH — >
Cl"+ CHZOOH + H+ (2)

The present data were obtained at a relatively high
dose rate of H atoms, thus second-order radical
recombination reactions have to be included. The
concentration dependence of 72(01“) is attributed
to the recombination reaction

2H — > H2 ®)

Evaluation of the Experimental Results— In a
previous work& approximate Kkinetic expressions
were derived for the reactivity of H atoms intro-
duced from the gaseous phase into the solution.
By application of the diffusion model& the sum of
the reaction yields for H>and CI" production is

72(01") + T2(H) = ~ an
W

where A is obtained from the cubic equation

2A3+ 3A2+ A= W (1)

D ecomposition of Chloroacetic Acid by Atomic Hydrogen
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[CHjCICOOH], mole 1°*

Fig. 1. —Chloride reaction yields in acid solutions: 0O,
pH 0.4; A, pH 1; =, pH 1.9. Calculated curves: — e —,
homogeneous kinetics; ---------- , diffusion treatment;----------- ,
forced convection treatment.

The parameter W is expressed using the same nota-
tion as in previous work&l

= — == (IV)

6 {(fa + fa) [CHaCICOOH J}‘'hD %
where A is the dose rate of H atoms, D their dif-
fusion coefficient, and < the mean surface area for
mass transport.

The chloride yield can be expressed in terms of
the limiting yield 72°(C1")

72(01") = 72°(C1")(A/IF) V)

Setting the experimental value for the dose rate
A = 25 X 10"8mole sec.-1 and using the con-

stants“ &D = 4 X 10“5cm.Zsec. and fa = 1013
mole-1 cm.3sec.-1, we obtain

W {(fa + fa)>N }V:[CHOCICOOH ‘A (VI)
Best agreement with experimental data was
obtained setting (fa + ki)ip2* = 1.3 X 106mole"1
1 sec."l cm.4» Analysis of the results according
to the forced convection mechanism& leads to

R(CI-) . «.(Cl-) fe + M ~ciraoooH ] x

( fari
InV + (fa+ fajw [CHjCICOOH]
where g is the velocity of the liquid. Reasonable
agreement was obtained setting (fd + k2)iffi = 2.5

X 10s 1L mole"l sec."1 cm.3 sec."l. Finally, the
homogeneous kinetic treatment was employed

VT[CH:CICOOH |2

72(01") = 72°(C1")

{(* + CUCH.CICOOH].)'7 - '} (VIII)

where r = (fa + f@2/2fc3and V is the volume of the
solution. The experimental results were fitted by
setting r = 10-61."1mole sec.-1. The comparison
of the experimental results and calculated data
is presented in Fig. 1.
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Derivation of “Absolute Rate Constants.”—
In aprevious analysis&it was shown that the homo-
geneous kinetic treatment yields the lower lim it for
the rate constants. The scavenging rate con-
stants were estimated from the result of the
diffusion model. The effective surface area for
introduction of H atoms was estimated as 10-20
cm 2818 Setting 4 = 10 cm*/* we obtain kx +
fc2= 13 X 1041 mole-1 sec.-1. This estimation
is based on the values of ft®9and of o

Alternatively, similar conclusions can be de-
rived by comparing the present results with the
kinetic data previously obtained& under similar
experimental conditions for the oxidation of Fe+2
ion by H atoms. We have calculated the ratio
h + h/kH:ra+x2 using the three kinetic models.
The calculation of the rate constants ratio Ag 4-
fctH+He« yielded 142 X 10-2 using homogeneous
kinetics, 1.74 X 10-2 using the diffusion model,
and 167 X 10-2 applying the forced convection
model.

These rate constants ratios are independent of
the value chosen for ft3 The rate constants ratio
for H atom scavenging in these two different
systems is not changed by the kinetic treatment
employed. This conclusion yields further support
to the validity of the kinetic data obtained8 by
using this experimental method. Using the rate
constant /cH+Fet2 = 6.7 X 106mole |.-1 sec.-1 ob-
tainedD from comparison of radiation chemical
results with gaseous phase data,Dwe obtain kx +
fc2 = 104 1 mole-1 sec-1. Thus the two inde-
pendent methods lead to similar results.

In the present treatment only the recombination
reaction 3 was considered. The recombination of
H atoms with the radicals CHZOOH and CHCI-
COOH was not included. Thé nature of this ap-
proximation will be considered briefly. Assuming
equal reaction rates of H atoms with these radicals
and equal rates for the recombination of these

radicals, the kinetic scheme should include the
reactions
H+ B—->HB (4)
2B — »B2 (5)

where B represents both CHC1COOH and CH2
COOH.

At relatively high chloroacetic acid concentra-
tions, the steady state concentration of H atoms is
determined by the first-order scavenging reactions
1 and 2, and thus the effect of reaction 4 is negli-
gible. The greatest effect of the recombination
reactions 4 and 5 is manifested in the low concen-
tration region of the scavenger. It can be shown
that the sum of the rate constants kt + k2may then
be altered by a factor of 2 only. This will not
affect the general conclusions of the present kinetic
analysis.

The rate constants ratio k2ZK\ was obtained from
the limiting value 729(CI-) = 033 atpH < 2. Thus
we calculated

h R\C1-)
= 05 +

h  1- R\C1l)

(9) H. L. Friedman and A. H. Zeltman, J. Chem. Phys., 28, 878
(1959).
(10) P. Riesz and E. J. Hart, J. Phys. Chem., 63, 859 (1959).
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Decomposition by H Atoms at Neutral pH.— Low
chloride yields were obtained at the neutral pH
region 3-8. The experimental results are pre-
sentedin Table|. The analytical accuracy is some-
what less satisfactory in this region, and only semi-
guantitative conclusions can be derived. /¢(Cl-)
was found to be independent of pH over this whole
region. The reaction yield was found to be inde-
pendent of chloroacetate concentration in the region
0.05-1 M. The limiting yield in this region was
found to be /;°(C1-) = 0.08 £ 0.02.

As the dissociation constant of monochloroacetic
acid is pK = 2.8, the change of the reactivity when
passing from acid to neutral solutions is attributed
to the change of the reacting species from the un-
dissociated acid CHZICOOH to the anion CH?2

C1COO0-. The reaction mechanism in the neutral
pH region is presented in the form
CHZICOO- + H— > H2+ CHCICOO- (10
CHsCICOO- + H — >

Cl-+ CHZXO00- + 11+ (20

Application of eq. X | and the experimental value
of /¢°(C1- ) leads to k2/ki* = 0.09.

The levelling-off of /;(Cl-) at lower concentra-
tions at the neutral pH region than in the acid re-
gion indicates that the sum of the scavenging rate
constants W + Ay is higher for the anion than the
corresponding sum for the acid. Using the ap-
proximate value /2(Cl-)//2°(Cl-) = 05 at 0.02
M, then by application of the diffusion model we
estimate (fc/ + k2)<gp/) = 15 X 10s 1 mole-1
sec.-1 cm.*/s; hence Ay + Ay = 15 X 1051 mole-1
sec.-1.

Discussion

The rate constants for the decomposition of
chloroacetic acid by atomic hydrogen are presented
in Table I1.

These results indicate the enhanced reactivity
of the anion compared to the acid in the dehydro-
genation and chloride abstraction reaction by H
atoms. Recent data indicate that the relative
efficiency of the dehydrogenation of the anion
compared with the acid may be general for the
case of aliphatic acids. The most extreme case
is that of formic acid where fcH+Hcoo- /&H+HcooH
> 100.11 The increased reactivity of the formic
acid anion compared with the conjugated acid was
demonstrated in some other radical reactions.1213

Table Il

Rate Constants fob Scavenging of H Atoms by Chloro-
acetic Acid
hi, L mole*1sec.-1

9X10»
1.3 X 10s

fo, L mole-1 sec.-1

4 X 10»
1.3X10°'

Reacting species
CHZICOOH
CHZICOO-

In the case of the reactivity of acetic acid with
H atoms it was found that Anh+ cH3Coo- /A;h+ chscooh
= 3.13 Until recently, the different reactivity of
H atoms with acids and their conjugated anions
was not taken into account in radiation chemical
studies of such systems.

(11) J. Rabani, ibid., 66, 361 (1962).
(12) E. J. Hart, 3. Am. Chem. Soc., 83, 567 (1961).
(13) J. Rabani and G. Stein, to be published.
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The rate constants ratios k2ki and h'/ki' indi-
cate that H atoms as such react with chloroacetic
acid mainly by hydrogen abstraction. These
results should be compared with recent radiation
chemical studies of this system.66 Radiation
chemical investigations of aqueous chloroacetic acid
solutions were interpreted by Hayon and Weiss5
by assuming that transient negative ions formed
as primary products in the radiolysis of water
react with monochloroacetic acid with the forma-
tion of chloride ion. These species are the pre-
cursors of H atoms which react by dehydrogena-
tion. The quantitative study of this system by
Hayon and Allen6indicates that the reducing radical
formed from the radiolysis of water yields Cl- ion.
H+ and chloroacetic acid compete for this radical.
The product of the reaction with H+ ion is another
radical which reacts with the acid to form either
Cl- or H2 These studies cannot determine un-
ambiguously the nature of the two reducing radi-
cals.6

The experimental results obtained in the present
work in the acid region indicate no pH dependence
of the chloride yield in the pH region 0.4-2.
This result rules out the formation of H2+ under
our experimental conditions, and the participation
of this radical in dehydrogenation reactions. The
concentration dependence of i1?(Cl-) at pH 19
and 3.3 (Table I) cannot be adequately interpreted
in terms of H atoms reacting at pH > 3 and of H2+
reacting at pH < 2. It thus appears that the H2+
molecule ion is of no kinetic importance in this
system. This conclusion is consistent with the
low rate of formation of this species in acid solu-
tion.®% The rate constants ratio k2kx = 0.5
obtained in our experiments using H atoms as
such is in good agreement with the rate constants
ratio 0.55 derived by Hayon and Allen6for the re-
activity of the acid form of H atoms (denoted as
H' by Allen)12 in irradiated solutions of chloro-
acetic acid. This agreement indicates that the
acid form of the reducing radical formed in the
radiolysis of water involves an H atom as such.

Our experimental results obtained in the neutral
pH region indicate that about 90% of the H atoms

THE DECOMPOSITION OF CHLOROACETIC ACID
REACTION

BY ATOMIC HYDROGEN. II.

scavenged by chloroacetic acid lead to dehydro-
genation. On the other hand, radiation chemical
studies6indicate that at pH 5.5 the chloride yield
is G(C1-) = 28 at 0.01 M chloroacetic acid.6
This value is near to the standard yield of the
reducing radicals in neutral solutions, obtained
from the hydrogen-oxygenMand ethanol-oxygenb
systems. Thus the reducing radical formed as
the main product by radiolysis in the neutral pH
region exhibits reactivity different from the H
atoms. This H atom precursor is presumably the
solvated electron eag. The reaction mechanism
in irradiated aqueous solutions of chloroacetic acid
involves the reactions

©)
(69
(7)

eqq+ CHZXICOOH — >CIl-+ CHXOOH

e+ CHXICOO-—>Cl-+ CHXO0O-
egqg+ Hf—>H

and H atoms reacting by reactions 1and 2.

These conclusions are consistent with the results
of a previous work8 where the reactivity of H
atoms in H 22 solutions was compared with the
reactivity of the reducing species formed from the
radiolysis of water.I2 The results of the present
and the previous study8of the reactivity of H atoms
in agueous solutions make possible an unambiguous
identification of the acid form of the reducing radi-
cal produced in the radiolysis of water. These
conclusions are consistent with recent tentative
identifications of the pair of the reducing radicals.45
The primary reducing species eag has a sufficiently
long lifetime to react with active scavengers. The
conversion of eaqto H atoms proceeds by reaction 7
rather than by reaction with awater molecule.

Note Added in Peoof.—Recently, kinetic salt effects
were Utilized (G. Czapski and H. A. Schwarz, J. Phys. Chem.,
66, 471 (1962)) as an evidence that the reducing radical pro-
duced in the radiolysis of neutral agueous solutions may be
identified as the solvated electron. This conclusion is in
complete agreement with the results of the present work.

(14) C. J. Hoehanadel, «7, Phys. Chem., 56, 587 (1952).

(15) G. G. Jayson, G. Scholes, and J. Weiss, J. Chem. Soc., 1358
(1957).

IN AQUEOUS SOLUTIONS

MECHANISM IN ALKALINE

SOLUTIONS

By Joshua Jortner and Joseph Rabani
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The reactivity of atomic hydrogen in alkaline solutions of chloroacetic acid was investigated. The pH and concentra-
tion dependence yield kinetic evidence for the formation of H20 - in alkaline solutions: H + OH- — H20- with Ah+oh- =

6 X 1061 mole-1 sec.-1.
discussed.

Introduction
In the preceding worklit was shown that H atoms
generated in an electrodeless discharge and the re-
ducing radicals produced by radiolysis of aqueous
(1) J. Jortner and J. Rabani, J. Phys. Chem., 66, 2078 (1962).

These results are correlated with radiation chemical data, and the nature of the HaO- radical is

solutions at neutral pH238 differ in their reactivity
with chloroacetic acid. Aqueous solutions of

(2) E. Hayon and J. Weiss, Proc. Intern. Conf. Peaceful Uses At.
Energy, Geneva, 29, 80 (1958).
(3) E. Hayon and A. O. Allen, J. Phys."Chem., 65, 2181 (1961).
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pH.

Fig. 1.—The pH dependence of R{CI*): [CH2C1CO00-]
= 0.01 M ; temperature 4°; dose rate of H atom 10-6 mole
l.-1 sec.-1; volume of solution 25 cc.; duration of run 15
min.; open circles, pH adjusted with KOH; full circles,
0.25 M Na2C03added; curve calculated from eq. VI.

[CHoCICOOH], mole I.-1.

Fig. 2.—The concentration dependence of /?(C1l-) at
alkaline pH: experimental condition is stated in Fig. 1;
curves calculated from eq. VI.

chloroacetic acid manifest different reactivity with
the two forms of H atom equivalentl-3 and are
convenient for the study of H atoms in solutions.
We have recently investigated the decomposition
of chloroacetic acid in alkaline solutions. A
preliminary report of this work was given.4 In
alkaline solutions an enhancement of chloride
abstraction was observed. These results were
interpreted in terms of a mechanism involving
an interaction of the H atom and the OH- ion.
The species thus formed reacts with chloroacetic
acid by chloride abstraction. In the present work,
we present our detailed results of the reactivity of
H atoms in alkaline solutions of chloroacetic acid.

Experimental

The experimental technique was the same as described
in the previous work.l Freshly prepared solutions were
always used. Solutions of chloroacetic acid in the pH
region 8-13 were prepared by adjusting the pH with KOH
while the solution was kept at 0°. The solutions were kept
at this temperature before and after passing H atoms, which
was carried out at about 4°. Blank experiments were run
parallel with the analysis of irradiated solutions and cor-
rections for hydrolysis were introduced. Chloroacetic
acid solutions in the concentration region 0.01-0.05 M
were found to be stable under these conditions, the amount
of Cl- did riot exceed 2 X 10-5 M. In the concentration
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region 0.1-0.5 M the chloride content of the blank solutions
did not exceed 2 X 10-4 M. Chloroacetic acid, KOH,
NaHCO03 Na2C03 and formic acid used were of Analar
grade. Water was triply distilled. Solutions were pre-
pared in freshly boiled water. As only a negligible effect
of added Na2C 03 on the experimental results was observed,
no further precautions were necessary. pH measurements
were carried out with a Metrohm pH meter equipped with
an “alkaline” electrode.

Results

Chloride Yields at Alkaline pH.— The decompo-
sition of chloroacetic acid by atomic hydrogen was
investigated over the pH region 8-13 varying the
chloroacetic concentration in the region 2 X JO-3
05 M. From the amount of chloride produced
and the dose of H atoms, the reaction yields*
R(CI-) for CIl- production were obtained. The
experimental results are presented in Fig. 1 and 2.
These results indicate that at constant chloro-
acetic acid concentration, the reaction yield for
C |- production increases with increasing pH in the
pH region above 11. In this region the reaction
yield for CI- production decreases with increasing
chloroacetic acid concentration at constant pH.

We attempted to ascertain that the increase of
the chloride yield at pH > 11 is not due to the hy-
drolysis of the reaction products, which as indi-
cated by previous results:34are presumably chloro
derivatives of carboxylic acids. A 0.01 M chloro-
acetic acid solution was decomposed by H atoms at
pH 7 and the pH of the solution was then adjusted
to 12.6 by addition of KOH. No increase of the
C |- concentration was observed after 1 hr. This
conclusion also is consistent with the observed con-
centration dependence at high pH. In the pre-
vious work1it was shown that in the neutral pH re-
gion the chloride yield is independent of chloroacetic

acid concentration in the concentration region
0.05-0.5 M. Thus in this concentration region at
neutral pH, the yield of the chlorodicarboxylic

acids is constant. However, in the alkaline region
the concentration dependence is entirely different.
These considerations rule out the above mentioned
trivial mechanism of chloride production in alkaline
pH.

Effects of Some Added Solutes—In order to
establish the reaction mechanism, the effect of
carbonate and bicarbonate ions on the chloride
yields was investigated. Experiments were carried
out in the presence of NaHCO03and NaZX 03 (Table
). No enhanced decomposition in the presence
of carbonate and bicarbonate ions was observed.
On the contrary, 72(C1-) in the presence of 0.25
M NaZX 03atpH 126 is about 15% lower than ob-
tained at this pH in its absence.

Recent radiation chemical studies6indicate that
H atom precursors (i.e., solvated electrons) react
with the HCO3 ion with the formation of the CO 2~
ion. It may be argued that the CO2 radical ion
is formed in alkaline solutions by decomposition
of HCO3 or CO32 ion by H atoms, and that this
species reacts with chloroacetic acid with Cl-
formation. This argument is not consistent with
the fact that R(CI-) is not increased by added
NaHCO3and NaZ 03 Besides, a decrease in the
chloride yield was observed in the presence of

(4) J. Jortner and J. Rabani, J. Am. Chem. soc., 83, 4868 (1961).
(5) G. Scholes, M. Simic, and J. Weiss, Nature, 188, 1019 (1960).
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formate ion (Table I). This result indicates that
the formate ion, HCOO-, competes with the de-
composition of chloroacetic acid. As dehydro-
genation of the HCOO- anion leads to the forma-
tion of CO2 , these results indicate that this radical
ion probably does not react with chloroacetic acid.

Tabile |
E ffects of Added Solutes on CI" Yield in Alkaline
Solutions of Chloroacetic Acid Decomposed by Atomic
Hydrogen at 4°

Dose rate of H atoms 10"6 mole 1|.“1 sec.-1; volume of

solution 25 ec.; duration of run 15 min.
CHC-
COOH,
pH mold.“1 Added solutes B(Cl-)
7.5 0.010 10"3M sodium phosphate (0.01)
0.25 M formic acid
7.5 .010 10"3 M sodium phosphate .04
8 15 .010 10"3M sodium phosphate .05
0.25 M sodium bicarbonate .05
8.10 .010 10"3 M sodium phosphate
11 43 .010 0.25 M sodium carbonate .30
11.4 .010 KOH .30
12.66 .010 0.25 M sodium carbonate .80
12.7 .010 KOH .95

Reaction Mechanism in Alkaline pH.— The in-
creased chloride yields at alkaline pH are attributed
to the interaction of H atom and OH- ion with the
formation of a species which will be denoted H 2 - .

H + OH- HD 1)

This “alkaline” form of H atoms will react with
chloroacetic acid anion by chloride formation;
+ CHZICOO- — >

Cl- + CHX00- + HD (2)

Reaction 1 competes with the first-order scaveng-
ing reactions of H atoms by chloroacetic acid

H,0-

CH.C1CO0O-+ H — >H2+ CHC1COO- 3)

CHiCICOO- + H—>
Cl- + H+ + CHZO00- (4)

ion concentra-
recombination should be con-

At low chloroacetic acid and OH -
tions, H atom
sidered

2H H2 )

This mechanism accounts properly for the pH and
concentration dependence of R(CI-).

Evaluation of Experimental Data— The experi-
mental results were treated by application of the
diffusion model,6which is probably most adequate
for semiquantitative evaluation of rate constants
from such experiments. Neglecting the diffusion
of the active intermediate H 2 - ,6the concentration
of H atoms is given by the expression

d2[H]

0X2=*5[h]2+ p [h] ©

where

6) G. Czapski, J. Jortner, and G. Stein, J, Phys. Chern., 65, 956

(1961). ARSI ] eette,

Reactivity of Atomic Hydrogen in Alkaline Solutions of Chloroacetio Acid 2083

j(1+ ~)[CHZXICOO-]+ ~ [OH-]!

(H)

In the present treatment the concentration of
OH- ion will be defined by [OH-] = 10- 14+ph.

Following the notation used in previous work,16
the total reaction yield for H2and C |- production
is given by

«(Cl-) + R(H2 = A/IF (111

where

2A3+ 3A2+ A = IF = (V)

Setting the experimental value A = 25 X 108
mole sec.-1, D = 4 X 10-6 cm.2sec.-1, and using
the rate constants ratio 1k¥k3 = 0.09 we get

6.6 X 10e
W =

,09[CH2CICO2- ]+ yl[OH-]]
f & /

V)
The reaction yield for chloride production is given
by

0.09[CHZ1C02 ]+ ~ [OH-]
ka A
«(Cl-) -
1.09[CHZ1C02] + ~ [OH-] W

(Vi)

An estimation of the rate constants ratio ki/k3
was carried out by using the experimental results
at pH 12.7. At high OH- concentration, H atom
recombination can be neglected and then A/W =
1. Applying this simplifying assumption, eq. VI
can be written in the form

«(Cl-)) =
[CHZXICOO- ]J(1.09 «(CI-) -

r [OH-I( -
&3

0.09) (V1)

A plot of the experimental results at pH 12.7 ac-
cording to eq. VIl (Fig. 3) yields a straight line
with an intercept of zero, as required by eq. VI.
From the slope we obtain kwk3= 45 + 1

The pH dependence and the concentration de-
pendence of «(C I-) in alkaline solution could be
adequately fitted by eq. VI setting ki/k3 = 4.5;
(fer9)/2 = 3 X 109 I** mole- /! sec.-s/! cm.2
The value of £©3= 14 X 1061 mole-1 sec.-1 ob-
tained by setting = 10 cm.4Bis consistent with
the value estimated from the experimental results
atneutralpH.1

Discussion

The comparison between the experimental
results and the calculated data according to eq.
VI is presented in Fig. 1 and 2. It thus appears
that the experimental results are satisfactorily
accounted..£or Jyy iJHe proposed mechanism involv-
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[t - tf(CI-)][OH-], mole].-1
Fig. 3.—Graphical determination of the rate constants ratio
ki/kz according to eq. VII.

ing HD _ formation. The rate constant for the
formation of this speciesis 6 X 1081 mole-1 sec.-1.

These results yield kinetic evidence for the in-
teraction of H atom with OH- ion in alkaline solu-
tions. The nature of the species thus formed,
which we denote H2 - , should be briefly considered.
The product of the reaction with chloroacetic acid
of the species produced under our experimental
conditions is identical with that of the reducing
species produced by the radiolysis of neutral aque-
ous solutions.1-3 The latter species is identified
as the solvated electron. The problem of electron
binding in water79 and in non-aqueous solu-
tions1011 was treated by the application of a con-
tinuous dielectric model for the system.

The most plausible picture is an electron bound
by the polarization of the dielectric medium. The
electron solvated according to this model is de-
localized and its charge distribution is distrib-
uted over few solvent molecules. This picture
was applied for electrons produced in irradiated
neutral solutions.79  On the other hand, the
species H2D - where the unpaired electron is loca-
lized on a single water molecule (presumably
in a 3s<r orbital) is not stable in the gaseous phase.
Experimental2and theoreticall3evidence indicates
that a single water molecule in the gaseous phase
does not exhibit a positive electron affinity. How-
ever, in a polar medium the species H2D - may be
stabilized by solvation. It is not clear at present
whether the species produced by reaction 1 does

(7) G. Stein, Discussions Faraday Soc., 12, 227, 289 (1950).

(8) R. L. Platzman and H. Frohlich, Phys. Rev., 92, 1152 (1953).

(9) J. Weiss, Nature, 186, 751 (1960).

(10) S. Pekar, J. Phys. (USSR), 10, 341, 347 (1946).

(11) J. Jortner, J. Chem. Phys., 29, 823 (1959).

(12) N. E. Bradbury and H. E. Tatel, ibid., 2, 839 (1934).
(13) F. O. Ellison and H. Schull, ibid., 23, 2348 (1955).
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lead to electron delocalization. We can only con-
clude at present that the similar reactivity of the
alkaline form of H atoms produced under our ex-
perimental conditions, and of H atom precursors
in radiation chemistry, may indicate their identity.

In the concentration region of chloroacetic acid
below 10-2 M at constant high pH, a decrease of
the chloride vyield was observed. At pH 121
at 001 M CH:CI0OO0-, we get A(C1-) = 058,
decreasing to E(C1-) = 047 at 0005 M CH2
C1CO00-. At pH 127, 72(C1-) decreased from
098 at 001 M CHZICOO- to A(C1l-) = 066
at 0002 M CHZICOO-. The decrease is outside
of the experimental uncertainty and should be con-
sidered as significant. The reaction scheme pro-
posed above postulates that the species H2D - once
produced reacts with the acid with C |- production.
However, when the chloroacetic acid concentration
is reduced, alternative mechanisms for the dis-
appearance of H D - have to be considered.

The decomposition reactions of HD - without
chloride production may proceed by the recombin-
ation reactions 2HD- — H2+ 20H- and H +
H2D- *mH2+ OH-,which were not considered in
the kinetic scheme. Besides, at low scavenger
concentrations, the reaction products may compete
for the H2 - without chloride production.

The present results yield the first.evidence for
the enhanced reactivity of H atoms in alkaline solu-
tion. Reaction 1 was previously postulated in
radiation chemical studies.2¥4 However, these
experimental results can be accounted for ade-
quately by the formation of eag (or HD-) as a
‘primary product in irradiated solutions.

In a previous work from this Laboratoryb
no enhanced decomposition of HD2at pH 13 rel-
ative to pH 7 was observed. However, the dis-
sociation constant of H2 2is pK = 11.8 at 20°.16d7
Thus under these experimental conditions the de-
composition of the HO2 ion was investigated.
Therefore the interpretation of those experimental
results would require the consideration of two
possible superimposed pH effects.
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Conductivity, energy interval (corresponding to the energy gap in single crystal semiconductors), thermoelectric power,
Hall coefficient, Ohmic behavior, spin concentration, photoconductivity, and photo-voltage were studied, using a series of

synthetic organic polymer semiconductors.
a polyacene, and aniline black.
upon the chemical structure.

slight field dependence of conductivity is observable.
tors.
carrier concentrations.

Introduction

Semiconductors, as presently regarded, are
m aterials which have electrical conductivity charac-
teristics somewhere between those of insulators and
metals. They are broadly characterized by a con-
ductivity at room temperature in the range 103
mho/cm. down to about 10-12 or 10-14 mho/cm.
Additional criteria which are useful in differentiat-
ing semiconductors from metals may include a
positive tem perature-conductivity coefficient, a high
sensitivity to certain impurities or to morphology,
and a high Seebeck or Hall coefficient.

In recent years the literature on organic semi-
conductors has increased considerably. Compre-
hensive reviews have been made by Akamatsu,l2
Elev,3Garrett,4and Pohl.6-7 The organic semi-
conductors developed to date, all of which are based
on a high degree of conjugation, may be considered
conveniently almost without exception in two broad
categories, (a) crystals of monomeric solids or (b)
polymeric bodies. The latter may be bonded
datively (as in the donor-acceptor complexes), co-
valently (as in conventional organic polymers),
or ionically (as in the salts of organic ions). The
smaller organic monomers, such as naphthalene
and anthracene, are insulators.189 Some of the
larger39 (e.g., violanthrone2 B or the phthalo-
cyanines)80show appreciable semiconduction.

The datively bonded charge transfer complexes
may show considerable conduction, 2831116 some

* Department of Chemistry, Polytechnic Institute of Brooklyn,
Brooklyn, N.Y.

(1) H. Akamatsu and H. Inokuchi, “Solid State Physics,” Vol. 12,
ed. by F. Seitz and D. Turnbull, Academic Press, New York, N. Y.,
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(2) H. Akamatsu, Kagaku to Kogyo (Tokyo), 11, 607 (1958).

(3) D. D. Eley, Research, 12, 293 (1959).

(4) C. G. B. Garrett, Chapter on “Organic Semiconductors,” in
“Semiconductors,” ed. by N. B. Hannay, Reinhold Publ. Corp., New
York, N. Y., 1959.

(5) H. A. Pohl, Chem. Eng., 68, 104 (1961).
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(9) M. Wilk, Z. Elektrochem., 64, 930 (1960).
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(11) H. Akamatsu, H. Inokuchi, and Y. Matsunaga, Bull. Chem.
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(12) J. Kommandeur and F. R. Hall, 3. Chem. Phys., 34, 129 (1961).

(13) J. Kommandeur and L. S. Singer, ibid., 34, 133 (1961).

(14) M. M. Labes, R. Sehr, and M. Bosg}¢jilil2fc~n

These included the polyacene quinone radical polymers, polyquinazones,
Conduction was shown to be electronic, not ionic, and, in a homologous series, to depend
The conductivity-thermoelectric power data are best fitted by a two-carrier model. A
A common feature of high conjugation appears in these semiconduc-
High spin concentration (e.s.r.) parallels high conductivity, but spin concentrations greatly exceed the apparent

as high as 10-1 mho/cm., but they are generally of
low thermal stability.

Polymers with extensive conjugation and highly
enhanced electronic properties are formed, for ex-
ample, by the destructive cyclization1719 of or-
ganic materials. The heat-induced dehydrochlor-
ination of polyvinyl chloride and polyvinylidene
chloride copolymers, the dehydration of sugar,Dand
the pyrolysis of many organic compounds at tem-
peratures above 400-600° all are examples of this
technique.

Work in the field of pyrolyzed polymers and
polymer carbons has been reported, for example, by
Baker,8B Mrozowski,2l2 Oster,Z Pohl,67.24-28 and
Turkevich.®D

Directly synthesized semiconducting polymers,
as opposed to pyrolytic polymers, have only re-
cently been reported.

In 1959, Pohl and Itoh72 prepared a large
number of semiconducting phenolphthalein-type
polymers, made by treating various phenols with
acid anhydrides. McNeill and Weissd® reported
on the preparation of xanthene-type polymers re-
lated to fluorescein. Conductivities as low as 14
X 10-4 mho/cm. wkre observed.

A polymeric copper phthalocyanine with semi-
conducting properties has been prepared by re-
placing phthalic anhydride with pyromellitic di-

(15) M. M. Labes, R. Sehr, and M. Bose, “Semiconduetion in
Molecular Solids,” Proc. of the Princeton Conf., Ed. by H. A. Pohl,
lvy-Curtis Press, 1960.
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(19) F. H. Winslow, W. Matreyek, and W. A. Yager, Ind. Carbon &
Graphite, 190 (1958).

(20) J. Turkevich, ref. 15, p. 85.

(21) S. Mrozowski, Phys. Rev., 85, 609 (1952);
(1952); 92, 1320 (1953).

(22) S. Mrozowski, J. Chem. Phys., 21, 492 (1953).

(23) G. Oster, G. Oster, and M. Kyszewski, Nature, 191, 164 (1961).

(24) J. P. Laherrere and H. A. Pohl, ref. 15, pp. 93-123.

(25) H. A. Pohl, “Proc. Fourth Conf. on Carbon,” Pergamon Press,
1960, pp. 241-257.

(26) H. A, Pohl and J. P. Laherrere, ref. 25, pp. 259-265.

(27) H. A. Pohl, ref. 15, pp. 9-24.

(28) H. A. Pohl and S. A. Rosen, “Proc. Fifth Conf. on Carbon,”
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(29) J. A. Bornmann and H. A. Pohl, “Further Studies on Some
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anhydride in the phthalocyanine dye synthesis.3l32
Eley3 reported on dehydrated proteins, which
showed very low conductivities for the most part.

Berlin3@&ecently has written an excellent review
of Russian work on highly conjugated polymers.
Several directly synthesized semiconducting poly-
mers including polyphenyleneazo-compounds and
a polymer of diethylnybenzene were discussed.

Experimental

It seems probable that a prerequisite for enhanced elec-
tronic behavior in organic polymers is that they contain a
set of highly conjugated systems. Until recently, polymers
which might meet this criterion generally have been avoided
purposefully. This necessitated our development of new
classes of polymers, only several of which had been de-
scribed previously. The materials synthesized in this study
include condensation polymers of acenes with aromatic acid
anhydrides, condensation polymers of 1,2,4,5-tetrabromo-
benzene, condensation polymers of diisocyanates and
quinones, and aniline black polymers. Studies were made
using various useful physical parameters such as e.s.r.,
Seebeck coefficient (thermoelectric power), Hall effect, non-
ohmic character, specific conductivity and its temperature
coefficient, and the electronic (vis-a-vis ionic) nature of the
conduction.

Syntheses. Polyacene Quinone Radical Polymers (P-
AQR-Polymers).—The relative ease of synthesis and the
interesting electronic nature of the quinone and lactone
structures evoked the investigation of a polymer class based
on various acene nuclei linked by both quinone and lactone
groups, e.g.

A synthesis analogous to that commonly employed for
making simple quinones was used to condense pyromellitic
dianhydride with analogs of naphthalene.

The Freidel-Crafts type of reaction on an acid anhydride
or acid chloride is one of the most useful methods for af-
fecting inter- and intramolecular acylations. A wide variety
of conditions for acylations, using Lewis acids, is available
from the literature.35-38

In this study, two methods were used for condensing
derivatives of pyromellitic acid, etc., with a number of
acenes.

PAQR-I, Polymers—The first procedure involved re-
action of pyromellitic dianhydride or phthalic anhydride
with several aromatics to produce a homologous series of
polymers.

The desired molar ratio of anhydride and acene was mixed
by grinding in amortar. Generally 2 moles of zinc chloride
catalyst was added per mole of acid anhydride. After
the components were mixed thoroughly, they were placed
in a 150 X 20-mm. test tube and heated for the desired
time in a constant temperature bath. Since it was de-
termined that the presence of air during reaction had rather
little effect on conductivity of the polymers, the reaction

(31) A. Epstein and B. S. Wildi, J. Chem. Phys., 32, 324 (1960).

(32) W. Felmayer and I. Wolf, J. Electrochem. Soc., 105, 141 (1958).

(33) D. D. Eley, H. Inokuchi, and M. R. Willis, Discussions Faraday
Soc., 28, 54 (1960).

(34) A. A. Berlin, Khim. Teknol. Polymeriv., 7-8, 139 (1960),
translation in English by H. N. Friedlander, Standard Oil Information
Division, Translation TR 60-122.

(35) J. W. Cook and C. L. Hewett, J. Chem. Soc., 398 (1933).

(36) E. A. Speight, A. Stevenson, and J. F. Thorpe, ibid., 125, 2185
(1924).

(37) J. Thiele and A. Wanscheidt, Ann. Chem., 376, 269 (1910).

(38) A. Winterstein, H. Vetter, and K. Schoen, Ber., 68, 1079
(1953).
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tubes were merely stoppered. The majority of polymeri-
zations were carried out at 256 or 306° for 24 hr.

At the completion of polymerization, the polymers were
ground to fine powders. The materials were leached with
dilute hydrochloric acid for 12 hr. to aid in removing the
zinc chloride catalyst. Subsequent to the leaching, the
powders were extracted with water for 12 hr., ethanol
for 24 hr., and benzene for 12 hr., in a Soxhlet apparatus.
The polymers then were dried at 50° for 12 hr. After dry-
ing, the materials again were finely ground and stored in a
desiccator until evaluations were to begin.

The zinc chloride-catalyzed PAQR polymers were, in all
cases, black, insoluble, infusible materials containing from
1to 5p.p.m. of Zn. Yields expressed as the ratio of poly-
mer-to-dianhydride plus acene ranged from approximately
5to 50%, depending on the reactivity of the hydrocarbons.

Examination of the polymer structure by infrared and
X-ray analyses was unsuccessful, necessitating conclusions
based on elemental analysis and on analogy with model
syntheses reported in the literature.

Two general possibilities for reaction mechanism during
acylation are encountered. One mechanism leads to the
formation of a keto or a quinone linkage; the alternate
produces alactone structure.

Several workers, including Marschalk,® have published
papers concerning the synthesis of quinones under condi-
tions roughly similar to those employed in this study.
Marschalk reported synthesis and positive identification of
linear quinones, up to 11 rings, from reaction of pyromellitic
dianhydride and naphthalene at 200°.

The formation of lactones also is known to occur under
the conditions employed in our zinc chloride-catalyzed
system. A review of the literature indicates that this
reaction seems to be predominant only when electron
donating substituents are present on the acene. Such
examples, however, are based only on observations with
benzene and its derivatives. The higher resonance sta-
bility of the larger acenes might well influence the ratio of
quinone formation to lactone formation.

On the basis of analogy to past investigations, it there-
fore was inferred that a majority of the linkages would be
keto or quinone, as opposed to lactone. In addition to the
directly formed links, a number of secondary linkages and
groupings could have been formed. At the reaction condi-
tions employed, semiquinones, hydroquinones, etc., could
have resulted from a partial reduction, rearrangement,
acylation, and other reactions of quinone groups, giving
rise to a number of coexistent structures, many of which
are known to be free radical. »

Carbon, hydrogen, oxygen analyses for several polymers,
made with equimolar quantities of acene and dianhydride,
indicate that the polymers contain approximately 2 moles of
acene per mole of pyromellitic dianhydride, with a loss of
2 moles of water. Polymers made with a higher ratio of

Sample 26 c 0 H (Mole %)
Actual 642 46 312 (Ay.ofdu
plicates)
Theoretical (as-
sumes 2 acene
per PMA) 633 6.67 300
Sample 39
Actual 634 6.0 306 (Av.ofdu-
plicates)

Theoretical (as-
sumes 2 acene
perPMA) 656 6.25 281
dianhydride to monomer contained an increased percentage

of oxygen.

Sample Moles Moles
no. PMA pyrene % C % o % H
39 i I 83.90 10.57 3.33
40 3 I 77.24 15.30 2.72

(39) C. M. Marschalk, Bull. Soc. Chem., 9, 400 (1942).
(40) G. W. Wheland, “Resonance in Organic Chemistry.® John
Y., 1955.
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PAQR-II, Polymers.—Polymers also were prepared by the
Freidel-Crafts synthesis, employing A1C13 as a catalyst and
nitrobenzene as a solvent. The purification procedure
was the same as that previously described for the zinc chlo-
ride catalyzed polymers.

Polyacenes.—An attempt was made at preparation of
polyacenes, using a procedure similar to that previously
outlined by Edwards and Goldfinger.4 The reaction in-
volved the condensation of 1,2,4,5-tetrabromobenzene by a
Wurtz-Fittig type reaction using Na-K alloy.

The yellow-red, polymeric material was separated from
the solvents and washed with ethanol to remove safely all
traces of the metals. After washing with hexane and dry-
ing, the polymer was ground and extracted with water,
ethanol, and benzene. The fractions soluble in hot ethanol
and benzene were recovered by evaporation.

Quinazone Polymers (Schiff's Base Type).—A poly-
mer with a potentially highly conjugated structure was
made by reacting di- and triisocyanates with quinones.
The reaction, which was reported by Lieser and Nischk,&is

O

OCNANCO

Polymerizations were done by heating equimolar quanti-
ties of quinones and polyfunctional isocyanates, in the
absence of air, to temperatures as high as 300°. A reaction
was immediately apparent from formation of a deep brown
color. Depending on temperature, the mass remained
liquid for a certain period of time and then rapidly solidi-
fied. Deep brown, insoluble, infusible materials were pro-
duced. The polymers were ground and extracted in the
manner previously described for the polyacene quinones.

Aniline Black Polymer.—A number of references in the
literature describe resistivity measurements on various
commercial aniline dyes.1043 We synthesized a polymeric
material by oxidizing aqueous aniline hydrochloride with
NaQCh. This material, which is soluble in ethyl ether,
was extracted thoroughly with water and ethanol. A
suggested structure for this polymer was given by Packer#
as

Characterization Methods.— Generally, all of the polymers
evaluated in this program were insoluble, infusible materials,
and consequently were powdered and examined as molded
pellets.

The resistivity of the polymers was measured by a d.c.
technique, using field strengths below 150v./cm.

The powdered polymers were contained in an electrically
heated steel cell, with platinum contacts, capable of being
loaded to pressures in excess of 10,000 kg./cm.2. Tetra-
fluoroethylene and Nylatron (nylon polymer containing ca.
30% M 0S2) were used as electrical insulators.

An inherent cell resistance well in excess of 1013 ohms was
determined by measurements with mica spacers. This cell
limitation was several orders of magnitude higher than the
maximum values of interest in this study. The polymer
resistivity samples were in the form of fine powders, which
were stored in a desiccator over silica gel until used.

The Seebeck coefficient and related parameters of several
polymers were studied as a function of average sample

(41) G. A. Edwards and G. Goldfinger, J. Polymer Sci., 16, 589
(1955).

(42) T. Lieser and G. Nischk, Ann. Chem., 569, 66 (1950).

(43) G. P. Brown and S. Aftergut, “ Investigation of Organic Semi-
conductors,” WADC Tech. Report 59-469, Sept., 1960.

(44) J. Packer and J. Vaughan, “Organic Chemistry,” Clarendon
Press, London, 1958.
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Pressure (kg./cm.2.

Fig. 1.—Effect of measurement pressure on the resistivity
of PAQR polymers. Curve numbers correspond to poly-
mers described in Tables V and VI.

Pressure (kg./cm.2.

Fig. 2.—Effect of measurement pressure on the density
of PAQR polymers: curve 1, taken on initial compression;
curves 2 and 3 followed.

temperature, temperature gradient across the sample, and
compaction pressure.
A cylindrical cell with a Pt sample contact surface area
of approximately 4.3 cm.2was used for the measurements.
The Seebeck coefficient was calculated as

Q =

where V is the thermal e.m.f. across the platinum-polymer-
platinum junctions, and T the thermal gradient between
platinum electrodes.

Values of thermoelectric power presented in this paper
have been corrected for the effect of platinum, and therefore
are absolute. Values for the absolute thermoelectric power
of platinum were obtained from the work of Wilson.%

A magnetic field of approximately 17 kgauss was used for
Hall voltage determinations.

AV/'AT, juv./°C.

(45)
Press, 1953, p. 207. %

A. H. Wilson, “Theory of Metals,” 2nd Ed., Cambridge Univ.
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No. of fused rings in aromatic HC.
Fig. 3.—The effect of acene size on the resistivity™* of
PAQR polymers: +, polymerization at 253°; 0, poly-
merization at 306°.

Polymer samples were compacted into briquettes, 1 X
IU X Vi6in., and placed into a special yoke for insertion
between the magnet poles. The yoke contained the cus-
tomary end contacts for carrier supply as well as the Hall
contacts for measuring transverse potential gradient.

The transverse potential gradient of samples in a mag-
netic field was measured with a Leeds-Northrup model K-3
potentiometer. Magnetic field strength and direction, as
well as current through the sample, were recorded.

The transverse e.m.f. gradient, induced by the magnetic
field, was obtained by reversing the field several times and
recording the potential with each field direction. Average
values for each field direction then were used to obtain the
Hall voltage.

(A + Aemf. — (A — Aem.f)

Em.f =
2
where
A = asymmetric potential of the sample
Ae.m.f. = Hall voltage, v.
108(Ae.m .f)
where

I = longitudinal current (amp.)
Il —field strength (gauss)

t thickness of sample (cm.)
Rn Hall coefficient (cm.3coul.)

The concentration of unpaired electrons in polymer
samples was determined by the electron spin resonance
method with a conventional spectrometer operating at 8550
megacycles. Spin concentrations in a number of polymers
were measured in the equipment of Dr. R. Pressley, with
his considerable assistance, at the Palmer Physical Labora-
tory using a carefully purified (by ether crystallization)
polycrystalline sample of diphenyl picryl hydrazyl (DPPH)
as a standard.

Pressure Resistivity.—In order to select an appropriate
sample-compaction pressure for the bulk of the resistivity
determinations, in this work the relationship between resis-
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tivity and pressure was studied for three representative
polymers. The results are shown in Fig. 1and 2.

Below approximately 1000 kg./cm.2 large incremental
changes in resistivity were observed, probably due to the
presence of voids in the sample. At higher pressures, the
elimination of voids probably becomes subordinate to the
normal decrease in resistivity due to orbital overlap, etc.

Curve 3 shows the effect of repeated pressure cycling on
the resistivity-pressure characteristics. After one compac-
tion cycle above 1500 kg./cm.2 the materials exhibit
essentially reversible behavior.

Based on the observed characteristics, a compaction
pressure in excess of 1500 kg./cm.2 was deemed necessary
to ensure reliability of measurements. In order to compare
conveniently the results of this investigation with concur-
rent work294647 in this Laboratory on the other directly
synthesized semiconductors, a compaction pressure of 1800
+ 70 kg./cm.2 was used in the resistivity determinations,
except where noted. The polymer compositions, except
where noted, are reported as based on initial composition
of the monomer mixture.

Results

In an attempt to gain some insight as to the
conduction mechanism in PAQR Polymers, a
“homologous” series was prepared. Fourteen aro-
m atic neuclei were incorporated into the zinc chlor-
ide-catalyzed pyromellitic dianhydride-acene poly-
mer. The results are summarized in Table I. A
decrease in resistivity was observed as the size of
fused aromatic nuclear portion of the acene com-
ponent of the polymer increased. The correlation
between acene size and polymer resistivity is
presented in Fig. 3.

Table |

Effect of the Aromatic Co-monomer on the Room

Temperature Resistivity of PAQR Polymers

ACENE/PMA/ZnCL = 1/1/2; polymerization time =
24 hr.
Sample ---- Polymerization temp.------ s
no. Acene 253° 306°
50 Biphenyl 3.4 X 10>°
31, 51  Terphenyl 5.6 X 10» 1.4 x 107
33, 52  Naphthalene 9.7 X 106 1.4 X 10®
35, 53 Anthracene 8.3 X 10* 3.2 X 10®
37, 54  Phenanthrene 1.0 X 106 9.2 X 104
39, 55  Pyrene 1.6 X 104 7.6 X 103
41, 56 Chrysene 1.6 X 10s 2.1 X 104
46, 58  Triphenylchloro-
methane 4.6 X 10" 3.7 X 109
66, 67  Triphenylmethane 5.8 X 10» 3.1 X 10»
48, 59  Fluoranthrene 4.4 X 105 3.5 X 10®
85  Perylene 1.8 X 10s
86 Dibenzpyrene 9.5 X 102
87 Picene 1.6 X 104
68 Ferrocene 1.7 X 10»

Polymers formed by the condensation of acenes
with phthalic anhydride generally exhibitied some-
what higher resistivities than the acene-pyromel-
litic dianhydride series. The results of condensa-
tions with six aromatic hydrocarbons are presented
in Table I1.

Heteroatoms seem to increase the conductivity of
the PAQR polymers.

A polymer made with acridine exhibited similar

(46) H. A. Pohl, J. A. Bornmann, and W. Itoh, “Semiconducting
Polymers,“ Plastics Lab. Tech. Report 60C, Princeton Univ., 1961;
cf. J. Electrochem. Soc.tin press.

(47) H. A. Pohl and D. A. Opp, Abstracts of papers presented at

Chicago, 111, Sept., 1961, Div. Phys. Chem., American Chemical
Society, pp. 32-33.
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Tabie Il

E ffect of the Acid Anhydride on Resistivity of PAQR
Polymers
Constant polymerization condition: temperature = 253°;
time = 24 hr., 2 moles ZnCIl2 per mole anhydride
Resistivity (ohm-cm.)
1 mole phthalic

anhydride 1 mole PMA

1 mole hydro- 1 mole hydro-
Samples Hydrocarbon carbon carbon
60, 33 Naphthalene 3.2 X 105 9.7 X 108
61, 35 Anthracene 6.1 X 10a 8.4 X 105
62, 37 Phenanthrene 8.4 X 108 1.0 X 10s
63, 33 Pyrene 5.9 X 104 1.6 X 10
64, 46 Triphenylchloro-

methane 2.0 X 10122 4.6 X 101

65, 41  Chrysene 8.6 X 106 1.6 X 105

resistivity to anthracene, while an anthraquinone
PAQR polymer exhibited a markedly lower value.
Values are presented in Table I11.

Tabte Il

E ffect of Heteroatoms in the Acene

'—Polymerization— Room termp.

Temp. Time Resistivity

Acene (°c. (hr.) (ohm-cm,)
Anthracene 306 24 1.8 X 105
Acridine 306 24 6.8 X 105
Anthraguinone 306 24 1.2 X 104

The introduction of a nitrogen in place of the
gamma carbon would not be expected to affect
radically the intramolecular conjugation, hence
resistivity. Presence of the quinone groups on the
acene could lead to a higher number of electrically
unstable linkages in the polymer or possibly to a
side reaction consisting of fusion of quinones to
give large ring systems for incorporation into
the polymer. Alternatively, increased internal
polarity introduced by the heteroatoms would be
expected to increase chain-chain transfer of carriers.

Thermal Activation Energy— The relationships
between measurement temperature and resistivity
were obtained at compaction pressures of 650
and 1820 kg./cm.2 The temperature range ex-
tended from approximately 25 to 100°.

It was determined that the logarithm of resis-
tivity for the polymers is a linear function of recip-
rocal temperature in the range under study.

Both thermal activation energy (Ha), and “en-
ergy interval,” (Eg), values were obtained for the
series. The quantities are described by

P = poexp(E.d/KT)

and
Es = 2E,
where
Pc = constant
p = resistivity at T
K = Boltzmann constant

It should be noted that although the quantity Ee
might be used here to describe the thermal activa-
tion behavior, adherence to the simple band theory
is not implied.D The activation energy, or “en-
ergy gap,” in organic semiconductors probably is a
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Fig. 4—"“Energy gap,” (2 X activation energy), as a
function of monomeric acene size in PAQR polymers.

function of both intra- and intermolecular barriers,
and therefore is a composite of both. For the
present it seems preferable to refer to Eg = 2E&as
the “energy interval” rather than energy gap or
forbidden band gap in the case of the organic semi-
conductors until it is shown that the particular
sample meets the theoretical requirements implied
in the use of the term energy gap. At present,
justification for the use of Egin describing poly-
meric organic semiconductors lies only in the
facilitation of comparison with other semiconductor
systems.

Values of activation energy and pOfor representa-
tive PAQR polymers are summarized in Table IV.

For the series of polymers measured, Ee values
ranged from approximately 0.3 to 0.8 e.v. Both
Eg and pOgenerally increased with increasing room
temperature resistivity.

The relationship between Es and the number of
fused rings in the acene monomer is shown in Fig.
4. A notable deviation from the general order was
encountered with the dibenzpyrene polymer.

Although no distinguishable effect of compaction
pressure on Ee was noticed here, as can be seen in
Table 1V, concurrent work with a similar polymer
at pressures to 106,000 kg./cm.2indicates that a
decrease of 1.7 X 108 e.. cm.Zkg. might be
expected.47 This contribution (0.002 e.v.) would
be indistinguishable in the limited pressure range
studied here.

Thermoelectric Effects— The Seebeck coefficient
and related parameters were evaluated for seven
PAQR polymers. Samples with room tempera-
ture resistivities ranging from approximately
103to 106 ohm cm. were measured; the maximum
resistivity value was set by equipment limitations.
Accuracy of the determinations was largely a func-
tion of the temperature differential at each measure-
ment, and varied from approximately 2 to 15% as
the temperature differential decreased from ap-
proximately 20 to 2°.
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Table IV
Activation Energy (Ba) Values for PAQR Polymers
Resistivity ~ e-eeeeee- Heoeee Ea (8.V.)-------mmm -

Sample Acene* (ohm-em.) 25° 1820 kg./cmA 650 kg./cmA 00

269 Pyrolyzed, 26a 3.05 X 10-2 - 0.001

86 Dibenzpyrene 9.5 X 102 + .206 0.202 0.31

55 Pyrene (306°) 7.6 X 10* .155 .165 18

39 Pyrene (253°) 1.6 X 104 .198 197 7.1

26a Phenanthrene 6.7 X 104 .198 191 30

37 Phenanthrene 1.0 X 10» .205 .205 34

35 Anthracene 8.3 X 10= .257 .259 38

33 Naphthalene 9.7 X 10 .322 .324 34

66 Triphenylmethane 5.8 X 10" .420 4.6 X 104

° For polymerization conditions see Tables | and II.

All of the polymers exhibited essentially linear
relationships between the thermal gradient (AT)
and the induced potential (AF). This permitted
the development of a single-valued relationship
between the Seebeck coefficient (Q) and the median
sample temperature. The absolute Seebeck co-
efficients, Peltier coefficients, and AF/AT relation-
ships for a representative PAQR polymer are
shown in Fig. 5.

Seebeck coefficients, ranging from —19.0 to
3455 juv. per °C., were obtained with the measured
PAQR series. The Seebeck values at 25° are
summarized in Table V.

Table V

Seebeck Coefficients of Several PAQR Polymers

Poly- Resistivity dQ/dt
mer at 25°, Qat 25°  (hV./°C./
no. Acene" (ohm-cm.) W °C.) °C.)

86 Dibenzpyrene 9.5 X 102 -19.0 +0.55
55 Pyrene 7.6 X 10« +69.6 - .90
39 Pyrene 1.6 X 104 +21.8 -1.76
37 Phenanthrene 1.0 X 10« + 155.9 -0.50
41 Chrysene 1.6 X 10« +122.5 -6.87
35  Anthracene 8.3 X 1« +345.5 -1.80
43 Chrysene 1.2 X 10« + 123.0 -6.85

“ For polymerization conditions see Tables | and I1.

All samples exhibited p-type conduction, wdth
the exception of the dibenzpyrene PAQR polymer.
This material exhibited the lowest resistivity of
the PAQR polymer series.

The Seebeck coefficient of the p-type materials
declined slightly with temperature in all observed
cases, whereas the n-type polymer exhibited an in-
crease. One therefore may conclude that the poly-
mers all became more “negative” in carrier type as
temperature increased. The temperature coeffi-
cient of Q was generally on the order of —1 uv./
°CA

A trend toward higher Seebeck coefficient with
increasing room-temperature resistivity is noted
(Fig. 6). A similar trend is noted in the results of
Loebner in his studies concerning the effect of
pyrolysis temperatures (above 700°) on the thermo-
electric power of baked carbons.8

The Seebeck coefficients observed in these PAQR
polymers (-1 9 to +350 /uv./°C.) fall in the range
observed on other organic materials, i.e., poly

(48) errata, 86, 1056
(1952).

E. E. Loebner, Phya. Rev. 84, 153 (1951);

copper phthalocyanine3 (+15 to +35); molecular
complexesldl6 (up to +1100); phenolphthalein-
type polymers4 (+50 to +500); xanthane poly-
mers83 (+500); metalfree phthalocyanine®
(+50); crystal violet® (— 300).

Hall Coefficient— The apparatus and technique
employed for determination of the Hall coefficient
was found to be generally inadequate for measure-
ments on samples with resistivities encountered in
the PAQR polymer series. Large asymmetry
potentials, resulting from the high potentials re-
quired to pass sufficient carriers through the samples
and from the difficulty in placing electrodes sym-
metrically, prevented detection of the Hall voltage
in most samples.

A reliable value was, however, obtained for
sample 55, the PAQR polymer of pyrene and pyro-
m ellitic dianhydride (306°). The Hall determina-
tion corroborated the results of thermoelectric
power measurements in that p-type conductivity
was observed. The magnitude of the Hall co-
efficient at room temperature was 288 cm.3Jcoul.

This provides, in itself, almost certain proof that
conduction in this polymer is electronic and not
ionic, for ionically conducting materials do not ex-
hibit a detectable Hall voltage.

A rough estimate of the effective carrier density
may be obtained by use of the relationship

A'h = (RueV)-1

where
Ah = the number of effective p-type carriers
Rn = the Hall coefficient
e = electron charge
F = the velocity of light

From this equation, the effective number of car-
riers is estimated as 2 X 10%/cm .3

The mobility was estimated by the relationship

MH = Rncr
where
iin = Hall mobility
a = conductivity = 7.6 X 103mho cm .-1

A value of 0.04 cm.2v. sec. was obtained.

(49) P. E. Fielding and F. Gutman, J. Chem. Pkys., 26, 411 (1957).
(50) C. Schroeder, Masters's Thesis, Ohio State Univ., 1952.
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Fig. 5.—Thermoelectric properties of polymer 86, 1:1:2,
dibenzpyrene:pyromellitic dianhydride:ZnCl2, Q = See-
beck coeff.; QT = Peltier coeff.

Somewhat higher carrier concentrations were
found in poly copper phthalocyanine in Hall co-
efficient determinations by Epstein and W ildi.3L
They estimated AT at approximately 108cm .3

Electron Spin Resonance— A significant cor-
relation between conductivity and unpaired elec-
trons in PAQR polymer samples was observed.
Figure 7 contains a plot of electron spin density
at room temperature vs. the room temperature
sample resistivity.

The general level of unpaired spins in PAQR
polymer samples ranged from approximately 10177
to 10D spins/g. (see Table VI.) As previously
discussed, a minimum positive carrier concentration
of approximately 3 X 10¥was estimated from our
Hall determination. Epstein and W ildi3l esti-
mated a minimum of 10Bto 10Bcarriers/cc.Bon
poly Cu phthalocyanine.

Current-Carrying Characteristics— The conduc-
tion mechanism in PAQR polymers was found to
be electronic. Using the measurement procedure
outlined in the Experimental section, a cumulative
current of 45 X 106coulombs per gram was passed
through polymer sample No. 25. There was no
significant change in resistivity during the passage
of 4.7 g. equivalents/g. of polymer.

Scatter in the resistivity data (i.e., £1%) was
primarily due to slight compaction and tempera-
ture differences between the sample and the con-

~2Q~ 80~ 00
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Fig. 6. —Seebeck coefficient as a function of resistivity”
in PAQR polymers.

200 300

log spins/g.
Fig. 7.—Electron spin density as a function of resistivity,-«
in PAQR polymers.
Table VI

Electron Spin Density in PAQR Polymers

Room temp, Peak half-
resistivity Approx, spins, av. width,
Sample®  (ohm-cm.) Spins per g. polymer unit  (gauss)
66 5.8 X 101 5.0 X 10“ 6.6 X 10“6 8
33 9.7 X 106 1.5 X 10Is 1.1 X 10«3 5.75
37 1.0 X 105 1.5 X 1019 1.3 X 10“2 5
39 1.6 X 104 1.9 X 101 1.9 X 10-1 3.5
26 6.6 X 104 6.5 X 1019 5.8 X 10“2 4.25

° Polymerization conditions in Tables I and I1.

trol polymer. On the basis of polymer structure,
approximately 1.1 g. equivalent should have been
sufficient to electrolyze all of the 0 and H atoms.
On this basis, if ionic conduction were significant,
it easily would have been detected by this experi-
ment.

In addition to the above evidence for the elec-
tronic nature of the polymers, no polarization was
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Voltage drop across sample.

Fig. 8 —Effect of applied potential on the resistance of a
PAQR polymer (polymer 39).

Heat treatment temp. (°C.).

Fig. 9.—Effect of post-treatment temperature (in He) on
the resistivity”» of a PAQR polymer (polymer 26).

evident from visual observations of current increase
or decrease on applying or removing a potential.
The measurements were, however, limited by the
response of the meters, and more refined techniques
such as high frequency a.c. measurements were not
employed.

The above coulombic evidence, together with
that obtained on determination of a large Hall co-
efficient, prove quite conclusively that electronic
and not ionic conduction takes place in these
PAQR polymers.

The resistance of a representative PAQR poly-
mer was found to vary non-linearly with the applied
field strength. High relative precision was
achieved by comparison of the polymer sample with
metallic (ohmic) resistors in a Wheatstone bridge.
Potentials applied across the bridge ranged from
155 to 52 v., corresponding to a potential range of
0.78 to 26 v. across the polymer sample. The
resistivities from three independent determinations
are presented in Fig. 8. A reduced expression for
resistance was employed, for convenience of com-
parison between samples
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i?28 Resistance at a potential drop of 26 v.
A'v  Resistance at a potential drop of x v.

PAQR Polymer Stability.— The thermal stability
of a PAQR polymer was studied by heating in a
helium atmosphere to temperatures up to 1200°
for 05 hr. The relationship between heat treat-
ment temperature and resistivity (measured at
room temperature) is shown in Fig. 9. The con-
ductivity was found to go through a minimum at
approximately 500°, showing that the original
synthetic structure of the PAQR polymers is
unique and thermally sensitive and is not that of a
pyropolymer.

At temperatures in excess of 600°, it is probable
that extensive changes in the polymer structure
occur, due to the volatilization of H, CO, and C02
etc.

The e.s.r. characteristics of the 1000° treated
polymer were quite different from those of the
PAQR materials. A very faint resonance was ob-
served with a peak half-width of approximately
1200 gauss, as opposed to the rather sharp reso-
nances of the original PAQR corresponding in a
peak half-width field variation of only 3 to 5 gauss.
This is indicative of gross changes in conduction
mechanism, since the interaction of free carriers,
and perhaps spins, has increased markedly.

Obvious changes in polymer composition also are
reflected by the analysis of the 1000° heat treated
polymer.

C o H
Sample 26 8448 7.21 352
Sample 26 (heated to 1000°) 9645 132 1.37

The heat treated sample had a negative tempera-
ture conductivity coefficient (Table 1IV) and was a
degenerate semi-metal.

Photoelectric Properties— The PAQR polymers
exhibit photoconductivity and a photo-e.m.f.
When a sample of polymer number 55 was illum i-
nated with white light passed through a heat filter
through the transparent conducting tin oxide
(NESA) window, a steady increase in voltage,
to approximately 9 mv., was observed. The time
required to reach a maximum was approximately
0.8 min.

After maintaining illumination for 1.2 min. at
the equilibrium photo-e.m.f., the source was turned
off and the voltage was observed to decay to a
minimum within 0.8 min. The photo-e.m.f. curve
for polymer 55 is shown in Fig. 10.

Measurement of the photo current showed no
corresponding maximization after 0.8 min. The
photo current steadily increased over a period of
approximately 2 min. to a maximum of 0.5 m/ra,,
after which the illumination was terminated.
When irradiation was terminated, an exponential
decrease in current was observed, over a period of
approximately 0.8 min.

Considering the sample resistance (3 X 106
ohms), and the steady state photo-e.m.f. (9 X
10-3 v.), a maximum photo current of approxi-
mately 2 m/ia. was anticipated.

The change in sample resistivity was determined
by applying a potential of 1.5 v. and measuring the
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change incurrent upon illumination. When the
light source was turned on, a steady increase in
current was observed, over a period of ca. 0.9 min.
The steady-state current corresponded to a re-
sistivity decrease (assuming approximately ohmic
behavior) of approximately 6%. A decay time of
approximately 1.1 min. was observed subsequent to
removal of the illumination. Assuming that the
arrival of the 3 X 10T photons/cm.2 sec. with
energies of 1.1 e.v. produces carriers at that rate in
a depth of 10-4 cm. in the 0.4 cm. thick sample,
with a time of transit through the sample of 1to 5
sec., this corresponds to a mean free time of the
carrier (z.e., “lifetime”) of 0.2 to 1 sec.

Aluminum Chloride Catalyzed PAQR Polymers.
— The polymers were synthesized at relatively low
temperatures using aluminum chloride as a cata-
lyst, and pyromellitoyl chloride as the acylating
agent, all exhibited resistivities several orders of
magnitude higher than the zinc chloride catalyzed
materials.

At the temperatures employed, the lactone for-
mation reaction should have been relatively minor.

The acid chloride can exist as either 1,24,5-
benzenetetracarboxyl chloride or as isomeric 3,3"-
dichloroisobenzobisfuranones, lower temperatures
generally favoring the former, which leads to
quinone formation.

Resistivities of the polymers were determined
on samples as synthesized, and also subsequent to
heating in the presence of SOCI2 Results are
summarized in Table VIlI. The ethanol and ben-
zene soluble fractions exhibited higher resistivities
than the insoluble polymeric material.

Polymerization of pyrom ellitoly chloride with bi-
and terphenyl produced yellow-tan, insoluble, in-
fusible materials. The fused-nuclei acenes gen-
erally yielded deeply purple-biack polymers, in-
dicating a lower molecular weight and/or lower
level of conjugation than experienced with the zinc
chloride catalyzed polymers. This is reflected in
the higher resistivities encountered with the
aluminum chloride catalyzed materials.

Quinazone Polymers (Schiffs Base Type)—
The materials were deep brown to black, solid,
insoluble,' infusible materials. Resistivities gener-
ally were above 10u ohm-cm. Carbon, hydrogen,
oxygen analysis of a polymer sample indicated
that the desired highly conjugated structure was

not attained, since oxygen did remain in the
sample: C = 77.33%; H = 4.01%; N = 4.43%;
O = 11.05%. Results are summarized in Table
VIII.
Tabte VI
Resistivity
Resistivity of ZnCh
after SOCI2 catalyzed
Resistivity treatment PAQR
Acene (ohm-cm.) (ohm-cm.) (ohm-cm.)
1 &J Biphenyl 9.1 X 10“ (Dec. totar) 3.4 X 10“
10*
C & D Terphenyl 6.2 X 104 2.8 X 10* 1.4 X 10
G & H Naphthalene 1.6 X 10« 6.7 X 10“ 1.4 X 10«
A & B Anthracene 1.5 X 108 2 X 109 3.2 X 10
E &F Phenanthracene 7.8 X 10 4.9 X 10¢ 1.0 x 105

Polyacenes.— The polymeric materials obtained
after separation of the ethanol soluble, benzene
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Fig. 10.—Photovoltaic curve for a PAQR polymer (polvmer

55).

soluble, and insoluble fractions were not highly
conductive.

n temp, resistivity

Fraction Description (ohm-cm.)
ethanol souble  thermoplastic 1.2 X 10¢
benzene souble  thermoplastic 6.0 X 10¢
insoluble infusible 26 X 10“

Aniline Black Polymer— The resistivity of the
aniline black polymer was found to be 3 X 10D
ohm-cm. at 25°. The deep violet-black color indi-
cates appreciable loosening of the frontier electrons
over that met with in compounds not so highly
conjugated. That eka-conjugation is not attained
probably is due to flexibility about single bonds
limiting pi-pi orbital overlap to relatively short
regions.

Discussion

As has been discussed previously, the organic
semiconductors do not always meet the criteria for
the rigorous application of simple band theory for
interpreting their enhanced electronic behavior. It
was nevertheless of interest to determine the elec-
tronic parameters in several PAQR polymers, on
the assumption that the models did apply.

The theoretical development of the band theory
and pertinent equations are described by Cusack.6l
Equations relating the thermoelectric power to the
carrier parameters such as number and mobility
have been derived by V. A. Johnson and K. Lark-
Horovitz.&233

Parameters have been derived, assuming intrinsic
behavior (concentration of positive carriers = con-
centration of negative carriers) and extrinsic, or
im purity, behavior (one carrier type predominates).

In intrinsic non-degenerate semiconductors, the
Seebeck coefficient can be described by

_ K€D s,
= + 2
e «7+1) 2KT
where
Q = Seebeck coefficient
K = Boltzmann constant
e = charge on an electron
Eg = energy gap
T = absolute temperature
C = n'e/n'h = ratio of mobilities, electrons to
holes

(51) N. Cusack, “The Electrical and Magnetic Properties of Solids,”
Longmans Green and Co., Ltd., 1958.

(52) V. A. Johnson and K. Lark-Horovitz, Phys. Rev., 92, 226
(1953).

(53) V. A. Johnson, “Progress in Semiconductors,” Vol. I, Heywood
and Co., 1956.
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Table VIII
Polymers of Quinones and Diisocyanates”
Solidification Total polymerization Resistivity
Monomers Temp., °C. time (min.' time (hr.) X 10-u
101 1,4-Naphthaquincme + TODI 100 No polymer
102 1,4-Naphthaquinone + TODI 100 No polymer
103 1,4-Naphthaquinone + TODI 250 15 18.25 4.6
104 1,4-Naphthaquinone + TODI 250 15 1.25 2.5
105 1,4-Naphthaquinone + TODI 250 15 0.25 2.5
106 1,4-Naphthaquinone + TODI 306 4 18 5.9
110 1,4-Naphthaquinone + TODI 306 4 4 (min.) 6.7
113 Anthraquinone + TODI 306 50 1 6.5
114 Anthraquinone + TODI 306 50 19 6.2
115 Paraquinone + TODI 256 23 18 5.6
116 Paraquinone + TODI 306 8 18 4.7
+«TODI = p-toluenediisocyanate.

This can be rearranged to give

-QT + EJ2 + 2KT
QT + EJ2 + 2KT

The mobilities can be calculated by

n =

en'(C + 1)
J=Ch
where
a = conductivity
Jt = mobility of positive carriers

Je — mobility of negative carriers

J = number of positive carriers
= (2Mh'kT)ifZh2 X exp (-EJ2kT)
where
h = Planck's constant
Mh = effective mass of carrier

Since the carrier mass could not be determined,
the mass of an electron at rest was assumed.

Carrier parameters based on the intrinsic model
are presented in Table IX .

Table IX
Carrier Parameters Based on the Intrinsic M odel
(Band Theory)— from Thermoelectric Data

Room temp. Nht h X 103 (i'e X 10»

Poly- resistivity X 10"*  (cm.2)/ (cm.3/

mer (ohm-cm.) C = fi’ZBh(cm. 8 (v. sec) (v. sec.)
86 9.5 X 102 1.04 8.3 390 4.1 X 10*1
55 7.6 X 103 0.82 60.0 7.5 6.2 X 10*2
39 1.6 X 104 .95 11.0 18.0 1.7 X 10-2
37 1.0 X 105 .69 8.3 4.5 3.1 X 10-3
35 8.3 X 10* 47 1.2 4.3 2.1 X 10-3
Compared with the electron spin density and

chemical treatment results, the carrier concentra-
tion values are several orders of magnitude lower.
Assuming extrinsic non-degenerate behavior, the
Seebeck coefficient may be represented by
rihh3

_2(27rAfh*KT)

This can be rearranged to give

22tM JIKT)*
h3
M obility can be calculated by

nh - exp (2 + Qe/K)

*j-— Tihe/i

Carrier parameters based on the extrinsic model
are presented in Table X. If we calculate the
number of impurities, on the basis of this model, a
value in excess of 102 cm.*3is obtained; hence,
the extrinsic model certainly is inapplicable.

Table X
Carrier Parameters Based on the Impurity M odel
(Band Theory)— from Thermoelectric Data
Sh X 10-*
AV X 10" (cm.3/
Polymer (cm._3 (v. sec.)
86 2.3 270
55 4.1 200
39 2.4 160
37 11 5.7
35 100 0.075

Eka-Conjugation and Enhanced Electronic Be-
havior— As an alternative to the simple band model
approach in considering the semiconducting poly-
mers, we have used the following working hypo-
thesis. There now is appreciable evidence that
when the size of a set of conjugated double and
single bonds is larger than some number (about
10 to 15 double-single bond pairs) then the mole-
cule acquires unusual characteristics. It is to
be expected that the formation of the biradical and
exciton states then will become easy. For ease of
reference, we have termed this required degree of
conjugation as eka-conjugation. Eka-conjugation
may be said to exist when the degree of conjugation
becomes such that the population of electronically
excited states in thermal equilibrium becomes ap-
preciable at room temperature. The energetics of
the transition may be semiquantitatively con-
sidered by the “electron-in-a-box” model. Repre-
senting the bRadical as R-, and its eka-conjugated
precursor as R, we may write

-R-; AFjS F and (1)
(=R-)/(R) = Ki = exp(— AFi/fcT) (2)
AFx = AHi - TASiIi3* E 3)

R ™%
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where E is the energy of conversion to the triplet
state biradical. We may estimate E& by the
“metallic model” of linearly conjugated molecules
containing Z atoms each contributing a ir-electron
in the same nodal plane.

E = hh/smi2 4)

n —1,2,3,..ccoeene. ; L = ZI (includes ¥2bond
length overlap at ends); h is Planck’s constant;
I is the C-C bond distance; m is the rest mass of
the electron; and E is the energy of the particular
state. The molecule will contain two 7r-electrons
per orbital filled up to Z = 2n in the ground state.
The energy to excite a frontier electron up to the
first unfilled orbital, n—=mn + 1, is

AE = h22n + )/8mIZ2= hAZ + 1)/8mlZ2=

E=FE (5
= 19.2(Z + 1)/Z2(in e.v.)

The estimate for a “ring model” molecule con-
taining a largest closed loop path for the x-electrons
of Z atoms in the same nodal plane is

E = h22q)Z8mL2 (6)

The molecule will contain filled orbitals up to Z
= Ag+ 2. The desired transition is for q-"mq + 1,
hence

AE = h2\mlZ = [IE~ E = 38.4/Z (in e.v)

™

The ion-pair forming reaction from which the
carriers result may be written
eR-+ R ~ R :-+ -R+ (8)
roving roving
electron hole

(*R:~)(-R+)/(-R-XR) = K2 = exp(— AFt/kT)

©

[T

By this argument, we will expect to have an “in-
trinsic-type” semiconductor where
(*R:~) = (-R+) = ne —rih = n; (10)

and we may set (-R -) = s/2 = y 2the concentration
of observable spins per cm.3
Combining we get

2wiZ(R)S = K2 (11)

Characterization of Highly Conjugated Semiconducting Polymers
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. —ABo T AFi
rii = (s/2) exp
2kT
(5/2) -AF2+ E~
s ex 12
P 2kT 2)
R — AFi — AFi
= ex
(R) exp 2kT
—AF2—- FE
(R) exp

2kT

where rii is the number of either mobile electrons or
mobile holes acting as carriers.

As discussed elsewhere at greater length,7 there
is reason to expect the mobility to occur by way of
hopping processes, where Eais the saddle height
energy for the hopping process, and

m = (const.) T2ex-p(—EvKT) (13)

In the event that there is a cooperative process
between the carriers and excitons, a factor of (nix/
ni + Kijx) must be included, and the new Es' < Ea
Recalling that the eka-conjugated structures are
large and asymmetrical aswell as highly polarizable,
it will be expected that some field dependence of
the conductivity will result. The eka-conjugation
model appears to account qualitatively and oc-
casionally semiquantitatively for the various at-
tributes previously mentioned for the PAQR poly-
mers.

As a partial check on the eka-conjugation hypo-
thesis, we observed that in one sample (39) the
uptake of 02 at 250° to the extent of 4 X 10D
molecules/g. was just sufficient to destroy the
e.s.r. signal originally of 1.9 X 102¥g. From this,
by eg. 2 we estimate AF1las 0.019 e.v. This is
comparable to the observed temperature depend-
ence of spin concentration by e.s.r., where a value
of 0.016 e.v. was obtained for this semiconductor.

Acknowledgment.— We wish to thank Dr. D. A.
Ross and Mr. R. F. Bailey of the Industrial Re-
actor Laboratories for assistance in making radio-
isotopic analyses for zinc, and Dr. Robert Pressley
of the Physics Dept., Princeton University, and
Mr. Emil Bretz of Elion Corporation for assist-
ance in e.s.r. determinations. The work here was
supported jointly by the Army, Navy, and Air
Force under Signal Corps Contract DA-36-039sc-
78105; DA Project 3A99-15-001; ONR Project
NR 356-375. E. H. Englehardt wishes to express
thanks to the California Research Corporation for a
Fellowship during the period.



2096

POLYMORPHISM

A. F. Diorio, L. Mandelkern, and E. R, Lippincott

IN FIBROUS POLYPEPTIDES:

Vol. 66

a”*B TRANSFORMATION

IN NATURALLY OCCURRING KERATINI1

By A.F.bp iorio, L. m andelkern,

and E. R. Lippincott

Polymer Structure Section, National Bureau of Standards, Washington, D. C., and Department of Chemistry, University of
Maryland, College Park, Md.

Received January 20, 1962

The crystallization of completely molten keratin (Lincoln wool) was investigated in order to delineate the conditions under

which the a and /Scrystalline phases are formed.

The nature of the crystalline phase developed depends on the deforma-
tion imposed on the amorphous system prior to crystallization and on the crystallization temperature.

Elongation favors

the formation of the /3-form, and the axial deformation required decreases markedly as the crystallization temperature is

increased.
served and the per cent fiber extension.

It is concluded that no simple relation based solely on molecular structure exists between the crystal form ob-
The melting temperatures of (j-keratin prepared from «-keratin and of «-keratin
itself are compared when the fibers are immersed in11.6 M LiBr.

The melting temperatures arevirtually identical, indicating

that the two crystalline forms have similar thermodynamic stabilities.

Introduction

In a series of classical experiments, Astbury and
collaborators23have demonstrated that by axially
deforming a native a-keratin fiber in an appropriate
medium, transformation to the /3-keratin form can
be accomplished. The major evidence was the
accompanying change that occurred in the wide-
angle X-ray diffraction patterns from that char-
acteristic of the native a-form to a pattern contain-
ing the predominant reflections of the naturally
occurring ~-structure. On stretching a wool fiber,
the native a-pattern remains virtually unchanged
up to about 20% extension. On further stretching,
which must be accomplished in a liquid medium
such as water, the X-ray pattern begins to show
changes. Characteristics of the /8-pattern are
observed, and at about 35% extension a mixed
a- and /3-pattem becomes prominent. The mixed
pattern is completely replaced by a well defined
i3-pattern at about 70% extension. These obser-
vations were formally interpreted in terms of a
crystal-crystal transformation, with a 1:1 cor-
respondence being postulated between the disap-
pearance of the a-form and the development of the
,8-structure.4

However, more quantitative and refined X-ray
diffraction studies do not support the postulate of
the direct correspondence between the appearance
of the /3-structure and the disappearance of the a-
form.57 In particular, Bendit56 found that the
X-ray diagram of Lincoln wool starts changing at
low extensions (5% or less). Moreover, with
further extension the decrease in the intensity of
the predominant a-reflection at 51 A. is not ac-
companied by a related increase in the correspond-
ing /3-reflection at 4.65 A., and there is no evidence
of a rapid change between 30 and 50% extension.
Consequently, the molecular nature of the trans-
formation was broughtinto question.

(1) Taken in part from a Thesis submitted by A. F. D. in partial

fulfillment of the requirements for the degree of Master of Science in
the Graduate School of the University of Maryland.

(2) (a) W. T. Astbury and A. Street, Phil. Trans. Roy; Soc., A230,
75 (1931); (b) W. T. Astbury and H. J. Woods, , A232, 333
(1933).

(3) W. T. Astbury and W. A. Sisson, Proc. Roy. Soc. (London),
150A, 533 (1935).

(4) W. T. Astbury- F. O. Bell, Nature, 147, 696 (1941).

) E. G. Bendit, I, 179, 535 (1957).

(6) E. G. Bendit, Textile Res. J., 30, 547 (1960).

(7) A. R. B. Skertchly, Nature, 181, 638 (1958).

Considerations of this polymorphic transition
heretofore have been concerned solely with the
two crystalline or ordered phases involved. The
possible role of an amorphous or non-crystalline
phase has been tacitly ignored. Polymorphic
transitions can be classified either as crystal-
crystal transitions or crystal-liguid-crystal tran-
sitions. The appropriate category for the transi-
tion in keratin has not as yet been elucidated. In
order to accomplish this, an appropriate reference
state, preferably a single phase, must be established
in order to measure or calculate the appropriate
thermodynamic quantities pertinent to the re-
spective crystalline phases.

In the present work, advantage is taken of the
fact that completely amorphous keratin can be
prepared under relatively mild conditions.8 In
particular, Lincoln wool can be rendered amorphous
by immersion in appropriate aqueous LiBr solu-
tions at temperatures as low as 10°. In the absence
of any external deformation, the native a-structure
is regenerated by transfer of the system to pure
water.8 In an effort to establish a basis for a
thermodynamic analysis of polymorphism in the
fibrous proteins, the premise that stable oriented
,8-structures can be developed from the pure
molten state has been examined.

Experimental

Materials.—The «-keratin fiber selected for study was
Lincoln wool. Fibers were Soxhletrextracted with benzene
and ethyl alcohol, and after being washed in distilled water,
they were dried at room temcrerature and humidity. The
LiBr used was of reagent grade, and the solutions of desired
molarity were prepared by diluting a saturated solution
whose concentration was determined by the Mohr analysis
for bromide ion.

X-Ray Diffraction.—A Norelco X-ray diffraction unit
was operated at 30 kv. and 20 ma., and nickel-filtered copper
radiation was employed. X-Ray photographs were taken
with a Norelco microcamera, which enabled the diffraction
effects of single wool fibers to be studied. The fiber to be
examined was mounted on a holder di_rectlﬁ behind the colli-
mator; a microscope was used to align the specimen with
the collimator bore. A collimator of 0.004-in. bore, a sample-
to-film distance of 15 mm., and an exposure time of ap-
ﬁro_ximately 20 hr. were used. The camera was filled with

elium gas during the exposure to eliminate air scattering of
the X-ray beams.

The Deformation Process.—A simple stretching frame
was constructed out of a glass rod, Nichrome wire of 0.20-in.
diameter, and ordinary paper-binder clips. Small Nichrome
wire rings of minimum weight, 15-20 mg., required to keep

8) L. Mandelkern, J, C. Halpin, A. F. Diorio, and A. S. Posner,.

J. Am. Chem. Soc., 84, 1383 (1962).
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the specimen uncrimped, were attached to each end of a
fiber by leading the fiber through the wire loop and tying it.
The fibers thus mounted were 3-4 cm. in length. Each fiber
was rendered molten by suspending it at room temperature
for 5 hr. in a closed tube containing a large excess of 7.2 M
aqueous LiBr solution. The melting temperature of Lincoln
wool in this medium had been determined previously to be 8
+ 2°.8 Concomitantly with melting, a contraction in
length of 8-12% was observed. The amorphous fiber then
was mounted in the stretching frame between a fixed and a
movable jaw and extended the desired amount. During this
process the whole assembly was immersed in the 7.2 M LiBr
solution. The extensions imposed, ranging up to 81%, were
based on the length of the amorphous undeformed fiber in
the LiBr medium. Lengths were measured by means of a
eathetometer which had a range of 100 mm. and could be
read directly to 0.001 mm.

Crystallization Procedure.—The crystallization of the
deformed amorphous fiber was achieved by immersing the
stretching frame containing the mounted fiber into distilled
water held constant at a predetermined temperature. The
times allowed for crystallization ranged from 1 min. to 22
days for specific experiments. For crystallization tempera-
tures in the range 10-100°, about 400 ml. of distilled water
was contained in a test tube of 62-mm. diameter and the
tube was immersed in a thermostatic bath controlled to
+0.1°. The distilled water was stirred by a stream of com-
pressed air during the course of the experiment. For the
crystallization of samples at 100°, the stretching frame and
contents were immersed in boiling water for times ranging
from 1 min. to 3 hr.

For the crystallization in water at temperatures above
100°, a modification of a commercial vuleanizer was utilized.
The autoclave, made of forged steel, was 11.5 cm. in di-
ameter. The cover, also made of steel, was fitted with a neo-
prene rubber gasket and clamped to the cylindrical vessel.
Two insulated copper wires were led through the gasket and
connected to the top of the inside casing. The copper leads
were connected to a piece of thin Nichrome wire 0.004 in. in
diameter, from which the sample holder with the mounted
fiber was suspended. The sample holder was constructed of
brass and had two immovable jaws. The molten fiber was
stretched the desired amount, following the procedures pre-
viously described, and mounted in the sample holder with
the length held constant. The sample holder then was
wrapped with glass wool and suspended on the Nichrome
wire inside the autoclave.

About 500 ml. of distilled water then was introduced into
the autoclave, and the apparatus was sealed, and then
heated by means of a gas burner. After the desired crystal-
lization temperature was reached, in approximately 10-15
min., voltage was applied across the copper wires, causing
the thin Nichrome wire to disintegrate and allowing the
fiber sample to plunge into the water. By controlling the
heating rate manually it was possible to maintain the tem-
perature constant within £2°. The procedure outlined
was utilized for crystallizations at 110, 120, and 130°. The
times allowed for crystallization ranged from 1-10 min.

Results and Discussion

The Formation of «- and ~-Structures from
Molten Fibers— Preliminary experiments es
tablished the feasibility of producing the crystalline
/3form from the amorphous state. Though oc-
casionally it was possible to extend a fiber 100%,
extensions of 80% could be obtained repeatedly and
this figure was set as an upper lim it for subsequent
investigation. An X-ray diffraction pattern of a
fiber deformed to this limit showed the same
characteristic broad amorphous halo at a Bragg
spacing of approximately 3.9 A. that was obtained
prior to the stretching process.8 Thus, the de-
formation process, when conducted in aqueous
LiBr solution, does not in itself induce crystalli-
zation. Crystallization occurs with the transfer
of the specimen to pure water.

As an example, an amorphous fiber stretched 81%
and immersed in distilled water for 2 hr. at room
temperature yielded a /3-pattern when the fiber
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Fig. 1.—Diagrammatic representation of the crystalline
polymorph observed as a function of the amount of axial
deformation applied in the amorphous state and the iso-
thermal crystallization temperature.

was removed from the stretching frame and dried.
Similar results also could be attained at this ex-
tension ratio by crystallization at elevated tem-
peratures. However, a significant difference in
the kinetics of crystallization was observed, de-
pending on the temperature. Fibers crystallized
at 100° gave relatively intense, sharp, oriented
crystalline patterns even when the time allowed for
crystallization was reduced to 1 min. However,
the X-ray patterns of specimens crystallized at 10°
were relatively weak, even when the crystallization
time was 1 hr. The reflections became more in-
tense and less diffuse when the crystallization period
was extended to 12-24 hr. at this temperature.
When the deformation in the amorphous state was
decreased, the oriented /3-form still could be de-
veloped at 10°, but crystallization times of the
order of 10-14 days were required. Thus the
liguid-crystal phase transition for keratin is ac-
companied by time-temperature relations typical
of such processes in general and widely observed
in the simpler macromolecular systems.9

The results of a more systematic study, which
specifies the conditions of temperature and de-
formation under which either the a- or /3-forms are
developed, are represented schematically in Fig. 1.
After crystallization, the X-ray diffraction patterns
of the wunstressed dried fibers were examined.
Restricting present considerations to crystalliza-
tion temperatures of 110° or less, one of three dif-
ferent types of X-ray patterns was observed. Only
an oriented «-structure, or an oriented /3-structure,
or a mixed pattern containing both oriented «- and
/3-structures was noted. The solid lines in the
figure delineate the regions where one of the forms
is observed distinctly. In general, at all tempera-
tures, the «form is produced at the lower elonga-
tions, a mixture of the a- and /3-form is produced at
intermediate elongations, and the /3-form is pro-
duced at still higher elongations. The deformation
required for the formation of the /3-form decreases
significantly as the crystallization temperature
is raised. The increasing magnitude of the slope
of the lines in Fig. 1 over the temperature range
50-110° indicates the possibility that at the
higher crystallization temperatures the /3-structure

) L. Mandelkern, in "Growth and Perfection of Crystals,” edited

by R. H. Doremus, B. W. Roberts, and D. Turnbull, John Wiley and
Sons, New York, N. Y., 1958, p. 457.
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might be formed with a substantial decrease in the
applied deformation.

To investigate this possibility, isothermal crystal-
lization experiments in water were conducted at
110, 120, and 130°. At 110° the minimum ex-
tension required to produce an oriented /3-form was
reduced to 30% as compared to 43% for crystal-
lization at 100°. However, because of the well
known degradative processes that occur when a-
keratin fibers are immersed in water at tempera-
tures above 100°,1012 the time allowed for crystal-
lization had to be reduced substantially. At 120°
the oriented a-form is developed by the crystal-
lization of the undeformed fiber when the time
allowed for crystallization is 2 min. When the
crystallization time is extended to 5 min., the re-
sulting X-ray pattern is quite different from that
previously obtained. Though the Bragg spacings
observed are still characteristic of the a-structure,
the reflections have become more diffuse and have
become arced, indicating partial randomization
in the orientation of the crystalline regions with
respect to the fiber axis. When the total crystal-
lization time (at 120°) was extended to 10 min., a
completely disoriented /3-pattern was obtained.
The Eragg spacings were found at 46 and 9.8
A., respectively, characteristic of a /3-structure,
and the X-ray pattern displayed two crystalline
rings. Undeformed amorphous fibers crystallized
at 130° for 1 min. gave a similar pattern.

The crystallization of disoriented structures is
indicative of the restriction in the number of inter-
molecular cross links. This conclusion is based
on the results obtained for the structurally simpler
polymers, polyethylene13 and natural rubber,X4
wherein the imposition of intermolecular cross links
in the axially oriented state results in preferred
oriented crystallization on subsequent melting and
recrystallization. The high concentration of cys-
tine residues in native a-keratin suggests a high
level of intermolecular cross links, which is con-
sistent with the development of axially oriented
crystallization from the molten state at the lower
crystallization temperatures. Consequently, from
purely physical-chemical evidence, it is deduced
that the fission of disulfide bonds has occurred at
the higher temperatures. This conclusion is
supported by direct chemical evidence, since it has
been shownDthat the action of boiling water on
wool leads to the severance of the disulfide bond
with the formation of a thiol and a -SOH group.
Although the rate of breakdown of cystine is rela-
tively slow at 100°, only 20% being lost in 24 hr.,
the degradation rate becomes much more rapid at
higher temperatures. 11mi2

Owing to the rapid degradation rate of the fibers
at elevated temperatures, the minimum extension
required to form an oriented /3-structure could not
be established. However, the results obtained
for crystallization up to 120° indicate that the
amount of deformation required for the formation

(10) A. Schoberl, Angew. Chem., 83, 227 (1940).

(11) E. Elod, H. Nowotug, and H. Zahn, Melliand Textilber., 26,
773 (1944).

(12) E. Elod, H. Nowotug, and H. Zahn, ibid., 31, 481 (1950).

(13) L. Mandelkern, D. E. Roberts, A. F. Diorio, and A. S. Posner,
/. Am. Chem. Soc., 81, 4148 (1959).

(14) J. F. M. Oth and P. J. Flory, ibid., 80, 1297 (1958).
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of an oriented /3-form decreases markedly with
increasing crystallization temperature. Since a
disoriented /3-pattern is observed after crystalli-
zation at 130°, the hypothetical possibility is sug-
gested of the formation of an oriented /3-structure
in the absence of any deformation at a sufficiently
high crystallization temperature. It thus is pos-
sible to interpret the a/3 transformation observed
on stretching a native fiber immersed in water as
the development of oriented /3-crystallites from the
amorphous portions of the fiber under the influence
of the applied stress with the concurrent melting
of the a-form. It is not a priori necessary to
postulate a crystal-crystal transformation in ex-
plaining the formation of a p-structure during the
deformation of a partially crystalline native a-
keratin fiber.s The postulation of a geometric-
molecular conformational relationship between the
extent of the a-/3 transformation and the percent-
age fiber extension is not required and in effect
ignores completely the presence of the amorphous
polymer phase. This premise, moveover, is not
substantiated by quantitative X-ray diffraction
analyses.-7

Although the investigations involving the elon-
gation of the native fiber have not been conducted
under conditions of thermodynamic equilibrium,
it is instructive to consider the consequences of
such a hypothetical experiment. According to
the phase rule, this two-component system is in-
variant at constant pressure when the four phases
under consideration coexist. Equilibrium there-
fore can be established only at a unique force and
temperature. A change in either of the intensive
variables must result in the disappearance of one
of the phases if equilibrium is to be maintained.
Since the /3-crystalline phase has been formed during
the course of the experiment and the supernatant
aqueous phase will always be present, one of the
two remaining polymer phases, either the amor-
phous phase or the a-crystalline phase, must vanish.
Thus the interpretation proferred above is consist-
ent with any tendency of the system to approach
equilibrium.

The results summarized in Fig. 1 must reflect in
a rigorous sense the Kkinetic processes involved
in the crystallization of either the a- or the -
forms. The polymorph that is less impeded by
kinetic barriers will be the one observed. It can
be expected from general considerations that the
kinetics will be governed to a large extent by the
relation between the crystallization temperature
and the melting temperature. The latter tempera-
ture for each polymorph will be altered by the
deformation imposed. Thus the favoring of the
crystallization of one form over the other can be
expected because of different relative changes in
the melting temperatures caused by the deformation.

The Stability of the /3-Crystalline Form.— Since
the oriented £-form can be formed under a variety
of conditions, its thermodynamic stability in pure
water in the absence of an external force was investi-
gated. Particular attention was given to the ef-
fects of the crystallization temperature, the time
allowed for crystallization, and the amount of
deformation imposed during the transformation.
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The results obtained for crystallization con-
ducted at 100° for various periods of time at
fixed deformation are summarized in Table |I.

Table |

The Dimensional and Thermodynamic Stability of

/13-Fibebs, Formed at 100° in Water, to Subsequent
Treatment in the Same Medium at 100° in the Ab-
sence of an External Force

% Crystn.
Deforma- time, %° Resulting
Sample tion min. Shrinkage X-ray pattern
52 70.2 | 38.8 Oriented a
58 69.8 5 47.2 Oriented /3
54 70.7 10 38.7 Oriented /?
73 70.1 60 34.3 Oriented AJ

“After heating for 2 hr. in boiling water with no force.

In all instances an oriented /3-pattern was observed
after the initial crystallization from the melt.
Significant shrinkage occurred during subsequent
treatment of the unstressed fiber at 100° in boiling
water. However, asis indicated in the last column
of the table, the oriented /3-structure persists except
for the specimen crystallized for only 1 min. In
the latter case, melting can be presumed to have
occurred followed by recrystallization of the «-
form. The redevelopment of an oriented «-
structure indicates that the integrity of the native
intermolecular cross links is maintained during
the initial crystallization and the subsequent
fusion and recrystallization. The shrinkage ob-
served in the other cases cannot be attributed to
melting, but must result from the relaxation of the
strained amorphous chains. Thus, though the
melting of oriented structures invariably is ac-
companied by an axial contraction,81316 it does
not follow that all shrinkages that are observed
necessarily involve a crystalliquid phase transi-
tion.1l The fact that the thermodynamic stability
of the /3-form depends on the crystallization time
implies that the crystallization mechanisms play
a significant role in determining the resulting tex-
ture and perfection of the crystalline state. When
adequate time is allowed for the crystallization
process, the /3-structure formed at 100° with a 70%
deformation is thermodynamically stable at 100°
without an external force. Similar results are
obtained at all deformations wherein the /3-form
develops from the molten state at this temperature.

The temperature of crystallization, at a fixed
deformation, also affects the stability of the re-
sulting unstressed /3-structures. The experimental
observations in this connection are summarized
in Table IlI. For /3-structures crystallized at
temperatures below 75°, melting of the unstressed
fibers and conversion to oriented «-structures occur
at temperatures equal to or less than the crystal-
lization temperature (under deformation).I7 For
crystallization conducted at 75°, melting of the un-
stressed fiber in water occurs at 75° but does not

(15) P. J. Flory, Science, 124, 53 (1956).

(16) P. J. Flory, 3. Am. Chem. Soc., 78, 5222 (1956).

(17) The apparent ambiguity of melting occurring below the crys-
tallization temperature can be clarified by the realization that the
melting of the unstressed fiber is being considered while the crystalliza-
tion was conducted with the fiber being subject to a uniaxial deforma-
tion. In general, the melting temperature under stress will be in-
creased substantially over that of the undeformed fiber.
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Table Il
The Dimensional and Thermodynamic Stability of
Unstressed 0-Fibers Formed at Various Temperatures
% Fost-treat-

De- ment of % Resulting

forma- Crystn. unstressed  Shrink- X-ray

Sample tion condition fiber age pattern
112 70.9 75° 4 hr. 7£°, 2 hr. 33.8 Oriented a
113 69.9 75° 4 hr. 25°, 2 days 20.4 Oriented p
116 70.0 50° 5 hr. 5C°, 2 hr. 39.4 Oriented a
125 69.8 50° 17 hr. 5C°, 7 hr. 35.0 Oriented a
115 71.3 50° 5hr. 25°, 2 days 40.4 Oriented a
117 70.7 50° 5 hr. IC°, 3 days 30.3 Oriented a
109 70.4 25°, 17 hr. 25°, 3 days 30.7 Oriented a
107 72.6 10° 10 days 10° 2 days 30.7 Oriented a

occur at 25°. Heating of this latter fiber in water
results in the melting at 50° with subsequent re-
generation of the oriented «-structure.

The data in Tables | and |l bear close resem-
blance to the early work of Astbury and Woods,2
who showed that a wool fiber stretched when moist
and allowed to dry under tension will remain
elongated with the /3-form being produced. When
treated with water, the fiber contracts and con-
comitantly the «-structure redevelops. However,
unstressed fibers which initially had been held
stretched and exposed to steam for at least 30
min. do not contract during subsequent treatment
with boiling water. The /3-structure developed
during the deformation and heat processing remains
intact.

These observations indicate a strong dependence
of the melting temperature on the crystallization
conditions, particularly the crystallization tempera-
ture and time of crystallization. Similar effects
commonly are observed in regard to the thermo-
dynamic stability of the crystalline phase in
simpler macromolecules.B In this latter case these
effects have been shown to be due to kinetic limi-
tations imposed on the crystallization process so
that the perfection of the crystalline state is
governed, to a large extent, by the crystallization
temperature and the time allowed for the trans-
formation. It is possible, therefore, to offer the
same explanation for 'he stability of /3-keratin
crystallized from the molten state. A more de-
tailed investigation of the crystallization kinetics
and mechanisms of this system would be required
to substantiate the explanation offered.

An alternative explanation of the stability of the
/3-structure formed by these methods has been
offered by Speakman.19D It is suggested that in
water, at the temperatures involved, scission of the
native intermolecular cross links occurs through
hydrolysis of the cystine linkages followed by the
formation of new types of cross links. One type
postulated would result from reaction between
sulfenic acid residues and free amino side chains.
It is supposed that when formed, the new cross
links stabilize the /3-structure. If the chemical
reactions postulated actrally occurred, an extremely
high activation energy would be required to explain
the stability imparted to fibers formed at 100° in

(18) L. Mandelkern, J. Polymer Set., 47, 494 (1960).

(19) J. B. Speakman, J. Soc. Dyers and Colourists, 52, 335 (1936).

(20) R. S. Asguith and J. B. Speakman, Proc. Intern. Wool Textile
Res. Conf. Australia, C, 303, 492 (1955).
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comparison to those formed at 75°. Moreover,
analytical studies have failed to substantiate the
existence of the new bonds postulated. It is
clear, however, that a -priori changes in the chemical
constitution are not required to explain the result-
ing stability of the ~-crystalline phase. Resort to
this more complex explanation would appear
warranted only when the nature of the crystalline
phase is shown to be independent of crystallization
conditions.

Comparison of the Melting of a- and /3-Keratin—
Previous studies have shown that naturally oc-
curring fibrous /3-keratin (from white turkey cala-
mus) melts at considerably higher temperatures
than a-keratin from Lincoln wool or horse hair
when fibers are immersed in a large excess of
aqueous LiBr solutions.82L In particular, for an
116 M supernatant phase, Lincoln wool melts
at 34 + 2°, while the corresponding temperature
for the turkey featheris 60 + 2°. Since the amino
acid composition, including the disulfide content,
is different in these two cases, the differences in
melting temperature cannot be attributed solely
to the structural differences in the crystalline
phase, since the chemical constitution and com-
position of the molten phase also influences melt-
ing. However, since a /3-keratin can be prepared
from anaturally occurring a-keratin, a comparison
of the melting of the latter two types of fibers
would be instructive.

For these experiments, amorphous fibers were
stretched 70% and crystallized in boiling water for
2 and 3 hr., respectively. The unstressed fibers
then were relaxed in boiling water for 1 hr. X -
Ray diffraction analyses indicated the existence
of well developed, oriented /3-structures. The fibers
then were immersed in a large excess of 116 M
aqueous LiBr solutions at 20° and the lengths
were determined as a function of temperature. As
a control experiment, a native Lincoln wool fiber

(21) L. Mandelkern, J. C. Halpin, and A. F. Diorio, J. Polymer Sci
in press-

A. F. Diorio, L. Mandelkern, and E. R. Lippincott
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was immersed in a similar solution and subjected
to the same measurements. The melting of the
a-keratin specimen was reconfirmed to occur at
34 £ 2°in this medium and concomitantly a 6.5%
contraction was observed. Melting of the /3
fibers occurs at the same temperature as the native
a-fiber. The X-ray diffraction pattern of the fibers
obtained after contraction and removal from the
LiBr solution is amorphous and supports the con-
clusion that melting has occurred. After immer-
sion in pure water, the oriented a-structure is re-
generated, thus completing the cycle. The fiber
crystallized for 2 hr. displays a 3.6% contraction,
while that crystallized for 3 hr. shortens by 8.2%.
In the latter instance, the development of more
oriented crystallinity or the severance of cross
links with the longer time of crystallization is
indicated.

The most stable /3-structure that presently can be
prepared has amelting temperature, in concentrated
LiBr solution, virtually identical with that of the
native a-structure from which it can be formed.
Since the constitution and composition of the
molten phase now is the same in both cases, this
is strong indication of a similarity in thermody-
namic stability of the two different crystallo-
graphic forms.

Conclusion.— The results reported indicate that
stable /3-structures can be formed from molten
keratin. A more complete and formal thermo-
dynamic analysis of the polymorphism would
involve the determination of the free energy of
fusion of the two crystalline structures (relative
to the same liquid state). Although this type of
analysis has been accomplished for the simpler
polymer gutta-percha, which is capable of crystal-
lizing in more than one modification,'2 the neces-
sary experiments are more complex for the keratins.
However, the principles involved would be the
same in the two cases.

(22
Chem. Soc., 78, 926 (1956).

L. Mandelkern, F. A. Quinn, Jr., and D. E. Roberts, J. Am.
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We discuss briefly three general procedures for applying a corresponding state treatment of kinetic data. We apply one of
these procedures to obtain a corresponding state theory for inert, non-polar solvent effects. A detailed statistical mechanical
modification of the “equilibrium rate” of a gas reaction to take account of the presence of weak interactions between the re-
actant(3) and the inert, spherical, non-polar solvent leads to the rate constant expression of tne corresponding state treat-
ment. This asserts that if the rate of a reaction in a solvent is k and the corresponding rate in a reference solvent is ho,

then the ratio of log (k/ko) divided by the difference in critical volume (or pressure) between ;he solvent and the reference
solvent is a linear function of the ratio of the differences in critical temperature to critical volume (or pressure). We have
applied this simple relation to selected sets of kinetic data in various solvents and have obtained in most cases a fair correla-

tion. This is astonishin

in certain instances, since the reaction system and/or solvents were polar.

Extensions of the

theory to take account of somewhat non-inert, non-polar solvents orinert, somewhat polar solvents are stated.

1. Introduction to Corresponding State
Theories of Chemical Reactions

The principle of corresponding states provides a
practical, if rough, method of making use of the
properties of one or more substances to predict the
properties of other substances or mixtures. This
method is particularly useful if no data are avail-
able or no other satisfactory theoretical treatment
can be applied. It has been used, with some suc-
cess, in predicting equilibrium properties of suffi-
ciently simple substances or mixturesl and in
correlating certain transport properties2 such as
viscosity, thermal conductivity, and self-diffusiv-
ity. It has not been applied in any systematic
fashion to the prediction and study of chemical
reaction rate constants.

We are interested here in pursuing the question
of the extent to which the principle of corresponding
states can serve as a qualitative, if not quantitative,
guide for the empirical classification of a sequence
of chemical reactions possessing some common
mechanistic features.3 We will carry out the
derivations of this paper as if they applied only to
first-order reactions. Actually, the theory can
be extended to comparisons of rate constants of
higher order reactions so long as the activities of
the reactants in such a comparison are held con-
stant.

A greatvariety of corresponding state treatments
of chemical kinetic data are possible. We present
in this section three possible procedures. In the
next section we present the statistical mechanical
“equilibrium rate” theory of solvent effects and
the last section is devoted to comparison of our
inert solvent effect rate expression with experi-
mental data.

(1) See, e.g., J. S. Rowlinson, “Liquids and Liquid Mixtures,”
Academic Press, New York, N. Y., 1959.

(2) See, e.g., J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird,
“ Molecular Theory of Gases and Liquids,” John Wiley and Sons, Inc.,

New York, N. Y., 1954.
(3) These common features include the nature of the chemical
entities, reaction paths, external constraints, or combinations of these.

The first procedure, which is simplest from the
viewpoint of theory, is direct dimensional scaling
of the rate constants in a given, suitably homo-
logous sequence of reactions. One applies di-
mensional analysis (i.e., Buckingham’s pi theorem)
to the rate constant by first choosing a dimensional
model and then obtains the functional form of the
rate constant in terms o: dimensionless combina-
tions of the parameters characterizing the chosen
model by comparison with experimental data.
Choosing the dimensional model consists of finding
or guessing the minimal number of physical param-
eters, e.g., energies, bond distances, masses, di-
electric constants, temperature, etc., which suffice
to describe the variations in chemical entities and
reaction paths involved in the sequence of reactions
under consideration. To illustrate the procedure,
consider one of a suitable sequence of bimolecular,
homogeneous reactions whose rate constant is
r24 An oversimplified model for the sequence,
chosen for purposes of illustration only, involving a
single characteristic energy e, effective distance <;
effective mass m, and XT, where T is the absolute
temperature, leads to the functional form

with / an as yet arbitrary function of the indicated
variable, a special case of which is the usual clas-
sical kinetic theory formula.6 This procedure,
while exact, is applicable only if the correct di-
mensional model is used and in practice, is useful
only if the number of parameters needed is small
and the values of the parameters are available in
the literature.

A second procedure for applying a corresponding
state treatment to a restricted sequence of reac-

(4) We employ r as a symbol for a rate constant in the first two sec-
tions of this paper to avoid confusion with Boltzmann's constant k.

(5) 8. Glasstone, K. J. Laidle”, and H. Eyring, “Theory of Rate
Processes,” McGraw-Hill Book Co., New York N. Y., 1941
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tions, possessing a homologous transition state
whose chemical structure is known sufficiently well,
involves dimensional scaling of a simplified theoretical
rate constant expression such as that given, for ex-
ample, by the absolute rate theory.6 This re-
duces to dimensional analysis of the ratios of parti-
tion functions of reactants and the activated com-
plex which can be carried out in the same manner as
the scaling of a partition function in predicting the
thermodynamic properties of a fluid in equilib-
rium.I2 The simplified theory is used prim arily
to specify which physical parameters suffice for the
dimensional scaling and not to provide a complete,
explicit expression for the rate constant.

In this paper we will not follow the above ambi-
tious procedures. Rather we restrict ourselves at
the outset to dealing with corresponding state cor-
relations in a sequence of reactions possessing the
common features that in all instances the reactant
molecule(s) and product molecule(s) remain the
same from reaction-to-reaction and in which only
one constraint or entity is varied within the
sequence. Two examples are furnished by the
variation in rate of unimolecular reactions with
changing pressure, and the effect of different inert
solvents on reactions, preferably those where the
gas phase reaction also has been studied. The
change of inert solvent is to represent a relatively
minor perturbation in the mechanism of the gas
reaction. A corresponding state treatment is
most easily achieved in these cases by using a third
and different procedure which is essentially an ex-
pansion method in small differences of the param-
eters characterizing the varied constraint or
entity.

For the inert solvent effect we consider two sol-
vents, one of which is the reference solvent (sub-
script zero), in which a given reaction is carried
out. The intermolecular potential energy of the
reference solvent composed of roughly spherical,
non-polar molecules requires the specification of at
least two parameters, a characteristic energy @
and a characteristic molecular diameter <0 Simi-
larly, the second solvent possesses a characteristic
energy, « = < + Se and characteristic molecular
diameter, a = a0+ b5a, and can be thought to arise
from the reference solvent by changing &€ and a0
by the addition of the small variations in the param-
eters Se, So. Let the measured rate constants in
these two solvents be T and FO; then by the defini-
tion of the usual activation free energy per mole-
cule AF*,

- kTiInr/r0= SAP* (1.2)

If the solvent is inert, the indicated variation in
AF* is due solely to the smooth variation with the
parameters eand a and not one in the form of the

function AF*. Thus to first order

] OAF*\ /OAF*\
5AF* Se + 5(7
V be |/ figeo V bo- / fio

and where to the same order of approximation Seis
proportional to the difference of critical tempera-

tures of the solvents, Tc — Tc® = ATc and 8a is
proportional to the difference in critical volumes

(1.3)
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of the solvents, Vc — Fc®= AFC(cf. p. 278 of ref.
2). At fixed temperature and pressure (1.2) be-
comes, by virtue of (1.3)

Inr/r0= AATC+ BAVc
or (1.4)

ATc
+
AFC

Inr/TO=
AFC

where A and B are characteristic constants for the
reaction and the chosen reference solvent (cf. 1.3).
If the pure solvents satisfy a corresponding state
relation, PcVc/kTc = constant, then (1.4) can be
expressed in terms of the critical pressure difference
APc

inr/r0
APC

ATC

, (15)
APo

with a and breplacing A and B. For non-spherical
or somewhat non-polar solvent molecules, other
parameters than e, a are needed; e.g., an acentric
factor @ or Riedel parameter ak may suffice (see
section 84 of ref. 2) and (1.4) is replaced to the
same order of approximation by

In r/rO—AA?'CT BAFcA CAoo
(1.8)

which is difficult to fit to experimental data even if
the required data for Aco were available for the
solvents used.

In, general, if the varied constraint is deter-
mined by variations in parameters a, S3 then

1 OAF* s ) |
R *Sa; Tirl
kT 03 a N

IXSq+ S3)

1.7

In particular (1.7) leads directly to the usual treat-
ment of pressure effects of unimolecular reactions
since with given reference pressure PO= aO(P = a)
we obtain (r in appropriate activity units)

r(P0+ 8P) _
r,(PQ ~ -

with R the gas constant and AF* the difference of
partial molar volumes of activation.

The justification of the choice of parameters
used in (1.4) or (1.7) and the form of the variation
taken in (1.3) or (1.7) results from an intermediate
dimensional scaling of ratios of rate constants with
arguments corresponding to small variation in
parameters derived from a general microscopic
statistical mechanical theory. The rate constant
being an averaged integrated cross section, me-
chanics, -whether quantum or classical, asserts that
this is a suitable surface integral (or trace) of an
appropriately defined particle current divided by a
suitable volume integral (or trace) of the particle
density (or density matrix). The integrations
are carried out over the configuration space of the
mechanical system representing the chemical reac-

AV*

RT (1.8)
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tion in its environment. The geometry of the
volume and surface integrals is uniquely determined
by the potential energy of this system. The
formulation of the appropriate current and density
functions is particularly simple when we can assume
that the thermostated reaction system is effectively
in equilibrium, so that these functions are derivable
from the Gibbsian canonical distribution in the
phase space of the system. This limiting form of
the general theory disregarding departures from
the equilibrium distribution as well as multiple
recrossings of the surface in configuration space
separating the “reacted” from the “unreacted”
states presumably is satisfactory if the activation
energy per molecule is sufficiently high, i.e., ex-
ceeds 10 fcT.6~u In the next section we shall
carry out an explicit calculation of the solvent
effect based on this “equilibrium theory.” 6711

2. The Equilibrium Rate Theory Formulation
of the Solvent Effect

We follow in formulating the equilibrium rate
theory for the gas reaction the development and
notation of Vineyard’sD elegant formulation of
frequency factors in solid state processes. The
configuration space of the reacting entity (or react-
ing entities) in its gaseous environment is spanned
by the vector y. The potential energy 9 = <)
of the reacting system possesses a minimum at a
point A in this space, corresponding to the “un-
reacted” entity and the environment in an equi-
librium position. Similarly, < possesses' another
minimum at point B which corresponds to the
“reacted” entity in the again relaxed environment.
Assuming only a single saddle point P somewhere
between A and B we construct the “reaction sur-
face”' S(y), a unique hypersurface determined by
sof dimension one less than that of the configura-
tion space, in the manner indicated by Vineyard.D
S(y) thus separates the configuration space into a
region A(y) centered about A of the “unreacted
entity” and a region B(y) enclosing B of the “re-
acted entity.” The rate, Tq, of the gas phase
reaction is the integrated current through S(y)
divided by the integrated density, proportional to
e~", 3= WL/KT, over the region A(y) and is given
exactly (see eq. 2-10 of ref. 10) by

. feLaAln

IfgNM(@G=12...,V; N the number of com-
ponents of y) are the normal modes and frequencies
about A and A\, W (i = 1, ..., N — 1) those
about P within the constraining surface S; i.e.,

P= <p(A) + ~S  (2irri).9i
2 j=1i
(2.2)

= <pP) + 1 £ (27"0V 2
i1 =1
(6) N. B. Slater, “Theory of Unimolecular Reactions,” Cornell
University Press, Ithaca, N. Y., 1959.
(7) R. Landauer and J. A. Swanson, Phys. Rev., 121, 1668 (1961).
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then on introducing (2.2) into (2.1) and carrying
out the indicated integrations one finds1

i-PMP) - <p(AL (23

In the condensed, liquid phase in the presence of
the solvent, the configurational space of our reac-
tion system is a direct product of the space spanned
by y and the configurational space of the solvent
molecules spanned by the vector X, possessing M
components. The potential energy ~(y,x) is
now given by

¥(y.x) = <y + V(y.x) + U(X)

with V(y,x) the interaction energy between the
reacting species and solvent and U(x) the sum over
pairs of the intermolecular potential of the solvent
molecules. Thus only U and V are functions of
the e and <, etc., which appear as the natural
parameters of the intermolecular potential. The

rate in the presence of solvent f is

(2.4)

(2.5)

cf. (2.1), where S(y,x) is, in general, a shifted hyper-
surface through a new,saddle point P (determined
by 'F and not 9 and A(y,x) the new region of con-
figurational space (x,y) of the “solvented” reac-
tant®). Only if the solvent is inert, i.e., strictly
does not affect the gas phase reaction path, can we
sim plify (2.5) to the rate for an inert solvent Y

(2.6)
2¢ f.L ,

As can be seen clearly from (2.5) the molecular
parameters a which can appear in (1.7) are identi-
fied as those only arising from 'b — < at least in
this limiting “equilibrium rate” theory.

For an explicit evaluation of T we must specify
V(y,x). In a condensed medium, the collisions
between the inert solvent and “reactant entity”
are multiple (“solvent cage effect”), rather un-
correlated collisions, each transferring only small
amounts of energy or momentum (i.e., we have a
“Brownian motion”). This justifies a “weak
coupling” approximation, in which the interaction
potential V can be expanded in the neighborhood of
A and P on S as

e~m" ><j,h

N

V(y.x) = Y .
1=

qiVvi(x,vi; t<r)

2.7)

V(y,x) = Y qi'Vi'(x,vi'; eg)

(8) T. A. Bak, “Contributions to the Theory of Chemical Kinetics,”
Munksguard, Copenhagen, 1959.

(9) S. Rice and H. L. Frisch, Chem. Phys., 32, 1026 (1960).

(10) G. H. Vineyard, J. Phys. Chem. Solids, 3, 121 (1957).

(11) E. W. Montroll and K. E. Shuler, Advan. Chem. Phys., 1, 361

(1958).



2104 H. L. Frisch, T. A.

atc/ apc.
-40-35 -30-25-20-15_-10

I . . Tl W T
SOLVENTS
cbh6(reference)- X 6. m-c@#ci2
Cas0CH3 7. O CeHiCL2
(i-C 3H7)20 8. CeHEN
0-CaH4(0CH32 9. CeH5N02
cbhSci 10. ch3o2  3_

20

O WDNER

N )% w
- o 3031

0 a03°C

{_10% UNCERTAINTY

£ BRI

ATC/AVC

Fig. 1—Corresponding state plot for the Diels-Alder
condensation of 2-methylbutadiene with maleic anhydride
at 30.3 and 60.3°. The upper straight line is a visually
estimated best fit of (1.5) while the lower straight line is a
least squares fit of the data to (1.4). Note the arrows
identifying the appropriate coordinate scales. Plots of K,
log K and the activation energy against various first-order
functions of the dielectric constant gave in all cases much
more scatter than shown in this plot.

relations similar to that used by Peierlsiz to treat
phonon interactions in solids. We shall assume
for the frequency dependence

\ViIN*/n' = [Fi'ly,-12 = Ci(x; ecr) +

00i2 > o (2.8)

which is equivalent to an approximation originally
suggested by Peierls (ref. 12, p. 130) for similar
interaction energies in solids, which is known to be
exactfor Debye solids and which applies sufficiently
well for any short range, non-polar interaction.
The coefficients d{x) are expected to vary very
slowly with x around the most probable configura-
tions of the solvent molecules x0 and c;(xQ should,
in principle, be furnished by solution spectros-
copy. Introducing (2.2), (2.4), (2.7), and (2.8)
into (2.6) and using (2.3), we find on integrating
first over the y and subsequently asym ptotically
approximating the integration over x

fvdxexpj- R

Jv dx ex Uix) + X
p (x) A1

sinces

N
In exp _B 31(:1 Ci(x0)/8ir2 exp

Equation 2.9 is our principal result. It gives ex-
plicitly r/rc in terms of the single cn which corre-

(12) R. E. Peierls, “Quantum Theory of Solids,” Oxford at the
Clarendon Press, New York, N. Y., 1955.
(13) See,, e.g., N. G. de Bruijn, “Asymptotic Methods in Analysis,”

North Holland Publishing Co., Amsterdam, 1958.
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sponds to the normal mode normal to S(y) at P.
The inequality is experimentally verified in all
cases cited by Laidler.1a

Thus for two solvents, one of which is the refer-
ence solvent with & and oQ application of (2.9)
yields (1.4), since

In T/ro = r— l'to+ B5ebo + —
- [en (xo &)

, 3 /o0Cn(xo)\ .
Nexo: e — gra\ -dr) 1) e+

B 10Cn(xg)\ k (ocy(xo)\
Sir2v. Gr A.o 87r2 LI-25 \  be °
1/ Ocy(xQ
+ (9.42W< N AFC
( 3 VvV Ocr
ATc AT,
Te@ FctO

which gives A and B explicitly for a Lennard-Jones
(6,12) solventintermolecular potential.z

For anon-inert solvent for which the new reac-
tion surface S(y,x) is obtained by small local vector

displacements of the old surface S(y), ¢(y.x), one
can show that (2.5) reduces to
I = 1- (divq'e)* - T+ o(IfD2 (2.12)

with

LL,&

If AFsoiv represents the change in free energy of
activation due to “solvation” (i.e., non-inertness
of the solvent) and this quantity is small compared
to (51, then AFiov = /31 < divgE>*. This de-
tailed treatment of the solvent effect serves as a
sufficient model of how in other instances (1.7)
may be justified within the indicated limitations
and approximations.

3. Analysis of Solvent Effect Kinetic Data

We tested (1.4) and (1.5) on experimental data
on solvent effects at fixed temperature on reactions

u(x) + Y, VIKxVStW *})

- -7-N = exp {fXn(xc, etr)/s2} > 1 (2.9)

F ey 8iriz: ||

RU(XQ Viru/Z\{o2u 7 ox~)x=n\ (2.10)

tabulated in the NBS compilation of kinetic datas
and those discussed in standard works on chemical

(14) K. J. Laidler, “Chemical Kinetics,” McGraw-Hill Book Co.,
New York, N. Y., 1950, Chapter 5.
(15) National Bureau of Standards, Circular 510, “ Tables of Chemi-

cal Kinetics, Homogeneous Reactions,” 1950-1953.
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Table |
R eaction Sequences Used to Test Cohkesponding States Treatment
(1) @ Sﬁ w ®) (6) @ (8)
0.
Temp., of Ref. Range of
Reactions °C. solventsi  solvent k/ko Plot Quality Refs.
First order
A. Decomposition of nitrogen pentoxide 20 10 ecu 0.08-1.46 AFo Fair
APc Fair a, b, c
B. Beckmann rearrangement of pieryl ethers
1. of acetophenone oxime 60 5 CCl4 1.0-575 AVc Fair d e
APc Fair
2. of benzophenone oxime 50 4 CcCL 1.0-202 aVe Fair d, r.J
APc Fair
C. ris-trans isomerization of azobenzene S N 16 R-CHI6 0.17-1.0 AFo Fa_ir I
25 1 CCL .15-1.0 AF,, Fair 0
D. Dimerization of cyclopentadiene 50 7 CCL .5-1.5 AFC Fair h
apc
E. Decarboxylation of 2,4,6-trinitrobenzoic acid 70 5 CeHeCH3 .002-1.0 aFo Poor i
F. Decomposition of triethylsulfonium bromide 70 CHCB .004-1.0 aFc Poor j
Racemization of optically active biphenyls
1. (—)-2-nitro-2'-propoxy-diphenyl-6-car-
boxylic acid 25 7 CTLCCLCTL .8-1.3 APc Poor k
2. (—)-2-nitro-2'-ethoxy-diphenyl-6-
carboxylic acid 25 7 CH3CO2C2H5 .8-1.2 APc Poor |
H. Tautomerism of enol to keto form of ethyl
ester of 1-phenyl-5-hydroxytriazolecar-
boxylic acid 10 8 CHCI3 .02-2.6 AFc Fair m
Second order
G. Menschutkin reaction forming quaternary salts
1. Eehyl iodide + triethylamine 100 22 n-CeHi2 1.0-742 aF, Good n
100 22 CeHe 0.03-22 aF, Good
2. Methyl iodide + pyridine 100 12 CCL .3-82 aFo Good
APC Good
3. Ethyl iodide + pyridine 25 10 CeHe .9-25 AFc Poor vV
APc Poor
H. Benzoylation reaction
1. Benzoyl chloride + ethanol 25 7 R-CsHI2 .19-2.8 aFc Fair Q
25 7 cenb .3-4.6 AFc Fair
2. Benzoyl chloride + m-nitroaniline 100 8 CCI, 1.0-1000 AFc Fair r
I. Diels-Alder condensation of 2-methylbutadi- 30 3 10 cth 6 0.3-3.8 AFc Good s
ene with maleic anhydride APc Good
“ NBS, ref. 15, Table 542.560.1. 1R. H. Lueck, J. Am. Chem. Soc., 44, 757 (1922). *H. Eyring and F. Daniels, ibid.,
52, 1473 (1930). dReference 15, Table 162.455. eA. W. Chapman and C. C. Howis, J. Chem. Soc., 806 (1933). 1A. W.
Chapman, ibid., 1550 (1934). J. Halpern, G. W. Brady, and C. A. Winkler, Can. J. Res., B28, 140 (1950). 0NBS,

Ref. 15, Table 122.550.1.
944 (1949); 867 (1953).
Hinshelwood, Proc. Roy. Soc. (London), A131, 186 (1931).
15, Table 112.443.10. 1NBS, ref. 15, Table 112.443.8.

"N. Menschutkin, Z. physik. Chem., 6, 41 (1890).
Prentiss, J. Am. Chem. Soc., 50, 3042 (1928).

1von Halban, Z. physik. Chem., 67, 129 (1909).
mData from O. Dimroth and J. Mason, Ann., 399, 91 (1913).
° NBS, ref. 15, Table 652.477.
p NBS, ref. 15, Table 652.477.

Data from G. S. Hartley, J. Chem. Soc., 633 (1938); R. J. W. Le Fevre and J. Northcutt, ibid.,
hData from A. Wasserman, Monatsh., 83, 543 (1952).

; E. A. Moelwyn-Hughes and C. N.
k NBS, ref.

Data from J. F. Norris and S. W.
5 NBS, ref. 15, Table 242.472.55. Data

from J. F. Norris and E. C. Haines, J. Am. Chem. Soc., 57, 1425 (1935); G. E. K. Branch and A. C. Nixon, ibid., 58, 2499

(1936).

kinetics as well as a few other cases brought to our
attention. In addition to the 16 reaction sequences
(representing 11 different reaction types) listed in
Table 1,36 for which complete calculations have
been made, another dozen or so were examined, but
were eliminated for various reasons: (1) the
limited number (fewer than 4) of solvents used; (2)
the limited range of measured rates; and (3) the use
of obviously non-inert solvents.

(16)
designating them by the letter k rather than r.

rN. J. T. Pickles and C. N. Hinshelwood, J. Chem. Soc., 1353 (1936).

We now revert to the standard notation for rate constants

*M. J. S. Dewar, private communications.

Discrepancies in fitting (1.4) or (1.5) to these
data are expected theoretically for at least three
reasons: (a) the solvent molecules in many in-
stances are far from roughly spherical, (b) the
solvents are sometimes far from non-polar; and (c)
the assumption that ATc< Tc,Al'c< V¢, APc< Pa
is sometimes unjustified, so that the strict equality
in (2.11) is more relevant than the first-order ex-
pansion formulas (1.4) or (1.5). Most of the pure
solvents employed in the kinetic studies possess
equilibrium properties which at best could only
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Fig. 2—Corresponding state plot for quaternary salt formation C2HA + (C2H.)N —>(C2H5)4N +l _ at 100° according

to (1.4).n

(2) %i-C,H18 (3) p-CEHACH32 (4) CeHE (5) re-CH .Cl;
(10) (CHeOD;
f-CAHIOH; (17) CHEOH:;

ATGAVC.

Fig. 3.—Corresponding state plot for the decomposition of
NuOi (2N205—2N204 + 02 at 20° according to (I1™).“'6"

ATd avc-

Fig. 4.—Corresponding state plot for the Beckmann re-
arrangement of two picryl ethers of CHBC(R) = NOH.de/
The reference solvent (X ) is CCl4 Points according to
(1.4) are O for It = CH3at 60° and O for R = CeH5at 50°.
Points according to (1.5) arc A for R. = CH3 at 60° and
V for R = CeH5at 50°. The data for R = CeH5correlate
with the dipole moment of the solvent/

Illustrated is the effect of changing the reference solvent at fixed temperature.
upper straight line is n-hexane while the reference solvent for the lower straight line is benzene ( X ).
(6) CelRCl;
(11) CeH5OC2H5 (12) CEHBOCH3; (13) CH3COOCH 9f;
(18) CH2=CHCH20H; (19) CH30OH;

The reference solvent for the
Solvents: (1) n-CeHi4;
(7) CeH®Br; (8) «-BrCiH,; (9) i-CeH,OC2H5;
(14) CH3COOC2H5; (15) CeHsCOOCA; (16)
(20) CaHECH20H; (21) CH3COCH3, (22) CEHBCOCH3

Fig. 5.—Corresponding state plot for the cis-trans iso-
merization of azobenzene at 25°.»

Solvents: (1) pure
azobenzene; (2) H20; (3) cyclo-C”~In) (4) CeH6; (5)
CH3COCH3; (6) cj/cfo-CelRoO; (7) CH3COOH; (8) CHC13;
(9) CeHsCI; (10) o-CeHACI2; (11) CC14 the reference sol-
vent (X).

very crudely be correlated by a two-parameter
corresponding state treatment.2 Two principal
sources of uncertainty in the handling of the pub-
lished kinetic data are: (1) the reliability and
com parability of reported rate constants; e.g.,
traces of water (or other impurities) change ob-
served rate constants by factors of 50-106 (see
reference i of Table 1) and even with apparently
identical materials and techniques different in-
vestigators report rate constants differing by 15-
50% (see ref. 14, p. 113); and (2) shifts in solvents
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sometimes involved changes in reaction tempera-
ture which introduced considerable uncertainty in
calculating comparable rate constants from activa-
tion energies determined from Arrhenius plots
consisting of just two points. Thus in typical
plots of (1.4) or (1.5) against experimental data,
Fig. 1-6, we have indicated in some instances
graphically a region corresponding to a 10% un-
certainty in our knowledge of k/kO although in
some cases this figure may be an order of magnitude
too small. Finally, another uncertainty in testing
the linear relations (1.4) and (1.5) arises because
many critical constants of the 61 solvents used in
the 20-odd kinetic studies which we have considered
do not appear in compilations and had to be esti-
mated by Lydersen’s empirical methods.T7

Column (7) of Table I gives a qualitative evalua-
tion of the observed correlation as indicated by the
scatter of points in our plots, typical examples of
which are shown (Fig. 1-6). Tables Il and IlI
compare observed values for 103log k/kO (which is
more sensitive than k/ko) with those calculated
using the constants A and B of (1.4) determined by
least squares fit of the probably reliable data for
two reactions which give a “fair” and a “good”
estimate of correlation, respectively. Clearly, the
theory of the previous sections is inadequate in ac-
counting for the fortuitous cancellation of de-
partures expected in applying (1.4) to the data
summarized in Table | (c¢/. Fig. 2 and 6). We have
no explanation of this cancellation.

Tabte Il

Comparison of Calculated and Observed 103 Log k/kc
for the D ecomposition of N5

—103log k/ko— a-----103log k/ko------N
Solvent Caled. Obsd. Solvent Caled. Obsd.
NjO. 168.2 165.2  CH3CH2CI 132.2 - 28.9
CH3CHCI2 45.5 136.7 Br2 - 51.7 - 38.6
CHCIj 25.6 66.7  CI2CHCCI3 -147.4 - 28.9
CICH2CH2CI -5.49 5.2 CH3NO2 - 549 -175.2
[CCh 0 0)

In part, the usefulness of this simple empirical
correlation of inert solvent effects stems from the
fact that the departure of a solvent or class of sol-
vents in a sequence from the behavior of known
inert ones in the series (c/. Fig. 6) gives a relative
measure of its tendency to participate directly in a
given reaction (i.e., a desirable measure of “non-
inertness”). While Table | suggests some promise
of a fair empirical correlation of inert solvent
effects through (1.4) or (1.5), further careful ex-

Corresponding State Treatment of Chemical Kinetic D ata
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Fig. 6 — Corresponding stats plot for the cis-trans iso-
merization of azobenzene at 5!).5° including a considerable
number of polar and hydroxylic solvents/' The hy-
droxjdic solvents appear to fall on the straight line with the
more negative slope. Solvents: (1) “heptane” (reference
solvent, A); (2) CEH5CH3 (3) CeH6; (4) CEHNO,; (5)
“decanol”; (6) “hexanol”; (7) CH3C02C2H6;, (8) “bu-
tanol”; (9) dioxane; (10) CeH5NH2 (11) CH3COCHS3;
(12)C2HBOH; (13)CH3O02 (14) CH30H; (15) CHCN;
(16) N20. No apparent correlation was found of the
observed rates with dielectric constant or the square root
of the internal pressure of the solvents/'

Tabte Il
Comparison of Calculated and Observed 103 Log k/kti,
FOR THE D iELS-AIDER CONDENSATION OF 2-M eTHYLBUTA-

diene with Maleic Anhydride [Least Squares Treat-
ment of 30.3° Data Gives A = 0.387 (°K.)_tand B =

- 1.62 (cc.)"1]

‘—103log k/ko— —103log k/ko—

Solvent Caled. Obsd. Solvent Caled. Obsd.

1 Cas 0 0 6 mCeHOL 278 276
2. CaHaOCHs 185 158 7. o-CaH.CU 345 581
3. (t-CsH)D -415 -544 8 CaHsCN 400 292
4. oCaH.IOCHsh 259 248 9. CeHINOa 480 480
5. CaHsCl 194 158 10. CH3NO2 242 279
perimental studies are clearly indicated which

should be designed to test the applicability of our
simple relationships. We suggest the following
reactions as possible candidates for such a study:
(1) further studies of the N2 5decomposition, (2)
cis~irana isomerizations like that of azobenzene in
non-polar solvents, (3) the spontaneous rearrange-
ment of oxime picryl ethers, (4) thermal decomposi-
tion of o-nitrophenyl azides,8and (5) the so-called
Cornforth rearrangement of oxazoles, particularly
in symmetrical non-polar solvents.9

(18) E. Andersen, E. A. Birkh_mer, and T. A. Bak, Acta Chem.

a7 A more detailed report of the derivations and treatment of ex- Scand., 14, 1899 (1960).

perimental data is available on request.

(19) We are indebted to Prof. IV. J. S. Dewar for this suggestion.
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Introduction

Interference with the aqueous processing of ir-
radiated reactor fuel is often encountered from
chemical reactions originating in the radiolysis of
the solutions. A possible method of minimizing
the interfering reactions is the addition of a radical
scavenger to the solution. For initial studies, the
effect of hydrazine on the y-oxidation of ferrous ion
was selected, since many studies relating to this
system have been made. The oxidation of ferrous
ion in sulfuric acid solutions has been the object
of many investigations and the reactions involved
are well understood.2 The radiolysis of hydrazine
in aqueous solutions has been investigated pre-
viously,3 and the reduction of ferric ion by hydra-
zine also has been studied by several investi-
gators.4‘7 The present investigation was designed
to determine the mechanism of the protection of
Fe2+ by hydrazine during radiolysis; the results
of this work also provide supporting evidence for
some of the reactions proposed in the reduction of
ferric ion by hydrazine.

Y e R U g ety
ta:ﬁvenyw?iﬂ%ac fro ﬂ(?}qc eJmla a%:i dslaud

q/\nﬁ sHed Xygen, was p séh
e
Eongense aﬁg red ?f I eLc(P mto ey s}faereg Poltle

storage err SI er solufigns: prepare
r |(9 In h|s wﬁergwere E?oﬁ thi1 &N ?ectab?é cor%cen-

E PFW”F prepared wigh aZII chodt - Reagen!
P
F i Yf qz S84 withol out
[ %U | |carson 0

e. e Some
fe SOncentration ot F?féj}n w?adctlaf gdt‘R? Bis wgs ge

(1) The information contained in this article was developed during
the course of work under contract AT(07-2)-1 with the U. S. Atomic
Energy Commission.

(2) (a) H. Fricke and S. Morse, Phil. Mao., 7, 129 (1929); (b) A. O.
Allen, "The Radiation Chemistry of Water and Aqueous Solutions,"
i). Van Nostrand Co., Inc., Princeton, N. J., 1961.

(3) Il. A. Dewhurst and M. Burton, ./. Am. Chem. Soc., 77, 5781
(1955).

(4) F. H. Pollard and G. Nickless, J. Chromalog., 4, 190 (1900).

(5) J. W. Cahn and R. E. Powell, 3. Am. Chem. Soc., 76, 2508
(1954).

(6) W. C. E. Higginson and P. Wright, J. Chem. Sor., 1551 (1955).

(7) 15 R. Rosseinsky, ibid., 4085 (1957).

u(8) H. Fricke, E. J. Hart, and H. P. Smith, J. Chem. Phys., 6, 229
(1938).

(9) H. A Dewhurst, ibid, 19, 1329 (1951).

(10) D. M. Donaldson and N. Miller, J. chim. phys., 62, 578 (1955).
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termined spectrophotometrically with a Beckman DU
spectrophotometer. Measurements were made at 304 m”.
The absorbancy indexil used in calculating the Fe3+ con-
centration was corrected to the temperature of the sample
(room temperature).

The procedure of Dewhurst and Burton3 was modified to
give an improved analysis for NH3 at the concentrations
encountered in this work. Hydrazine in the irradiated
samples was destroyed by adding an excess of K104 in the
presence of about 3 M H2S04and heating (without boiling)
until the iodine color disappeared. The solution was
diluted with water immediately after this treatment to
prevent formation of 12by decomposition of the concentrated
K104 Mossy zinc was added, and the solution was made
alkaline with NaOH (the mossy zinc provided stirring by the
liberation of H2. The ammonia was distilled from the
alkaline solution and was absorbed in a solution of HCI.
The latter solution was diluted to 100 ml. in a volumetric
flask, and the NH3 in an aliquot of this solution was de-
termined spectrophotometrically with Nessler's reagent.2
The calibration curve used in this determination was pre-
pared by analyses of known concentrations of ammonia
in solutions which had the same composition as the samples.
The calibration curve was Imear for the amounts of NH3
investigated (0 to 5.0 X 10“3meq

The fadiation Source consisted of five slugs 11-5 sin. long,
each containing 2200 c. of Co& surrounding the bottom
portion of a 3-3i6-in. i.d. aluminum sample tube which wes
13 ft. long.. The slu the major portion of the sample
tube weré imme in a water pit containing water to a
depth of about, 12 ft. for shielding. The 11,000 c. of Co®
provided a maximum dose rate of 2.2 X 106rad/hr.  Samples
were placed in a sample carrier that V\as grooved to fit Tour
ribs extending down the_inside wall of the sample tube.
With this arrangement it was possible to position the
samples reproducibly inside the sample tube. ~ Lower dose
rates were obtained by attachin gespacers to the bottom of
the sample carrier to posrnon samples at various _dis-
tances from the cobalt slugs. The duration of irradiations
could be timed to within 1 Sec.

Results

Hydrazine reduces the yield of Fe3+in the radio-
lytic oxidation of Fe2+ in 0.4 M HXZ04 Typical
data for the radiolyt.ic yield of Fe3+ as a function
of N2H4 concentration are shown in Fig. 1. The
yield of Fe3+ approaches a constant value at
NZH4 concentrations above about 0.04 M (N2
H4Fe2+ = 30). The difference between the yield
of Fe3+ at this constant value and the yield in the
absence of N2H4 increases with increasing dose
rate (Fig. 2). The data in Fig. 2 show the frac-
tional decrease in yield due to NAH4 (—AFe3+
Fe®+)j as a function of dose rate. The quantity
(—AFe3+/Fe®s+) approaches a value between
0.46 and 0.49 at high dose rates. In some of the
experiments 10“3M CI* was present for the purpose
of suppressing the effect of minute amounts of or-
ganic impurities. 910 The difference found be-

(11) C. M. Henderson and N. Miller, Radiation Res., 13, 641 (1960).

(12) N. H. Furman, Ed., “Scott’s Standard Methods of Chemical
Analysis,” Vol. 1, 5th ed., D. Van Nostrand Co., New York, N. Y.,
1939, p. 630.
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tween the results of experiments with and without
Cl~ was small. However, the data in Fig. 2 show
consistently higher values of (—AFe3+/Fe(B+)
in the presence of CI“ so that separate curves could
be drawn through the two sets of points. The re-
action between Fe3+ and NZ2H4was neglected since
most of the irradiations lasted between 30 sec.
and 20 min., and solutions were analyzed for Fe3+
immediately after irradiation. The calculated4
decrease in Fe3+ concentration due to this reaction
was less than 2%/hr. On standing overnight, a
decrease of about 10% was observed for a 0.1 M
NZ2H4sample.

Dewhurst and Burton3 observed the radiolytic
production of NH3 in the irradiation of air-free
aqueous solutions of hydrazine. The G-values
for NH3 increased with increasing initial hydra-
zine concentration and reached a constant value
of 5.2 above 2 X 10" 2V hydrazine.

Gxit, as a function of initial N2H4 concentration
also was measured in the present work. However,
in this case the solutions were saturated with either
air or oxygen. The yield, Gnh, for a constant
total dose increased with increasing initial hydra-
zine concentration up to about 4 X 10“2 M;
thereafter, the vyield of ammonia was nearly
constant with increasing hydrazine concentration
(Fig. 3). In the solutions that were initially satu-
rated with oxygen, the constant value attained
for Gnh3 was 6.2. In the solutions that were
initially saturated with air, the constant value
attained was 4.6. In both of these experiments the
total dose received by each sample was 1.33 X 105
rad. All the dissolved oxygen was consumed in
the air-saturated solution after a dose of about 5 X
104rad13 the oxygen-saturated solution contained
some dissolved oxygen throughout the entire ir-
radiation.

Discussion

Radiolytic oxidation of Fe2+ in acidic aqueous
solution (0.4 M HZXS04 containing dissolved oxy
gen occurs as a result of reaction of the Fe2+ with
OH radicals, HO02 radicals, and HD 2 molecules
according to the schemeX

HD — »H, OH, Hi, H:0: (1)

OH + Fe2+— w>Fe3++ OH- ()

H+ o2—>ho?2 (3)
H+ + HO2 + Fe2+r— ®>Fe3+ + H202 (4)
H202 + Fe2+ — mFe(OH)2 + OH (5)

The OH formed in (5) reacts with another Fe2+

asin (2).

The part played by hydrazine in reducing the
radiolytic yield of Fe3+ can be explained by the
scheme

OH -F N:H4 *mHZD -F N2H3s (6)

(13) J. Weiss, A. O. Allen, and H. A. Schwarz, “Use of the Fricke
Ferrous Sulfate Dosimeter for Gamma-Ray Doses in the Range 4 to
40 kr.” Proc. Intern. Conf. Peaceful Uses At. Energy, Geneva, 14, 179
(1955).

(14) E. J. Hart, J. Chem. Educ., 36, 2G6 (1959).
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Initial N2H4 concn., moles/L
Fig. 1.—Effect of N2H4 on radiolytic production of Fe3+

Fig. 2—Dose rate dependence of fractional loss in Fe3+
yield due to N2H4

H+ + NH, + Fe2r — » Fe3+ + NH4 (7)

2NH3—> NH6 )

®)
NAH6— » 2NH, +

H + N,H4—> H, -F NHs 9)

For simplicity, the formulas used here are designed
to represent the oxidation state of the nitrogen
atoms rather than the actual structure of the radi-
cals. Reaction 9 would compete with (3) since the
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Initial [N2H4], moles/1.

Fig. 3.—Variation of Gnh3with initial hydrazine concentra-
tion.

solutions always were initially saturated with air
or 02 Reactions 6 and 9 were postulated by
Dewhurst and Burton3to occur in deaerated solu-
tions. Since 02 is an efficient scavenger for the
H atom it is likely that reaction 9 is negligible in
the present system. Reaction 7 has been proposed
by Pollard and Nickless4 and by Higginson and
Wright6as part of the reaction scheme for the slow
reaction between Fe3+and hydrazine.

A steady-state treatment of the rate equations
for reactions 2, 6, 7, and 8 results in the expression

foB(N 2H 4/cR7

f(Fe2+) + IGNHY *
fNHI 2+ fAFe2r)(NHY (1)

The quantity, fcR7, is defined as the rate of forma-
tion of OH radicals from the decomposition of
water and includes OH radicals formed by re-
action 5; 7 is the radiation intensity. At high
concentrations of hydrazine (NH4Fe2+ > about
30), reaction 2 is assumed to be negligible compared
to reaction 6, and /cFe2+) << fBN2H4. This
condition corresponds to the plateau in Fig. 1
Then

fBNH3I2+ [cAFe2+)(NH3 - fiR7 = 0 (1)

The above reaction scheme provides for the loss
of hydrazyl radicals through reactions 7 and 8.

The ratio of the rates of these two reactions is
given by
fis = fBNH3I2 fBNH3J

H  f(Fe2d(NH3  fi(Fe2+) (i
The quadratic equation Il can be solved for (N2H3

and this expression substituted in (I11)
R ikgknl V' v

+
H [77(Fe2+)]2) (V)

This expression shows that the relative number of
hydrazyl radicals used up through the formation
of ammonia will increase with increasing radiation
intensity (dose rate). Thus reaction 7 should
become less important at higher dose rates. This
relationship explains the variation of the fractional
loss in Fe3+yield with dose rate as shown in Fig. 2.
The maximum fractional loss in Fe3+ yield (assum-
ing reaction 6 to be solely responsible for the loss)
can be calculated from the G-values for the produc-
tion of H atoms, OH radicals, H2 molecules, and
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H2D 2 molecules in 0.4 M HZS04 Allen describes
the decomposition of water by radiation with three
stoichiometric modes

2HD = H2+ HD2 (F)
2HD = 2H + HD2 (E)
HD = H + OH (R)

where Gh, = F, Gou = R Gh22= F + E, and (?h
= R+ 2E. From the resultsof various irradiations
of 0.4 M HZ04solutions in the presence of oxygen
the best valuesbare F = 045, E = 0.36, and
R = 2.96 for very dilute solutions of the solutes
studied. The oxidation of Fe2+ according to the
mechanism of reactions 2 through 5 results in a
yield (CHFest = 15.6) given by 2F + 8E + 472
If all OH radicals disappear via reaction 6 and all
NZH3radicals via reaction 8, the fractional loss in
Fe3+ yield is given by (GH+ Goh + Gh,o,)/15.6.
The value of (—AFe3+/Fe®+) thus can be calcu-
lated from the equivalent expression (2R + 3E +
F)/15.6. The value obtained, 0.48, is approached
at high dose rates by both curves shown in Fig. 2.
A graph of Rg/Ri, calculated for each point in
Fig. 2, as a function of the square root of the dose
rate allows an estimate for kg”/k7of 0.05.

Chloride ion present in some of the experiments
at a concentration of 10~3M had a small but meas-
urable effect on the kinetics. Chloride ion partici-
pates in the oxidation of Fe2+ through a radical
transfer mechanism.9

OH + CI- + H+->Cl + HD (10)
The CI atoms formed in reaction 10 oxidize Fe2+
quantitatively. Most organic impurities that are
encountered in nature cause abnormally high
yields of Fe3+ in the presence of 02 due to the
reactions9

R—CH2-R' + OH

R—CH—R' + HD (11)

R—CH—R' + O, —> R—CH—R" (12)

02

The organic peroxide formed in reaction 12 leads
to the oxidation of two or more ferrous ions.
Chlorine atoms from reaction 10 oxidize ferrous
ions in preference to undergoing reactions similar
to reaction 11 and the effect of the organic impurity
is effectively suppressed. In those experiments in
the present work in which chloride ion was present,
the observed effect of hydrazine was probably due
to the competition between the reactions

Cl + Fe2+ —> Fe3+ + CI~ (13)

Cl + NH4— "~ NH3+ HCl  (14)

These reactions are analogous to reactions 2 and
6. The CI atoms are formed from the very rapid

(15) H. A. Mahlman and J. W. Boyle, J. Am. Chem, Soc., SO, 773
(1958).



Nov., 1962

reaction 10. The somewhat Ilarger values of
(—AFe8+/Fe(B+) obtained in the presence of 10-3
M chloride ion can be explained by assuming that
the rate of production of N2H3radicals by reaction
10 followed by reaction 14 is faster than the rate
of production of NZH3 radicals by reaction 6.
Thus the steady-state concentration of NZH3
radicals is higher in the presence of Cl-. Equa-
tion 111 shows that more hydrazyl radicals would
react to form NH3in this case, resulting in a larger
value of (—AFe3+/Fe(B+). It was not possible
to determine the relative magnitudes of the rates
of reactions 10 and 2 from the data; both re-
actions are considerably faster than reaction 6.
The ratio of rate constants, fi2fcg in the absence
of chloride is estimated from the Fe3+ vs. NZH4
curves, Fig. 1, to be about 11.

The yield of NH3from reaction 8 should be equiv-
alent to the net loss in Fe3+ yield when all OH
radicals are scavenged by reaction 6 if reactions 7
and 8 are the only paths by which hydrazyl radi-
cals are consumed. Cahn and Powell6 proposed
that the reaction

2N2H3— N2H4+ NZH2
(15)
2Fe3+ + NH2— > N2+ 2Fe2+ + 2H+
competes, with reaction 8. Since reaction 15

results in the reduction of two Fe3+ for each OH
radical originally scavenged, (—AFe3t/Fe(B+)
would exceed the Ilimiting value of 0.48
at high dose rates if reaction 15 were important.
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Work by Higginson and Wright6 and Pollard and
Nickless4 indicates that kn/k8 = 0.015 * 0.015.
The balance between (—AFe3t+/Fec3+) and (?nn,
in this work indicates that (7Nj [reaction 15] is
less than 0.35.

The yield of ammonia, Gnh,, (Fig. 3) approaches
a value of about 6.2 in the oxygen-saturated system
for a dose rate of 2.0 X 106rad/hr. In this experi-
ment the initial Fe2+ concentration (3.0 X 10-3
M) was larger than in any of the other experiments
because it was necessary to have Fe2+ ion present
in solution throughout the entire irradiation. The
dose was over 10 times as great as in the other
experiments because the ammonia analysis was
less sensitive than the Fe3+ analysis. The frac-
tional loss in Fe3+ yield at this dose rate (obtained
from Fig. 2) with a small correction for the larger
initial (Fe2+) is about 0.43. The Gym, at this dose
rate then should be 0.43 X 15.6, or 6.7. The air-
saturated solution results in a lower yield of NH3
in Fig. 3 because all the oxygen is consumed
after about 5.0 X 104 rad13 and the yields during
the latter part of the irradiation, 8.3 X 104 rad,
are characteristic of a deaerated solution (i.e.,
GFe3+ = 8.3). Here the calculated (7nh, is ap-
proximately 5.0, a figure close to the experimental
value, 4.6. This agreement in both air-saturated
and oxygen-saturated solutions constitutes an ac-
ceptable material balance between the Fe3+ and
NH3analyses and indicates that reactions 7 and 8
are the only important means by which hydrazyl
radicals are consumed in this system.

THE DISSOCIATION OF DIATOMIC MOLECULES AND THE
RECOMBINATION OF ATOMS

By H. o.

Pritchard

Chemistry Department, University of Manchester, Manchester IS, England

Received March 3, 1962

In a recent paper, O. K. Rice shows that the forward and reverse rate constants of a reaction are likely to be related by
the equilibrium constant of the reaction, even if the processes are taking place irreversibly. While this conclusion sometimes
may be correct, it is not so in the special case of the dissociation of a diatomic molecule.

The present experimental situation in regard
to atom recombination reactions is unsatisfactory
because there is a large change in the slope of
Arrhenius plots between the results obtained at
low temperature by flash photolysis and those
obtained at high temperature from shock waves.1
There is as yet no good theoretical reason why
this should happen, and the author has suggested2
that it is not permissible to calculate the high-
temperature recombination rate constants from
the observed shock-wave dissociation rates via the
equilibrium constant, because such dissociations
take place irreversibly; the same point has been
made independently by other authors.3 However,
it has been pointed out by Rice4and by Davidson6

(1) H. O. Pritchard, Quart. Rev., 14, 46 (1960).

(2) H. 0. Pritchard, J. Phys> Chem., 65, 504 (1961).

(3) See footnoté 2 of ref. 4.

(4) 0. K. ilice, J. Phys. Chem,, 65, 1972 (19(51).
(5) Norman David&on persona! communication.

that if a steady state is set up in both the forward
and reverse reactions, the over-all forward and
reverse rate constants must necessarily be related
by the true equilibrium constant, irrespective of
the fact that the Boltzmann distributions are
disturbed during the reaction. The author be-
lieves this conclusion is incorrect when applied to
ihe special case of the dissociation-recombination
kinetics of a diatomic molecule. In order to demon-
strate this, it is necessary to describe, individually
and in detail, the dissociation and recombination
processes.

Dissociation.—Dissociation of a diatomic mole-
cule takes place, to all intents and purposes, by a
series of single-step activation processes, and no
loss of generality will occur if we confine our atten-
tion to such a model. The number of molecules
per second making the transition from state
v—itov=j = (i + 1) can be represented by



2112

Nn = zN,P\, where P jj is the probability (averaged
over the Maxwell distribution of approach veloci-
ties) per collision, of a transition from v = i “mj;
Ni is the number of molecules in the state v = i,
and z is the number of collisions suffered per second
by each molecule, ignoring for the present any
possible variation of z with i. It was shown pre-
viously2that P;j depends on Ajj (the energy separa-
tion between states v = i and v = j) and on the
temperature T roughly as e~Ao/BT. Considering
for the moment the equilibrium situation, N,
falls off as i increases in accordance with the
Boltzmann law, but, for an anharmonic oscillator,
Pjj increases because the energy levels get closer
together. Thus, the product Aly can, under
certain circumstances, go through a minimum,
implying that there is a rate-determining step in
the middle of the activation ladder; this has been
shown to be the case by numerical calculation,2
and also can be demonstrated analytically for a
Morse oscillator.6

We now consider a hypothetical experiment
[A] (analogous to Rice’s case 1) in which we have
X 2and X + X in equilibrium with each other, and
we suddenly remove all the X atoms. There are
two kinds of depopulation of the molecular vibra-
tional energy levels which may now occur.

(i) We may have the situation where iVj-ij
is always greater than IVjj+i {i.e., x,j is smallg.
In such a case we can in principle set up a series
of quasi-steady state equations for each of the
vibrational energy levels8 and solve them by
relaxation methods. Since the topmost bound
level is now denied its repopulation by recombining
pairs, its population will fall, and so gradually the
effect will work its way down the levels. How-
ever, since there are always more molecules coming
up to a given level than are going up from it, the
system soon reaches a quasi-steady state in which
the populations do not conform to the Boltzmann
law, but are not very far from it. This is the sort
of disequilibrium that usually is envisaged in
discussions of this problem.

(i) We also may have, as we apparently do in
diatomic molecules,2the situation where

... .Nj=83 j2> AT 2 j-i > Xj-u < IVjj+i <
thi+l, 2 < Xj+2, j+3..cieee 1)

Below the level v = j, the situation is as in (i)
above, but above v = j, because there are now
less molecules coming up to a given state than are
going up from it, there must be a catastrophic

(6) The Morse oscillator is defined by the two constants D [depth

of tfie well] and k [where the number of bound levels is the integral part
of (5 + **p» ie, 0 < t < (K— /%), so that the energy of any level

v=1iisEi = —D(k —i —Vi)2*2 If the form of Pij is taken to be
e RT, one can wrjte the expression Nij by substituting for
Eo, Ei and Ej in Ni and Pij; it can then be shown that Nj,j+i >
A'j-ij if VEx, |+ + *j-iLj) > K—j —Lorj > K—1 —I/*(*j,j+i +

A value of Xij of about unity appears to be appropriate
for the V. = 0 —M1 transition,7 but there is no data available on its
behavior for transitions between higher energy levels; the previous
calculation2 suggests that xij increases as i increases, and that it also
increases slightly with T.

(7) T. L. Cottrell and J. C. “Molecular Energy
Transfer in Gases,” Butterworths, London, 1961, p. 165.

(8) E. V. Stupochenko and A. I. Osipov, Russ. J. Rhys. Chem., 33,
30 (1959) i
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reduction in the populations of all these upper
levels. This phenomenon occurs in diatomic mole-
cules only because they are anharmonic oscillators;
however, we would not expect it in a polyatomic
molecule like ethane, because although the re-
action coordinate may be regarded as an anhar-
monic oscillator, it derives increments of energy not
only by collision, but by transfer of energy from
other oscillators within the molecule. The fact
that the observed Arrhenius temperature depend-
ence {i.e., “activation energy”) is less than the
heat of the reaction is readily accounted for be-
cause the transition from type (i) behavior to
type (ii) behavior moves to lower and lower values
of j as the temperature increases; thus, the de-
population becomes more severe as the temperature
goes up, and therefore the rate of dissociation fails
to rise as fast as it would if measured under equi-
librium conditions.2

Finally, we must ask ourselves what we actually
measure in the shock-wave experiment, Since
it is the practice to measure the extinction co-
efficient of the gas at the operating temperature,
the observations refer to the rate of disappearance
of molecules, irrespective of vibrational state.
The procedure then is to follow the rate of disap-
pearance of molecules via the optical density.
In principle, the rate constant could be obtained
in two ways: (a) by doing a first-order plot on the
optical density curve, or (b) by extrapolating the
optical density plot back to zero time to get an
initial rate; the former is impracticable, and it
remains to decide how the observed initial rate
constant (deAdss) is related to the theoretical
equilibrium rate constant (egfodiss)- If we can
label our diatomic molecules, we can define eqgcdias
from the rate at which molecules are transferred
from the topmost bound levels to the continuum
(this rate being exactly counterbalanced by the
reverse recombination process having a rate con-
stant eglcreconb)- Figure 1shows schematically the
variation of the true first-order rate constant with
the progress of the reaction. To begin with, while
we are waiting for the upper vibrational levels to
become populated, there is no dissociation. We
then reach a condition where the upper levels are
populated and dissociation proceeds, the true rate
constant increasing all the time because of the in-
creasing repopulation of the upper states by recom-
bination. Extrapolation of the optical density plott
corresponds roughly to extrapolation of the true
first-order rate constant back to zero time, yielding
os&diss as shown. In our hypothetical experiment
[A] we start at time t = 0 with the true k = cgkAss,
but then there is a catastrophic fall because of the
depopulation of the upper levels, as shown in the
dotted curve, until again we reach a quasi-stable
operating condition.

Recombination.—Recombination occurs when a
pair of atoms in fairly close proximity to each other
suffer an encounter with a third particle which
removes sufficient of the atoms’ relative Kinetic
energy to yield a stable (although highly excited)
molecule. The total number of encounters is very
insensitive to temperature,2 but the number of ef-
fective encounters decreases slowly as the tempera-
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ture rises. There are two opposing effects here, one
that ‘he probability goes down because the higher
the temperature, the larger the average amount of
energy to be removed, whereas, on the other hand,
the higher the temperature, the easier it is to remove
larger_amounts of energy; the balance between
these is such as to give a roughly linear Arrhenius
plot corresponding to a small negative “activation
energy.” On succeeding collisions, this newly
formed molecule either may be further stabilized or
redissociate.

At equilibrium, we have, because of microscopic
reversibility, an analogous relation to (1) for the
rate of deactivation, i.e.

. 0Vj_2)3 > iVj-lj2 > fVjj-i < iVj+lJ <
Nj#2,j+ < N i+3J42 mees. ... )

Corresponding to our hypothetical experiment [A]
we now consider a situation [B] in which we sud-
denly remove all the ground-state X 2 molecules.
Because of the relationship (2) between the rates,
the ground state will be repopulated by seri-
ous depletion of the populations of the states v
= 1tov = (j —1), and the states above v = j will
lie in a quasi-steady state—precisely the reverse
kind of situation to what we had in the dissociation.
Thus the variation of the true bimolecular rate con-
stant for recombination, defined from the rate of
appearance of ground-state molecules, will behave
as the dotted curve in Fig. 1. On the other hand,
if we start with a gas containing no diatomic mole-
cules, having completely dissociated them by a
shock or a flash, the solid curve in Fig. 1 would be
appropriate. In a real experiment, a population
distribution of atoms and molecules which is not
appropriate to the ambient temperature is gen-
erated, and relaxation occurs until we fall back to
the situation depicted in Fig. 1.

To define the recombination rate constant from
the rate of formation of ground-state molecules is
correct, since this is essentially what is measured in
the optical density curves obtained in flash pho-
tolysis. However, we do not extrapolate the rate
back to zero time, as in the dissociation case, be-
cause we can do a second-order plot on the optical
density curve, and derive a rate constant which is
essentially an average over the period of observa-
tion, i.e., obs/Crecomb*

Comparison of Dissociation and Recombination
Rate Constants—In the first place, oskdsa and
obskrecomb Will not (shall we say for want of a better
word) “commute” because we are not measuring

D issociation of Diatomic M olecules and Recombination of Atoms

2113

'tinre —

precisely complementary rate constants; however,
the effect of this probably will be small, and we will
go on to consider the situation assuming that we
could perform ideal experiments. Let us compare
dissociation and recombination, in both cases, not
very far away from equilibrium. In the dissocia-
tion, we will have a quasi-steady state in which the
populations of all the levels below v = j have es-
sentially their Boltzmann distribution, but all the
levels above v = j will have populations signifi-
cantly different from their equilibrium values.
The observed rate of dissociation will be determined
by the “rate determining step,” i.e., by
modified by a parameter which depends on the ex-
tent to which the Boltzmann populations of the
upper levels are disturbed. Similarly, in recombina-
tion, we will have essentially an equilibrium dis-
tribution for the continuum and all levels above v
—1j, and adisturbed distribution for all levels below
v = j. The observed ra;e will then be determined
by Njj-i, again modified by a parameter which
depends on the extent to which the populations of
the lower levels are disturbed. Now, if the energy
levels were symmetrically9disposed about the level
where the minimum rate of activation occurs, these
two modifying parameters would be the same, and
our rates would “commute.” However, our mole-
cule is an anharmonic oscillator, with all levels un-
equally spaced, and therefore this cannot be so.
As a simple analogy, we may construct two hour
glasses. The first has both limbs symmetrical about
the waist, and the sand will fall through in the same
time whichever limb is at the top. The second has
limbs which are both different in shape and diam-
eter, in which case the time constant will depend
on which way the sand falls.

(9) In the sense that, at equLibrium, Nj—n—uj—n = Nj+ n-i,j+n:
such a system does not exist.
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NITRATES1
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The catalytic decomposition reaction:

Br03~ + Br~ -*Br_+ 02proceeds at a measurable rate in fused NaNO3 KNO3
or NaNO03K N 03 mixtures in the temperature range 340 to 370°.

A kinetic study of the reaction shows that the decom-

position proceeds by a slow rate-controlling step: Br03~+ Br“ —Br02~+ BrO- followed by rapid reactions of the inter-

mediates to give the final products.
of the alkali cation on the reaction rate is demonstrated.
of the cation.

Introduction

Solutions of bromate in fused alkali nitrates are
quite stable for several days; then over a period of a
few hours, the bromate completely decomposes to
bromide and oxygen. This observation led to the
addition of bromide as catalyst for the decomposi-
tion of bromate and a study of the kinetics of the
reaction.

Experimental

Materials and Apparatus.—ACS reagent grade chemicals
were used throughout the study, except when pure KN 03was
used as the solvent. For this determination, KBr03 was
prepared by precipitation from an aqueous solution of
KNO03 and NaBr03. All of the determinations were carried
out in test tube-shaped Vycor vessels immersed in a constant
temperature bath of a type previously described.2

The reaction vessel used was constructed from 31 mm. i.d.
Vycor tubing. A 34/45 standard taper Vycor joint at the
top was fitted with a gas inlet tube extending to within 1/2
in. of the bottom of the reaction vessel, and an outlet tube
extending from the cap. This arrangement allowed easy
access to the reacting solution and for the agitation of the
solution by a metered stream of inert gas.

Procedure.—The rate of decomposition of bromate was
obtained by following the decrease in bromate concentration
with time. Weighed amounts of pure alkali nitrate or mix-
tures of varying mole per cent of NaN03 and KNOs were
placed in the reaction vessel which was immersed in the con-
stant temperature bath. When the salt had melted, weighed
amounts of solutions of the corresponding alkali bromide and
bromate in the fused nitrate were added. The concentration
of bromide was always in large excess of the bromate and
was varied from run to run. However, in the study of the
solvent effect, the same approximate amount of bromide was
used in each run to facilitate comparison of the rates.

Samples were withdrawn at periodic intervals with a pre-
heated elongated medicine dropper, allowed to solidify on a
cool porcelain plate, and weighed. These were analyzed for
bromate by an aqueous iodometric titration. The concen-
tration of bromide was determined at the beginning and end
of a run by an aqueous silver nitrate titration using an eosin
indicator. Zero time of the reaction was taken as the time of
withdrawal of the first sample.

Results and Discussion

Rate Law and Mechanism.—The reaction was
found to be first order in both bromate and bromide.
A plot of the experimental data [Br03~] vs. time
for a run in NaNO03 at 370° yielded an S-shaped
logarithmic curve which is typical of a second-
order autocatalytic reaction. This indicates that
the reaction takes place by the simple mechanism:

Br03~ + Br~ A products, with bromide catalyzing
the reaction. The rate expression for the disap-
pearance of bromate by such a mechanism is

(1) Contribution no. 1120. Work was performed in the Ames
Laboratory of the U. S. Atomic Energy Commission.

(2) F. R. Duke and H. M. Garfinkel, J. Phys. Chem., 65, 461
(1961).

The activation energy for the reaction

in molten NaNO03is determined and the effect

This effect is interpreted on the basis of the polarizing power

d[Br03]

df MBrO,-][Br-] (1)

which reduces to a pseudo-first-order equation at
high bromide concentration

d[Br08&]
fc'[Bro3~] (2)
df
where k' = fc[Br~] or
log k' = log k + log [Br~] 3
Table |

Kinetic Data for Bromate Decomposition in Molten

NaNO03Solvent
[BrOs-], k' X 10*. [Br-1, k,
t. °C. m(initial) min.-1 m mole-1 min.
350 0.0268 0.472 0.2947 0.016
.0153 .509 .3536 .014
.0256 495 .3401 .015
.0206 435 4138 .011
.0125 .855 .5874 .015
.0443 .698 .5189 .014
.0478 .955 .7856 .012
355 .0372 430 .2692 .016
.0277 .652 .3588 .018
.0306 572 .3629 .016
.0303 .836 4873 .017
.0618 .645 .4895 .013
.0452 .698 4359 .016
.0277 .665 4481 .015
.0391 .618 4439 .014
.0207 .802 4467 .018
.0302 .782 .6429 .012
.0511 .985 .6403 .015
360 .0276 .549 .2262 .024
.0308 .692 .2552 .027
.0283 .806 .3591 .022
.0232 1.268 5135 .025
.0216 1.505 .5235 .029
.0227 1.452 .5901 .025
.0217 1 640 .5915 .028
370 .0312 1.020 .2466 .041
.0259 1.887 4309 .044
.0227 2.084 .5445 .038
.0287 2.170 .6083 .036
.0172 2.980 .7593 .039
.0255 3.560 1.0249 .035
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Table Il

Summary of the Kinetic Data for the Reaction in NaNO03 Solvent over the Temperature Range 340 to 370°

t, °C. [Bro3_3 m(initial) [Br-1, m k' X 102 min.-1 k, mole"l min. -i
340 0.0173-0.0300 0.5178-0.8382 0.359-0.663 0.0076 + 0.0008
350 .0125- .0478 .2947- .7856 .435- .955 012 + .004
355 .0207- .0618 .2692- .6429 .430- .985 014 = .005
360 0216- .0308 .2262- .5919 .549-1.640 027 + .005
370 .0172- .0312 .2466-1.0249 1.020-3.560 035 = .004

The pseudo-constant, k', for the reaction at a par-
ticular bromide concentration, can be evaluated
from the slope of a plot of log [Br03 ] vs. time.
Division of k' by [Br-] then gives the specific rate
constant, k, for that run. Variation of the bromide
concentration from run to run at a given tempera-
ture resulted in a series of k values from which an
average value and the standard deviation of the
mean were calculated. Alternatively, the rate con-
stant at a given temperature can be determined
graphically by a least squares analysis of the varia-
tion of the pseudo-constant with bromide concen-
tration. A plot of k' vs. [Br- ] results in a straight
line, the slope of which is k. A plot of log k' vs.
log [Br- ] also yields a straight line, the intercept of
which is log k. Treatment of the data by the
method of least squares gave values of k and con-
fidence limits at a confidence level of 95%.

The data obtained for the reaction in molten Na-
NOsover the temperature range 350 to 370° shown
in Table | were analyzed by these three methods.
The average of the three values of k so obtained *
the mean of the deviations is recorded in Table II.
The value of k reported for the reaction at 340° is
the average + the mean deviation of two deter-
minations. Only two runs were made at 340° as
the reaction is extremely slow at this temperature.

The Arrhenius activation energy for the reaction
in molten NaN 03over the temperature range 340 to
370° was determined from a plot of log k vs. I/T to
be 43 + 6 kcal./mole at a confidence level of 60%.
A frequency factor of 1.7 X 1013+ 0.1 X 1013S.D.
min.-1 was calculated. It should be noted that the
temperature range of the investigation was limited
by the decomposition temperature of NaNOs and
the extreme slowness of the reaction below 340°.

The catalysis of the decomposition reaction by
bromide presumably is the result of an initial ac-
ceptance of an oxide ion from the bromate to form
the intermediates Br02 + BrO-

BrOj- + Br- — » BrOz + BroO-

These intermediates then could decompose by the
more rapid reactions

Br02- —> Br + 02

BrOg- + BrO- — ™ 2Br02

to give the final products.

Solvent Effect.—mVariation of the cation of the
fused nitrate solvent had a large effect upon the
rate of decomposition of bromate. It was ob-
served that the rate increased with decreasing size
or increasing polarizing power of the cation. This
is interpreted as indicating that one or more of the

Fig. 1.—Variation of specific rate constant with solvent
composition.

Tabte Il
Variation of Reaction Rate with Solvent Composition
370°, [BrOs-]j,uai = 0.0148-0.0371 to, [Br-] = 0.5831-
0.6247

Solvent comp., mole % k, mole” 1min. 1

100%KNO3 0% NaNOs 0.0105 + 0.001
75% KNO3 25% NaNOs .0162

50% KNOa- 50% NaNOs .0220 =+ .001
25% KNOs- 75% NaNOs .0260 + .001
0% KNO3 100% NaNOs .0360 = .004

cations become involved in the activated complex.
Probably, the cation polarizes one or both of the
reactants so as to reduce the electrostatic repulsion
between the two like-charged ions, thereby lowering
the free energy of activation. The reaction then
would be expected to proceed faster in the solvent
containing the smaller cation, as is evident in the
results recorded in Table Il1l1. Figure 1 shows the
free energy relationship of the specific rate constant
and solvent composition.

Attempts to run the reaction in the presence of
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lithium ion resulted in the production of bromine
and lithium oxide. Presumably, lithium reacts
with the bromate ion to form a complex LiBr03+
which then reacts with bromide and decomposes in
a manner analogous to that reported in a previous
study.3

Richard F. Heine

Vol. 66
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The effects of 7-radiation on three perfluorinated liquids, CF]8 c-C&]®, and (C-iFghN were studied.
changes in physical properties and in structure were determined.

Radiation-induced
The results show the stability of the fluorocarbons toward

radiation to be greater than that of the analogous hydrocarbons.

Fluorocarbons are known to have extraordinary
chemical and thermal stability. The very vigorous
thermal and chemical attack which these materials
can withstand has caused this class of compounds
to be called “inert liquids.” 2 Fjarly irradiations of
fluorocarbon polymers, however, suggest that they
might be more susceptible tc radiation than their
hydrocarbon counterparts.3 More recent publica-
tions have shown that, with pure fluorocarbons in
the absence of air, this may not be true.43 The
findings of our work tend to substantiate these
latter results.

The periluorooctane used was believed to be
mostly the normal isomer. The cyclic ether was
primarily a mixture of perfluoro-(2-butyltetra-
hydrofuran) and perfluoro- (2-propyltetrahydro-
pyran). A summary of the effect of -/-radiation on
these materials plus perfluorotributylamine is
shown in Table I.

Prior to irradiation, the fluorocarbons showed
neither unsaturation nor hydrolyzable fluoride.
As is shown in Table I, the amine was the most af-
fected as determined by these two tests. The
greater amounts of unsaturation and hydrolyzable
fluoride in the irradiated amine and ether as com-
pared to C8Fis probably arise from the influence of
the nitrogen and oxygen atoms, respectively. In-
frared analysis showed acyl fluoride in the ether
radiation products and imine type products in ir-
radiated (CiF~jN. Olefin absorption was found in
the infrared spectra of all three liquids. The per-
manganate analysis is an approximate measure of
all types of carbon-carbon and carbon-nitrogen
unsaturation.

Changes in viscosity reflect the increased average
molecular weight of the total irradiated sample.

(1) Presented in part at the 138th National Meeting of the American
Chemical Society, New York, N. Y., September, 1960.

(2) R. R. Burford, et al., paper presented before the 136th National
Meeting of the American Chemical Society, Atlantic City, New Jersey,
vSeptember, 1959.

(3) (@ C. G. Collins and V. P. Calkins, “Radiation Damage to
Elastomers, Plastics and Organic Liquids,’”” USAF Contract AF-33
(038)-21102, September, 1959; (b) O. Sisman and C. D. Bopp, “Physi-
cal Properties of Irradiated Plastics,” USAEC, ORNL-928 June, 1951.

(4) (@ J. H. Simons and E. A. Taylor, J. Phys. Chem. 63, 636

(1959); (b) R. E. Florin, L. A. Wall, and D. W. Brown. J. Res. Natl.
Bur. Std., 64A, 269 (1960).

(5) L. A. Walland R. E. Florin, J. Appl. Pol. Sci., 2, 251 (1959).

Tabte |

Comparison of 7-Radiation Effects on Three Liquid

Perfluorocarbons

Dose is 5 X 10s rads

C8r8 c-CsFieO (C4F9N
1. Hydrolyzable fluo- 0.97 2.62 4.2
ride, mg./g.
2. Unsaturation 1 2.5 250
(CsFis = l)a
3. Viscosity (25°)
starting materials 0.731 0.79 3.14
after 5 X 108rads 2.133 211 4.21
4. Rate constant for 1.9 X 10“3mr.-' 2.6 X 10“3 4.3 X 10-3
disappearance of
starting material
5. Starting material 37 wt. %b 226
remaining
6. Wt. % convertedto 1.8b 2.3h
gas
7. Gges 0.5 + 0.15 1.0 = 0.15
8. Wt. % products 55 wt. %b 57b

having b.p. higher
than st. mat.

“1X 10® rads. Cs<Fi8 consumed 2.8 meq. of 0.01 M
KMnO~ml. of irradiated liquid. b These do not total to
100% since some radiation products were liquids with about
the same or lower b.p. than the starting material.

Perfluorotributylamine, though exhibiting greater
change because of the radiation than the others,
showed a smaller viscosity increase than C8&i8and
c-CgFieO. This is because a large percentage of
(CH9N was broken down into low boiling liquids,
whereas for C&[8and c-C8 i@ more higher boiling
products were formed.

The first-order rate equation was found to de-
scribe quite accurately the disappearance of C&iS
and c-C8&1®. First-order rate constants were cal-
culated and are shown in Table I. For a -/-source
whose output would be constant over the period of
irradiation, megarad-l1 would be equivalent to
time-1.

From these results, it appears that the fluoro-
carbon which contains only carbon and fluorine is
the most stable toward radiation.

Gaseous products found included CF4 CZF6
CF8 CAH# 10 CO2 and traces of several unknowns.
Perfluoromethane predominated, though the ether
gave a much greater percentage of C02 than did
the other samples.
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The major products from the radiation experi-
ments were higher boiling than the starting
materials. These products ranged all the way from
liquids boiling just above starting material up to
what could best be described as polymer. Pot
residues from the distillation of irradiated c & j8
and cC&i® set to hard glasses on cooling. As an
example, after 5 X 10s rads, C&i8was 55% con-
verted to products having a boiling point higher
than C&i8 Half of this 55% had an average
molecular weight over 2000. The remainder had
molecular weights of from 438 to 2000. No pre-
dominance of any “n-mer” could be found either
by g.l.c. or distillation analyses. If the C-F bonds
were predominantly broken and the fluorocarbon
radicals combined, one would expect a detectable
amount of CIHF3 C2AH) etc.,, from C816 Since
this was not the case, C-C bond rupture followed
by random recombination of the radicals may rep-
resent a major share of the irradiation-caused
reactions. The reactions causing the formation of
higher boiling products may be similar to that
which crosslinks irradiated poly TFE .6

The products smaller than starting material were
about equally distributed among 5 to 7 carbon frag-
ments for C&i8 and c-C8&i®, i.e., 1-2% of each
based on the total weight. For (C4&93N, however,
two products accounted for most of the degrada-
tion fragments: CFN(C492 and CFENCLFQ
The relatively large amount of these accoimts for
the smaller viscosity increase observed in irradiated
(CHF9N.

A comparison of 7-radiation on liquids exposed in
air and to an inert gas, or vacuum, was made.
These results are shown in Table Il. A comparison
of gamma and electron irradiation for c-C8& 1) also
is included.

Table Il
Comparison of C&i8 and cC&i® Irradiated in the
Presence of Air and under Vacuum
1 X 10®rads
c8f,, c-CsFieO

Air  Vac. Air Vac. Air®
Viscosity (initial) 0.73 0.73 0.79 0.79 0.79
after 1 X 108rads 0.81 0.866 0.87 0.943 0.87
Hydrolyzable fluoride, mg./g. 0.6 15 0.7 0.65 0.74

“ Electron irradiated sample.

The net effect of the presence of air seems to be
as a free radical inhibitor. The lower viscosity of
the samples irradiated under air shows that less
high molecular weight material was produced than
in absence of air. Also, no difference exists between
the effects obtained from 7- and electron irradia-
tion.

When the results are compared with similar re-
sults in the hydrocarbon series, the fluorocarbons
appear to have somewhat greater resistance to
radiation. At 0.5 X 108rads, hexane (Cr,HK) has
Ggas = 3.8 and —Gm = 9.9. For C&i8at the same
dose, (7ggs = 0.5 and —Gm= 4.8. Thus the fluoro-
carbon seems to be the more radiation resistant.
The comparison of Ggesvalues is not entirely valid,
however, since Gges values reported for the hydro-
carbons included a part due to hydrogen forma-
tion Gih, whereas Ggss CFBhas no part due to F2

E ffects of lonizing Radiation on Fluorocarbon Liquids
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formation. If we compare C8Hi8 we find that (7g8
C8H18 = 0.31, which is the part due to carbon-con-
taining gases.6

This result can be compared with our value of
Gges C&i8 = 0.5. The foregoing is not meant to
imply that fluorine is not formed, but only that be-
cause of its reactivity, it was not found as such.
Also, the fate of any fluorine formed during the
radiation cannot be determined with certainty.

The conclusion is that gaseous products formed
as a result of C-C bond breaking are about the
same from both fluorocarbons and hydrocarbons.
The point of difference then between fluorocarbons
and the analogous hydrocarbons is in —Gm and,
therefore, a greater percentage of hydrocarbon than
fluorocarbon must be converted to higher molecular
weight or to non-gaseous lower molecular weight
products.

Experimental

Materials.—The three liquids all are products of the elec-
trochemical fluorination cell. The crude materials were
stabilized with aqueous and then fused 85% potassium
hydroxide. Both C& 18 and c-C8 i were greater than 98%
as described. The (CiFghN was 95% one component. Us-
ually no special precautions to ensure dryness were used.
Water is soluble in the fluorocarbons to less than 25 p.p.m.
On one occasion, the liquid was passed through P205into a
sealed can which had been dried at 100°. The results of this
experiment were no different from others in which the liquid
was not specially dried. Normally, the cans were rinsed
with aqueous hydrofluoric acid, then dried for a day or two
at 100°.

y-Irradiation.—Aluminum bottles of 250 and 500-ml.
capacity were used. They were about half filled with liquid,
the air space flushed out with nitrogen or helium, and the
caps were tightened.

When gas samples were desired, a 3i6in. i.d. aluminum
tube was welded into a hole in the cap and the cap was
welded to the bottle. After filling the cans about one-third
full, the contents were frozen in liquid air and the can was
evacuated. The tube was crimped shut and the end was
welded shut with the can under vacuum.

Irradiation was carried out in a spent fuel element facility.

The water of the facility kept :,he samples at 25°. The aver-
age energy of the radiations was 0.69 mev.
Electron Irradiation.—Samples for electron irradiation

were placed in a shallow, aluminum cup, fitted with a gas-
tight cover with a 0.0035-in. thick aluminum window.
These samples were irradiated in the presence of air; that is,
the container was not swept out with an inert gas after filling.
The irradiation, however, was done with the samples cooled
in Dry Ice and the radiation was given in passes under the
window of about 10-sec. duration each.

The source of the electrons was a G. E. 1 mev. transformer
type beam generator operated at 0.9 ma. and 1000 kvp.

Analysis.—All gas-liquid chromatographic analyses were
done with a 12-ft. “Kel-F” 200 -wax on firebrick column at
130°. Chromatographic analysis of gases was done on a
6-ft. silica gel column at 100°.

Liquid samples were taken directly from the irradiated
sample containers. Gas samples were taken by venting the
cans fitted with tubes in the caps into an evacuated system
and measuring the pressure. This was done by fastening a
tight “T” tube connected to the evacuated system down
over the aluminum nozzle and drilling a hole in the tube
through a rubber stopper in the stem of the T.

Since the higher-boiling “ polymer” did not chromato-
graph well, the liquids usually were distilled and the frac-
tion was taken from room temperature up to about 10-15°
over the boiling point of the starting materials. Chromato-
graphic analysis of this distillate, plus knowledge of the dis-
tillate as a per cent of the total sample, gave accurate analy-
sis for liquid products boiling at or below the boiling point,
of the starting materials. Attempts to resolve individual

(6) E. M. Kinderman, WADC Tech. Rept. 57—465, Stanford Re-
search Institute, July, 1957.
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components of the higher boiling products at higher column
temperatures were not successful.

Hydrolyzable fluoride was determined by refluxing equal
weights of fluorocarbon and 1% sodium bicarbonate and
titrating the aqueous layer for fluoride ion.

The permanganate test for unsaturation was done with a
freshly prepared 0.01 M KMnCh-aeetone solution. De-
creasing quantities of this reagent were mixed with 1 ml. of
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sample in acetone until a quantity was found which retained
its characteristic permanganate color after 1 min. of shaking.

Acknowledgment.—-The help of W. E. Rowe and
R. J. Kunz is greatly appreciated in carrying out
the 7-radiation experiments. Jun Tomita was very
helpful with the electron irradiation.
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The changes with temperature of several substituent effects in photochemical aromatic halogen interchange have been

determined.
tion prior to the substitution step.

Introduction

In a previous reportlwe described some general
features of photochemical interchange of halogens
in aromatic compounds, reactions represented by

ArX + X' —p»ArX'+ X

and reported some room temperature substituent
effects in a number of these reactions. The mech-
anism of displacement was seen to be most probably
a direct displacement on carbon by halogen atoms
and one in which the bond from carbon to the
halogen atom displaced is but little broken in the
transition state.

The substituent effects we report are generally
small but readily measurable. These effects,
determined by competitive experiments, fail to fit
conventional linear free energy relationships and
do not even form a consistent qualitative pattern.
We suggested that the reason for these inconsisten-
cies is the Kkinetic significance of r complexes as
postulated by Miller and Walling2 for one case.
In this paper we wish to report data which lend
great weight to this contention. Though often
discussed, the formation of it complexes prior to
the substitution step has never before received
concrete experimental support for any aromatic
displacement reaction.

Experimental

The materials and methods employed were those described
previously.l Briefly, a solution of appropriate halogen in
CCh was added to a solution of a substituted and an unsub-
stituted aryl halide in CCU. With two exceptions, aromatic
concentrations were 0.10 M and halogen concentrations
ranged from 0.01 to 0.1 M. When p-bromoanisole and m-
fluorobromobenzene were compared to bromobenzene, 0.1:
0.5 and 0.5 : 0.1 molar ratios, respectively, were used. Ali-
quots of the solutions were placed in a thermostat bath
regulated to 0.05° and irradiated by mercury arc lamps pro-
vided with filters to remove ultraviolet radiation. The
products were analyzed by gas chromatography.

(1) B. Milligan, R. L. Bradow, J. E. Rose, H. E. Hubbert, and A.
Roe, J. Am. Chem. Soc., 84, 158 (1962).
(2) B. Miller and C. Walling, ibid., 79, 4187 (1957).

The enthalpy and entropy differences obtained from these data suggest the intervention of itcomplex forma-

Results

The effects of several substituents on the rates of
three halogen interchange reactions, each at three
or four temperatures, are given in Table I. When
the reagent supplying the displacing halogen was
IC1 or Br2 reaction was carried only to low con-
version (5% or less), and the reactivity ratio given
in Table | is the ratio of substituted to unsubsti-
tuted product. When chlorine was the reagent,
conversion of the aromatics was approximately
20%, and the usual integrated expression was used.

log (A - x)/A
log (B — x)/B

w =

The quantities in this equation were obtained by
solution of simultaneous equations employing the
ratio of products, from gas chromatography, and
the total chlorine used, as determined by iodo-
metric titration after reaction. Such a treatment
is valid if chlorine is completely and quantitatively
converted to bromine.1

We also have measured, at different temperatures,
the relative reactivities of iodo- and bromobenzenes
toward chlorine from IC1 by means of the indirect
method described earlier.1 If iodo- and bromoben-
zenes were compared directly in a competitive
experiment, only one product, chlorobenzene,
would be formed. However, in order to minimize
the possibility that the bromine displaced might
react with iodobenzene to generate new bromo-
benzene, one would have to carry the reaction to
very low conversion of IC1 and would thereby be
faced with the difficulty of measuring the smali dif-
ference between two large numbers. Therefore,
we tagged first one and then the other of the com-
pounds with a p-fluoro substituent and corrected
the result for the substituent effect. The results
obtained in this study as well as the previously
reported value at 27.3° are given in Table I1.

Plots of log W vs. I/T are linear. The apparent
enthalpy and entropy of activation differences
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Table |

Substituent E ffects on Photochemical Halogen Displacement

Atom Atom
leaving
Substnt. (X) (X" Reagt.
11.0
4-F Br cl Cl,
Br cl ICI 2.50
| Br Br2 1.04
1 c ICI 7.59
3-F Br d Cl2
| Br Br2 0.248
2-F Br cl Cl, .781
4-CH3U Br @] Ch
text. 625.8°. el7.5°. d23.0°. e28.0°. ' 14.0°
Tabie |l

Relative Reactivities 0r lodobenzene and Bromo-

benzene toward Chlorine from lodine Chloride

Temp., °C. 27.3 22.8 11.0
(lodo)
2.26 1.97 ].43
(Bromo)

derived from the slopes and intercepts, respectively,
of these plots are given in Table Ill. The limits
of error quoted reflect the variations between
individual measurements. Immediately apparent
from Table 111 is the fact that the enthalpies and
entropies are always of opposite sign and more or

Table 111

Apparent Differential Activation Parameters in

Photochemical Halogen Interchange

AAH* AAS*
Atom Atom Unsubstd. - Unsubstd. —
leav- enter- substd. substd.
Substnt. ing ing Reagt. (kcal./mole) (e.u./mole)
4-F Br Cl CL + 061+ 0.2 - 16dr2
Br Cl ICI + 18 d .3 - 4.84dr3
1 Cl ICI + 9.8 K .4 -28 dr5
1 Br Br2 - 0.70 dr .05 4- 2.0dr1
3-F Br Cl CI2 4-3.5 dr ,1 -15 dr2
1 Br Br2 4- 098 dr ,05 - 55dr1
2-F Br Cl CI2 - 0.55dr .05 4 1.44dr0.5
4-CH3O Br Cl CL 4-10.7 dr ,4 -30 dr3
None® Br/l Cl ICI - 47 dr .1 417 dr4
° From Table 1.
less parallel one another in magnitude. A plot of

AAH vs. AAS gives a reasonable fit to a straight
line passing through the origin. From the least
squares treatment of all points

AAH (cal.) = —330AAS + 158

The correlation coefficient, r, is 0.98. In view of
the great diversity of the reactions on which this
plot is based, the correlation is remarkably good
and may be fortuitous.

Petersen, Markgraf, and Ross3 have pointed out
that random errors of measurement can lead to
a linear plot of AH* vs. AS* with slope T if the
range of AH* is not large. Their treatment can be
applied to our relative rate data with minor modi-
fications. Accordingly, any correlation between
AAH and AAS for about half of our data is open to
suspicion, but the correlation of the larger values
may have some significance. One should note that

(©)] R. C. Petersen, J. H. Markgraf, and S. D. Ross, J. Am. Chem.

Soc. 83, 3819 <4961).

p [iad » f’m/ oL, i
Temp., °C.
15.2 22.5 27.3 37.5
1.30 1.286 1.23
2.20 2.08
1.05 1.09 1.11
4.03 3.10
0.204 0.1536 0.120
0.238° 0.225 214
.809d .849
34.9n 8 8.45

a plot of our data has negative slope, which might
lead to difficulty in application of the isokinetic
relationship discussed by Leffler.4

Discussion

If photochemical halogen interchange were a
simple direct displacement

X X'

the reactivity ratio obtained from a competitive
experiment should be the ratio of the rate constants
for the displacement step.

W = k/ko

Therefore

, AHO* - AH* ASo* - AS*

The results presented in the previous section deal,
saving two exceptions, with meta- and para-
substituted benzene derivatives. The exceptions
are o-fluorobromobenzene and the comparison of
iodo- and bromobenzenes. Very little or no dif-
ferential steric interaction is expected in the latter
case, since it could arise only from the larger bulk
of the iodine atom over the bromine atom. In the
former case the small size of fluorine should lead
to a minimal steric effect. Since the absence of
steric effects in meta- and para-substituted ben-
zenes is widely accepted, one can fairly state that
for a simple displacement mechanism the entropy
term in the equation above should be zero or negli-
gibly small in all cases studied. Therefore, plots
of log W vs. I/T should be linear and pass through
or near the origin. Furthermore, the slope of the
line should have the same sign as log W. Exami-
nation of Table 111 reveals that these predictions
fail. The photochemical reaction of bromoben-
zene with chlorine is a chain reaction2 (& ~
50).5 Since none of the bromoaromatics considered
here is vastly different from bromobenzene in its
reactivity toward chlorine, the assumption of
chain Kinetics in all of these cases is reasonable.
On the other hand, the reactions of iodine chloride
with bromides and iodides and of bromine with

(4) J. E. Leffler, 3. org. Chen... 20, 1202 (1955).
(5) J. E. Rose, unpublished results, University of Mississppi.
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iodides are non-chain processes ($ < 10-2).56
One should note that examples of both chain and
non-chain reactions exhibit the inverse temperature
dependence.

Another argument against such a simple mech-
anism lies in the slope of the log W vs. \/T plot for
the competition of p-bromoanisole and bromo-
benzene. According to the principles of chain re-
action Kkinetics,7 all propagation steps must have
activation energies of no more than a few kcal.
Therefore, for the reaction of bromobenzene to
have nearly 11 kcal. more activation energy than
that of p-bromoanisole, as indicated by our data,
is inconsistent with a simple chain mechanism.
An alternate explanation must be sought.

A plausible explanation of our data is provided
by the intervention of r complexes prior to the
substitution step. Although a complete kinetic
analysis is complicated, one can show that under
certain limiting conditions, the measured reactivity
ratio includes the ratio of the equilibrium constants
for & complex formation, as well as the ratio of rate
constants for substitution. Whether the proper
equilibrium constant is that for the aromatic-
halogen atom complex8

X

or the aromatic-halogen molecule complex
X
— X2

depends on a number of factors which cannot be
assessed at present. In any event, the apparent
differential enthalpy of activation obtained from the
slope of a log W vs. \/T plot is determined not only

(6) That this should be so is reasonable because in these cases, propa-
gation steps are endothermic by 8 kcal. or more.

(7) C. Walling, “Free Radicals in Solution,”
Sons, Inc., New York, N. Y., 1957, p. 240.

(8) The existence of such complexes has been amply demonstrated
by a number of workers: (a) G. A. Russell, Tetrahedron, 8, 101 (1960);
(b) C. Walling and M. F. Mayahi, J. Am. Chem. Soc., 81, 1485 (1959);
and (c) R. L. Strong, S. J. Rand, and J. A. Britt, ibid., 82, 5053 (1960).

John Wiley and

Barton Milligan and Ronald L. Bradow

Yol. @

by the effect of the substituent on the enthalpy of
activation but also on the enthalpy of t complex
formation. These effects need not (but may) be
in the same direction.

The inverse temperature effects we have observed
can be accounted for by a r complex mechanism
by postulating that the effect of the substituent
on complex formation outweighs its activating or
deactivating influence on the substitution process.
Furthermore, the abnormally large (nearly 11 kcal.)
apparent enthalpy difference measured for the com-
parison of p-bromoanisole and bromobenzene can
be reconciled with chain kinetics by arguing that
the p-methoxy substituent no: only lowers the
enthalpy of activation for substitution but also
causes complex formation to become exothermic.
Anisole is known to be a highly effective donor.9

If the measured reactivity ratio contains equi-
librium constants for x complex formation, the in-
tercept of the log W vs. I/T plot is composed of the
substituent effect on both entropy of activation
and complex formation. In the cases of m- and
p-substituents, the former is expected to be small,
but because of symmetry differences, the latter is
expected to have a substantial value.

The flash photolysis studies of Strong, Rand, and
Britt®of aromatic iodine atom complexes reveal that
they disappear by second-order Kkinetics with rate
constants on the order of 1091 mole-1 sec.-1. Itis
worth noting that if similar considerations applied
in the cases we have studied, half-order kinetics
should be observed. However, we find that prod-
uct ratios are proportional to the first power of
reactant ratios in both chain and non-chain re-
actions, effectively ruling out control of the steady
state concentration of an aromatic-halogen atom
complex by bimolecular recombination reactions.
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9) L. J. Andrews and R. M. Keefer, ibid., 75, 3776 (1953); P. A. D.

de Maine, J. Chem. Phys., 26, 1189 (1957).
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Semiconduction ranges from 10~° to 10-12 mho/cm. in 51 examples of organic polymers prepared by condensing aromatic

hydrocarbon derivatives with acids.
nature of the monomeric units, mildly on the field strength.
100-fold larger than the apparent carrier concentration.

Conduction is electronic, not ionic or electrolytic.

It depends strongly on the chemical

The concentration of unpaired spins (ca. 1019'cm .-3) is roughly
Certain of these substances are highly piezo-conductive, reflecting

sensitivity of orbital overlap to intermolecular distance in these eka-eonjugated structures.

This work is a continuation of studies on the
polymers obtained earlier from the reaction of
various substituted aromatic hydrocarbons with
aromatic acid anhydrides as reported by Pohl,
Bornmann, and Itoh.1 The present studies were
made to assist in the interpretation of conduction
events in those polymers.

The polymers (designated as PAQR polymers for
brevity) as described earlier, were prepared by the
reaction of the chosen substituted hydrocarbon
and acid anhydride pair in the presence of ZnCI2
as a catalyst. They were purified by exhaustive
solvent extractions with a series of solvents, followed
by prolonged drying. Measurements on molded
disks were made to determine the resistivity as a
function of temperature, pressure, and field
strength, the Seebeck coefficient (thermoelectric
power), and the electron spin concentration.

The conductivity in these polymers is electronic
and not ionic in character, as evidenced by (a)
constancy of resistivity with long time current
passage, (b) absence of polarization effects upon
passage of many times the amount of current re-
quired to deposit out electrolytically all atoms
present, and (c) the presence of an observable Hall
effect.

Experimental

Determinations of the resistivity in this work were made
with somewhat more care than those described earlier.1
The molded sample was measured between circular electrodes
0.95 cm. in diameter, faced with platinum. Several mate-
rials were used for the surrounding insulator ring, including
nylon, Nylatron, hard rubber, Teflon, and filled phenolics.
In each case the resistance value of the cell was checked using
several layers of mica in the cell in place of the sample to
ascertain that the cell insulator and supports had a resis-
tivity at least 100 times greater than the sample measured.
The resistance was obtained using d.c. methods with a field
strength of 150 v./cm. or less. Thickness measurements
were made using a dial micrometer. The resistivity measure-
ments were made at a reference pressure of 1800 kg./cm .2
+ 3 % except where noted.

High pressure measurements of the resistivity and its
temperature coefficient were made using Bridgeman anvils
made of stainless steel.

Electron spin resonance determinations were made at
25°, at 3000 gauss, and at about 9350 Me., using direct
comparison with prepared standards of diphenylpicryl
hydrazyl. The polymer samples were cylindrical pellets of
‘A-in. diam. and Vs in. thick, molded at 1840 kg./cm.2 at
125°.

Measurements of the Seebeck coefficient (thermoelectric
power) were made on pressed pellets.@

(1) H. A. Pohl, J. A. Bornmann, and W. Itoh, “Semiconducting
Polymers,” Princeton University Plastics Lab. Tech. Rpt. 60C,
January, 1961; “Papers Presented at the St. Louis Meeting,” March,
1961. Am. Chem. Soc., Div. Polymer Chemistry, Vol. 1, No. 2, p. 211.

Determinations by radio-activation analysis showed the
purified polymers to contain only several p.p.m. of zinc.

Results

Despite the results of others who had reported
little or no observable pressure effects on the re-
sistivity of organic materials at pressures above
80 kg./cm.2(2-5) it was evident from our measure-
ments that the PAQR polymers exhibit marked
changes in resistivity with pressure. Typical
results obtained in the moderate pressure range of
200 to 2800 kg./cm.2are shown in Fig. 1. Results
on the same material for the higher range of 2000
to 68.000 kg./cm.2 (i.e., to about 60,000 atm.) are
shown in Fig. 2. The resistivities given are un-
corrected for the unknown change in sample thick-
ness with pressure (compressibility). However,
the resistance changes, at least in the high pressure
range, are large and quite reversible. The re-
versible drop in resistivity of 120-fold during the
pressure cycle of 2000 to 68,000 to 2000 kg./cm.2
greatly exceeds that which might be expected
from gross dimensional changes (about a factor of
1.2 is expected). One is forced to conclude that
the pressure-resistance effect involves more than
mere foreshortening of the sample dimension.

The effect of pressure on the thermal activation
energy is shown in Fig. 3.

Using the reference pressure of 1840 kg./cm.2 £
3%, the room temperature resistance values were
obtained and are shown in Table | for various
PAQR polymers. Room temperature was 23 =
2° and values shown are the result of triplicate
measurements.

Temperature coefficients of resistivity were ob-
tained by first molding the polymers at 125° and
1850-2000 kg./cm.2for 1 hr. in the resistivity cell.
Table | shows the values of the “activation ener-
gies” for the various polymers examined. The
activation energies were calculated from the ob-
served straight-line Arrhenius plots and calculated
from the relation

4 co = exp(—Eg/2KT)
where <is the specific conductivity.

Note should be taken that these are given in
terms of the energy interval, Eg, where

(2) H. A. Pohl, A.Rembaum, and A. W. Henry, J. Am. Chem., Soc.,
84, 2699 (1962).

(3) D. D. Eley, G. D. Parfitt, G. D.
Trans. Faraday Soc.. 49, 79 (1953).

(4) H. Akamatsu and H. Inokuchi, J. chem. Phys., 18, 810 (1950).

(5) H. Inokuchi, Bull. chem. Soc. Japan, 28, 570 (1955).

Perry, and D. H. Taysum,
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Table I

T he Resistivities and Activation Energies for Some Polyacene Quinone Radical Polymers

Specific Activation
Polymer precursor components Sample resistivity. energy.
Hydrocarbon derivative Acidic derivative no. ohm-em. as Eg, e.v.
Resistivity at 25° and 1840 kg./cm.2, polymerization temp., 256°.
1,5-Dihydroxyanthraquinone N.A“ 135 3.6 X 105 0.63
1,8-Dihydroxyanthraquinone N.A. 134 2.8 X 105 .52
1,8-Dihydroxyanthraquinone P.M.A.* A 9.2 X 107 .67
1,4-Dihydroxyanthraquinone N.A. 136 1.8 X 107 .50
1,4-Dihydroxyanthraquinone P.M.A. D 7.0 X 109
1,2-Dihydroxyanthraquinone N.A. 137 2.1 X 107 .68
1-Hydroxyanthraquinone N.A. 138 1.34 X 10s .62
1-Hydroxyanthraquinone P.AK 124 6.0 X 106 .58
1,4,9,10-Tetrahydroxyanthracene N.A. 133 2.4 X 106 .63
1,4,9,10-Tetrahydroxyanthraeene P.A. 123 1.39 X 107
1,4-Dihydroxynaphthalene N.A. 139 02 1.11
1,4-Dihydroxynaphthalene P.M.A. F 5.6 X 101 1.00
1,4-Dihydroxynaphthalene P.A. H 1.01 X 108 0.56
2,7-Dihydroxynaphthalene P.M.A. 1 3.3 X 1010 1.83
2,3-Dihydroxynaphthalene N.A. 4 9.4 X 107 0.58
6-Bromo-2-naphthol N.A. 130 9.6 X 106 .58
6-Bromo-2-naphthol P.M.A. 108 5.9 X 106 .66
G-Bromo-2-naphthol P.A. 112 7.2 X 106 .58
1-Bromo-2-naphthol N.A. 129 6.8 X 10« .53
1-Bromo-2-naphthol P.M.A. 105 1.13 X 107 .68
I-Bromo-2-naphthol P.A. 110 4.6 X 10 .62
7-Acenaphthol N.A. 125 1.37 X 10s .60
7-Acenaphtho P.M.A. 106 4.9 X 107 71
7-Acenaphthol P.A. 119 4.2 X 107 .58
9-Bromophenanthrene N.A. 131 5.6 X 106 .34
Carbazole N.A. 126 2.1 X 10» .59
Carbazole P.A. 120 1.9 X 10s .54
Phenolphthalein N.A. 132 6.4 X 106 77
Phenolphthalein P.M.A. J 5.3 X 109 .65
Phenolphthalein P.A. K 6.0 X 108 .60
p-Naphtholbenzein N.A. 127 1.0 X 101 .68
p-N aphtholbenzein P.A. 121 1.3 X 108 (.13)
2-Bromo-4-phenylphenol N.A. 128 1.0 X 10n 1.20
2-Bromo-4-phenylphenol P.A. 116 2.3 X 108 .62
Dibenzanthrone(violanthrone) P.M.A. 5 1.9 X 10s 0.43
p,p'-Diphenol P.A. 114 1.0 X 1012
1,4-Diphenylpiperazein P.A. 118 2.0 X 1012
1,8-Dihydroxyanthraquinone T.D.A. 103 2.9 X 10s 0.52
1,5-Dihydroxyanthraquinone N.A. 115 5.2 X 106 .703
1,5-Dihydroxyanthraquinone P.M.A. 101 5.8 X 10s .845
1,8-Dihydroxyanthraquinone N.A. 109 2.2 X 107 .766
1,8-Dihydroxyanthraquinone P.M.A. B 2.3 X 10s .563
1,4-Dihydroxyanthraquinone P.M.A. E 5.5 X 108 .570
1,2-Dihydroxyanthraquinone N.A. 113 7.9 X 107 .690
1-Hydroxyanthraquinone N.A. 107 5.0 X 105 .503
1-Hydroxyanthraquinone P.M.A. 104 7.0 X 10«
1,4,9,10-Tetrahydroxyanthracene N.A. 117 8.7 X 105 .516
1,4-Bisanthraquinonylaminoanthraquinone N.A. 1 2.7 X 10s 472
1,4-Bisanthraquinonylaminoanthraquinone P.M.A. 2 1.5 X 107 .515
1,4-Dihydroxynaphthalene P.M.A. G 1.4 X 109
1-Bromo-2-naphthol N.A. 111 2.9 X 106 571

“N.A.: 1,8-naphthalic anhydride; P.A.: phthalic anhydride; P.M.A.: pyromellitic dianhydride; T.D.A.: tetra-
phenyl-1,2-dihydrophthalic anhydride.

Eg = 2Eg conduct'ng polymers. The potentiometer and its

balancing circuit was such that the cell had to

where E&is the usual Arrhenius activation energy contain samples showing a resistivity of about 107
of a process obeying Boltzmann statistics. ohms/cm. or less. The plots of temperature gra-
The variation of the thermoelectric power, Q, dientvs. resultant voltage gradient were quite linear.
with temperature was determined for six semi- This permitted evaluating Q at various mean tem-
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log resistivity, ohm-cm.
Fig. 1.—The piezo-resistive response at low pressures
and at 25° of a PAQR polymer made with 1,8-dihydroxy-
anthraquinone and naphthalic anhydride, polymer no. 109.

Pressure X 10 3 kg./cm.2
Fig. 2.—The piezo-resistive response at high pressures
and at 25° of a PAQR polymer, no. 109. The apparent
hysteresis is that later shown inherent in the pressuring
apparatus. The curve obtained on increasing pressure is
that closest to the actual behavior of the material as pressure
changes.

peratures, as shown in Fig. 4. The changes of Q
with temperature, as may be noted, are not large;
Q is positive over the range studied, indicating a
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Activation energy, e.v.

Fig. 3.—Pressure effects on the activation energy of a
PAQR polymer no. 107, made from 1-hydroxyanthra-
quinone and naphthalic anhydride.

Temperature, °K.

Fig. 4—The change of thermoelectric power with tem-
perature for several PAQR polymers at a pressure of about
100 atm. To identify, see Table I.

dominance of hole-type current mechanisms over
free electron-type current mechanisms.

The concentrations of unpaired electrons as
measured by e.s.r. are quite large, ranging from
27 to 7 X 10Bspins/g. As will be noted, they
outnumber the indicated current carrier concen-
trations by about 100 to 1 and therefore are not to
be identified in a 1:1 manner with carriers. The
integral curve half widths at 3000 gauss ranged
from 6 to 7.5 gauss.

An examination of the ohmic behavior of these
materials was made because it was thought that
the long length of the polarizable highly-conju-
gated polymer molecules might either permit some
carriers to be formed or made more easily mobile by
electric field energy. Eley3 observed non-ohmic
behavior in one instance. Wilk6also observed the
non-ohmic character of conduction in several aro-
matic hydrocarbons. The polymer sample served
as one arm of a Wheatstone bridge made of resist-
ance wire components. The results are shown in
Fig. 5, on sample no. 39, a PAQR polymer prepared
from one mole of pyrene with one mole of pyro-
mellitic dianhydride with ZnCI2 catalyst at 283°.

(6) M. Wilk, Z. Klektrochem., 64, 930 (19G0).
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0.6 0.7 0.8 0.9 10 1 12
Ra-v/Rv
Fig. 5.—The non-ohmic behavior of a PAQR polymer is
shown here by comparing the resistivities at various applied
field strengths with that at a reference field strength.

Fig. 6.—Observed photoconduction
(no. 109).

in a PAQR polymer

The resistivity of this material varies in a manner
fairly well representable by the equation

P = Post*

where a = 0.02, pOis the specific resistivity at zero
field strength, and S is the field strength in volts/
cm. over the range 0.0015 to 48 applied volts.

This sample also showed p-type character in that
a Hall coefficient of 288 cm.3coul. was observed?7
in a field of 17 kgauss.

As expected, the PAQR polymers show photo-
conduction. For example, sample No. 109, com-
pressed at 1840 kg./cm.2and irradiated on one face
of the pellet through a conductive tin oxide-coated
glass, produced a current of 1 ma., shunted. The
cell area was approximately 0.5 cm.2

The sample, with a 1.5-v. cell in series, increased
its conductivity by 14% upon being illuminated.
This was shown to be much larger than the 1°
observed temperature rise would produce in the

@) E. H. Engelhardt and H. A. Pohl, “ Synthesis and Characteriza-

tion of Some Highly Conjugated Semiconducting Polymers,” Prince-
ton Univ. Plastics Lab. Tech. Rpt. 64A, January, 1962.
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sample. The results for the sample with 22.5 v.
applied are shown in Fig. 6.

Discussion

In view of the demonstrated electronic nature
(as opposed to ionic or electrolytic) of conduction
in the PAQR polymers, provisional calculations
were made in terms of the conventional band
theoretical model for “intrinsic” and “impurity”
crystalline semiconductors. There is some con-
siderable doubt that such a theoretical model
should apply in this instance. The band theory
model equations used here were those convention-
ally employed,89 making the common simplifying
assumptions that (a) the effective masses of the
carriers were identical with the real mass of the
electron, and (b) that the mobility varied as for
lattice scattering, proportional to T ‘A Typical
results for these calculations are shown in
Table I1.

Table Il

Results of Simple Band Model Calculations (300°K.)

Activation Intrinsic Electron
Sample energy, Mobility carrier concn., mobility, yc,
no. Ee, e.v. ratio, C n'i (cm.“3 cm.2v. sec.
107 0.503 0.643 1.87 X 1017 2.61 X 10-6
109 .766 .730 1.47 X 10* 8.15 X 10“6
110 .615 .620 6.39 X 10“ 8.12 X 10“6
132 445 .294 3.32 X 107 6.70 X 10«7
134 519 .980 1.61 X 1017 6.70 X 10“5
135 .620 .684 3.95 X 101 1.77 X 10“6
Impurity Impurity
Sample  Hole mobility, y, hole concn., concn. for
no. cinJd/v. sec. h' (cm. -3) Ea = -EglVa (cm.-3)
107 4.06 X 10"5 1.43 X 1019 1.25 X 1024
109 1.12 X 10~5 1.36 X 1019 1.87 X 104
110 1.31 X 105 7.20 X 1018 3.73 X 108
132 2.28 X 10"s 5.60 X 1017 1.29 X 102
134 6.86 X 10-s 1.04 X 10¢ 7.56 X 10%
135 2.59 X 10-5 6.38 X 105 2.96 X 10

It is clear that the “intrinsic” model can be made
to fit the observed data, but that the “impurity”
model cannot, as it gives unreasonable values for
the impurity concentration (i.e., 104 impurity
atoms/cc.).

As discussed elsewhere at greater length, there is
considerable reservation to be made in applying
conventional band theoretical considerations to
materials of low mobility. In materials of low
mobility it is probable that carrier motion proceeds
by hopping processes and is not describable by the
grand scale drifting of wave packets in terms of
a Bloch model. This conclusion can be reached
by either of several arguments.

The electron mean-free-path, 21, in an atomic
lattice for electrons scattered only by phonons,
using the Lorentz-type modification of the Boltz-
mann thermal distribution of electron momenta
as is customary in calculating the electron velocity
distribution, Dgives

(8) J. \8 Blakeinore, Elec. Commun., 29, 131 (1952).

(9) V. A Johnson and K. Lark-Horovitz, Phys.
(1953).

(10) A. H. Wilson, “Theory of Metals,” Univ. Press, Cambridge,
1953, p. 205

Reo., 92, 220
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Il = 3(27rm=*/c71) /! ML /4]e] S
\n*
\ — X 10~8jd; [cm.]
m
where = mobility incm.2v. sec.; m* and m are

the effective (crystal momentum) mass and real
mass of the electron. It can be seen from this re-
lation that the mean free path in high mobility
materials (/iLover 1000 cm.2v. sec.) is rather longer
than the dimension of an electron wave length,
while for mobilities of 5 or less the indicated elec-
tron mean free path is as small as or smaller than
a lattice spacing. The scattering time is then no
longer small with respect to the time of motion
between collisions, and the precise classical notion
of a mean velocity of a distribution of velocities
no longer exists. One concludes that the applica-
tion of such theory with its implied distribution of
velocities of the free charges can only be made safely
to materials having high carrier mobilities.

The same conclusion can be reached by another
line of argument. The conductivity, a, varies as

o = b-Le

where 5 is the specific birth rate of carriers, L is the
mean path length of the carrier in unit field strength,
and e is the electronic charge. The number of
carriers born in one second per unit volume can
be written as

b = NA exp(E,/kT)

where N is the number of all molecules per unit
volume, A is the “frequency factor,” E&is the acti-
vation energy for the process, k is Boltzmann’'s
constant, and T is the absolute temperature. A
generally is of the order 1013to 10%6sec.-1 for mono-
molecular or bimolecular reactions. Inserting
typical values for organic semiconductors, such as
a = 1Q-4 mho cm,-1, Eg = 2E&= 04 e, or
o = 10-10 mho cm.-1'l1? = 19 e.v., one finds
values of Las 10-2 to 10-11 A.  Such values of the
mean path in unit field strength are many times
smaller than the lattice distances (about 10 A)
and cast doubt that thermalization of the carriers
can occur in such short path lengths. It seems
preferable in such cases to considerlactivated
hopping processes rather than drifting of wave
packets.

It can be shown'that the drift mobility for a
hopping processilis

n = (const.)T2exp(—EBNT) ,

where Es s the saddle height energy for the hopping.
In the event that there is a cooperative process
between the ions and the biradical (or exciton),
the mobility for the ion-exciton process will be 2

n = (const.)T2 [nixi«i +

nix] exp(—U's/feT); Es' < Es

(11) F. Seitz, “Modern Theory of Solids,” McGraw-Hill Book Co.,
New York, N. Y., 1040, p. 548.

(12) H. A. Pohl, chapter in "Modern Aspects of the Vitreous State,”
Yol. I, ed. by J. D Mackenzie, Butterworths, 1962; also H. A. Pohl,
“"Semiconduction in Polymers. A Review,” Princeton ITniv. Plastics
Lab. Tech. Rpt. 61D. March 1961.
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log resistivity, 25°.
Fig. 7.—The interdependence of observed unpaired spin
concentration and electronic conductivity in a series of
PAQR polymers.

where n,x is the concentration of the ion-exciton
pairs, and n\is the concentration of the ions. This
latter process may become important where the
concentration of excitons becomes comparable
Yvith the number of carriers, for there can be an
appreciable energy of association of ions with the
excitons. The formation of ion-exciton complexes
might then be appreciable, increasing the likelihood
of free carrier formation and aiding the hopping
process by offering a lowered Es for the process.
Field dependence of the conductivity might be
expected in such instances. The observance of
field dependence of the conductivity in the PAQR
polymers therefore is suggestive of an ion-exciton
model for the hopping process. As will be shown
in a later paper, a large Hall coefficient was ob-
served in one PAQR polymer. This not only im-
plies electronic conduction, but also suggests that
the hopping type of carrier motion, if present, must
be one of very low Es. This is not unreasonable to
expectin an ion-exciton Type cooperative process.
There is by now appreciable evidence that when
the size of a set of conjugated bonds is greater
than some number (in the order of 10 to 15double-
single bond pairs) then the molecule acquires
unusual characteristics. The degree of electron
delocalization becomes high, and the production
of excited states occurs at lower and lower energies.
Among these excited states will be quasi-ionic ones,
regardable as excitons, and also the formation of
biradical states. For ease of reference, let' us
refer to this required degree of conjugation as
“eka-conjugation.” Eka-conjugation7may be said
to exist when the degree of conjugation and electron
delocalization becomes such that the content
of electronically excited states such as, excitons
or biradicals, etc., becomes’ appreciable at room
temperature. In view of this, one should expect
a parallelism in the fractions of excited states visible
on examination by various experiments. One
should see, for example, a parallelism between the
(@) population of exciion states demonstrable by
non-ohmic effects during conduction measure-
ments, or during dielectric loss experiments, (b)
population of unpaired spins detectable by e.s.r.,
(c) population of carriers detectable by conductance
measurements, and (d) mobilities folloiving a
hopping or tunneling process. It is not neces-
sary that there be a one-to-one population ratio
between observable spins and carrier populations.
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(b) log p; P.M.A.

Fig. 8.—Structure vs. electronic conductivity. Here the
conductivity of a PAQR polymer prepared from a given
substituted hydrocarbon, but prepared with either naph-
thalic anhydride or phthalic anhydride (Fig. 8a) with
either naphthalic anhydride or pyromellitic anhydride
(Fig. 8b) is compared. From inspection of Fig. 8a, one
sees that exchange of phthalic anhydride for naphthalic
anhydride yields more highly conducting polymers among
the smaller hydrocarbon derivatives, whereas exchange for
naphthalic anhydride by pyromellitic anhydride causes
little change.

Briefly, one may expect the following behavior in
homogeneous polymeric organic semiconductors.

(1) The number of carriers (and therefore the
conductivity) and the number of unpaired electrons
present will be proportional to the amount of eka-
conjugated material present.

(2) Conductivity will be affected by impurity
only to the degree that the impurity consumes or
contributes eka-conjugated structure, or to the
degree that it affects the mobility as in the hopping
processes. Certain types of impurity, then, can
be present in rather substantial amounts before
the conductivity will be greatly affected. Only a
limited number of other types will be important.

(3) Conductivity in reasonably pure polymeric
materials having native eka-conjugation will be
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dependent upon the monomeric structure of the
polymer.

(4) Increased orbital interaction and hence
carrier formation and mobility will result from an
increase of pressure.

(5) Conductivity can be expected to be some-
what frequency and field dependent in such sub-
stances in view of the considerable geometrical
extent and resultant field concentration effects on
the eka-conjugated structures.

All of these expectations from the eka-conjuga-
tion model are borne out experimentally. As can
be seen from Fig. 7, the conductivity is propor-
tional to the spin concentration in the various
polymers examined. Furthermore, the conductiv-
ity bears some relation to the monomeric structure
of the polymer, which would not be the case neces-
sarily if impurity effects were random and domi-
nant. For example, those PAQR polymers having
single aromatic rings in the hydrocarbon part of
the monomer (as opposed to the acidic part) have
higher resistances and higher activation energies
than those with double rings, etc. The results are
summarized in the following table.

No. of aromatic

rings fused in Log of specific "Forbidden
hydrocarbon por- resistivity energy gap” No. of
tion of polymer (av.) (av.) samples
1 9.8 0.70 7
2 8.1 .64 16
3 7.3 .59 25
9 .43 1

Further, as shown in Fig. 8a,b, the logarithm of
the resistivities of various polymers made with
naphthalic anhydride when compared with those
made with pyromellitic anhydride shows a rather
different correlation from that obtained in the
case of the naphthalic vs. phthalic anhydrides. The
slopes of the lines are 1 and 5, respectively.

Pressure decreases the resistivity and activation
energy, as shown in Fig. 1, 2, and 3, in accord with
expectation.

Examination of the field dependence of the
resistivity showed (see Fig. 8) that over the range
of 0.01 to 200 v./cm. the resistivity varied slightly,
changing about 30% and in the direction expected
from the eka-conjugation model.

Finally, a large Hall coefficient was observable
on the one PAQR polymer so examined. This
not only implies electronic (as opposed to ionic)
conduction, but also suggests that the hopping
type of carrier motion, if present, must be one of
very low activation energy. This is not unreason-
able to expect in an ion-exeiton cooperative
process.
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Heats of Adsorption of w-Pentane and Ether by Zeolite Type 5A

THE MEASUREMENT OF HEATS OF ADSORPTION OF rc-PENTANE AND
ETHER BY ZEOLITE TYPE 5A BY MEANS OF AN ISOTHERMAL CONSTANT
HEAT EXCHANGE CALORIMETER
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An isothermal calorimeter with constant heat exchange between the calorimeter cell and its jacket was constructed for
the measurement of heat effects that are different in value and duration. It is possible to obtain the isothermal work of the
calorimeter by compensating the measured positive (or negative) heat effects by switching off (or on) the calorimeter heater
at constant power. It is necessary to know the heater power and the total heating time with a precision of £0.2%. This
is easily realized by a potentiometer and chronograph with a quartz frequency stabilizer. The chronograph has a device
for automatic heating time summation. The heat effect studied is fully compensated by the measured change of the heater
energy. This calorimeter is used in heat of absorption measurements. The differential heats of adsorption of geometrically
similar molecules of n-pentane and diethyl ether, as functions of the filling of the channels of zeolite type 5A, were measured.
The heat of adsorption of n-pentane initially is about 14 kcal./mole and increases with the pore filling. The heat of adsorp-
tion of ether initially is about 27 kcal./mole and diminishes with the pore filling. The difference between the heats of ad-
sorption of ether and n-pentane is close to the possible energy of Coulomb interaction of the ether dipole with the zeolite
cations. The entropy of adsorption drops sharply as a result of adsorption in zeolite channels, especially for ether.

Introduction

The study of the potential energy of the adsorp-
tion forces and of the thermodynamics of adsorption
by porous crystals is of great interest. The fixed
space arrangement of the force centers of these ad-
sorbents, in principle, permits the calculation of the
potential energy of the adsorbed molecules just in
the same way as for adsorption on the surface of
non-porous crystalsl‘6 and thence allows one to
calculate the thermodynamic properties of the ad-
sorption system from the geometrical and electronic
structure of adsorbent and adsorbate taken sepa-
rately.6

In Barrer and Wasilewski's paper7 an attempt
was made to calculate the potential energy of dis-
persion interactions of iodine molecules with zeolite
oxygen atoms. For compound molecules such a
calculation encounters great difficulties. However,
in the case of such molecules, it is possible, purely
experimentally, to derive the contributions of the
energy of dispersion and electrostatic forces by
comparing the heats of adsorption of the molecules
of close geometrical but of a different local electronic
structure—for example, such molecules as 71-
pentane and diethyl ether.8

The heats of adsorption of these substances on
the surface of a non-polar adsorbent, namely,
graphitized carbon black,9as well as the theoreti-
cally calculated potential energy of their adsorption

(1) R. M. Barrer, Proc. Roy. Soc. (London), A161, 476 (1937).

(2) W. Orr, ibid., A173, 349 (1939); T. Hayakowa, Bull. Chem. Soc.
Japan, 30, 236 (1957).

(3) N. N. Avgul, A. A. Isirikyan, A. V. Kiselev, I. A. Lygina, and
D. P Poskys, lev. Akad. Nauk SSSR, Old. Khim. Nauk, 1314 (1957);
N. N. Avgul, A. V. Kiselev, I. A. Lygina, and D. P. Poskys, ibid.,
1196 (1959); A. V. Kiselev and D. P. Poskys, Zh. Fiz. Khim., 32, 2824
(1958).

(4) A. V. Kiselev, ibid., 35, 233 (1961).

(5) A. D. Crowell and R. B. Steele, J. Chem. Phys., 26, 1407, (1957);
A. D. Crowell and R. B. Steele, ibid., 34, 1347 (1961); E. L. Pace and
A. R. Siebert, J. Phys. Chem., 64, 961 (1960).

(6; A. V. Kiselevand D. P. Poskys, Trans. Faraday Soc., in press.

(7) R. M. Barrer and S. Wasilewski, ibid., 57, 1140, 1153 (1961).

(8) O. M. Dzhigit, A. V. Kiselev, and G. G. Muttik, Kolloidn. zZh.,
23, 504 (1961).

(9) N. N. Avgul, A. V. Kiselev, and I. A. Lygina, lzv. Akad. Nauk
SSSR, Old. Khim. Nauk, 2116 (1961).

on graphite,69are as close to each other as are their
condensation heats. But in the presence of dipoles
on the surface, for example in the adsorption on a
hydrated surface of silica, the heat of adsorption of
ether greatly exceeds that of n-pentane (approxi-
mately by the energy of two hydrogen bonds).8
One would expect for adsorption in the channels of
porous crystals, first an increase of the heat of
adsorption of n-pentane due to increased dispersion
energy, and second that the heat of adsorption of
ether would increase especially, on account of addi-
tional electrostatic interactions of its dipole with
the cations on the wall surface of the silica-alumina
skeleton of the zeolite. An analogous increase of
the heat of adsorption of nitrogen molecules of
large quadrupole moment above the heat of adsorp-
tion of argon was observed in zeolite channels,0al-
though these heats are close to each other when the
adsorption occurs on graphitized carbon black sur-
faces. 1l

The same effect was noticed for adsorption on the
surfaces of non-porous ionic crystals and on
rutile.21213 This contribution of electrostatic
forces can be roughly estimated theoretically.
However, one would expect a different dependence
of the adsorption energy of these substances on the
channel filling of porous crystals of zeolite. The
surface of these channels in regard to the adsorption
of non-polar n-pentane should be much more homo-
geneous. The adsorbate-adsorbate interactions
in such cases should be manifested in the rise of the
heat of adsorption with filling.414 But in the case
of the adsorption of polar molecules of ether the
zeolite surface, for example, the surface of zeolite
type 5A, is more inhomogeneous since in various

(10) G. L. Kington, “The Structure and Properties of Porous Mate-
rials,” ed. by D. H. Everett and F. S. Stone, Butterworths, London,
1958 p. 59.

(11) S. Ross and W. J. Winkler, J. Colloid. Sci., 10, 319 (1955);
S. Ross and W. W. Pultz, ibid., 13, 397 (1958).

(12) L. D. Belyakova and A. V. Kiselev, Izv. Akad. Nauk SSSR,
Otd. Khim. Nauk, 969, 1185 (1962).

(13) L. E. Drain and J. A. Morrison, Trans. Faraday Soc., 49, 654
(1953); L. E. Drain, ibid., 49, 650 (1953).

(14) A. V. Kiselev, Vestm. Mosk. Univ., Ser. Khim., 1, 3 (1962);
Kolloidn. Zh., 24, 185 (1962).
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thermal effects by the change in the calorimeter tempera-
ture (a,b) and by the compensation method of measure-
ment (c,d).

Fig. 2.— Circuit of the isothermal calorimeter: the desig-
nations 1-15 are given in the text; 16, adjusting galvanom-
eter; 17, thyratron relay; 18, illuminators, 19, metal

jacket of the calorimeter, and 20, water jacket-thermostat.

places there are bivalent calcium ions of differing
accessibility and probably monovalent sodium ions
(on aluminum-oxygen tetrahedraly. &

All this makes the direct determination of heats
of adsorption of w-pentane and ether in zeolite
channels very interesting. Due to very high ad-
sorption energy, the zeolite channels are filled up by
these substances at vapor pressures which are so
low that the determination of heat of adsorption
from isosteres in those cases is not very reliable or
may even be impossible. Therefore, direct calori-
metric measurements are necessary.

Experimental

The Isothermal Calorimeter with Constant Heat Ex-
change.88—The thermal effects of various processes, and
particularly the adsorption heats of gases and vapors, usu-
ally are determined by the change in temperature of the
calorimeter. In these cases the heat capacity of the calorim-
eter intended for precision measurements should be found
experimentally.

(15) The heat of adsorption of molecules having dipole, quadrupole,
and ir-bonds on dehydrated surfaces of silica is not great.414

(16) The energetic heterogeneity of surface of zeolites, especially
Ca zeolites, was described in ref. 7, 10, and 17.

(17) R. M. Barrer and W. I. Stuart, Proc. Roy. Soc. (London), A249,
464 (1959).

(18) This part of the paper was presented at the first U.S.S.R.
calorimetry conference in January, 1961, and at the 9th International
Calorimetry Conference in Canada, August, 1961.
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From the point of view of the accuracy and convenience of
work (possibilit.y of applying the compensation method),
it is very important to use the isothermal method in carrying
out the calorimetric experiment. Isothermal conditions
are obtained in calorimeters which utilize first-order phase
transitions, jis for example the ice calorimeter (see survey19).
However, such calorimeters can operate only at the tem-
perature of the corresponding phase transition, they are not
sensitive enough, and they are inconvenient to handle.
The principle of compensation for approximation to the iso-
thermal conditions has been utilized by Calvet® by means
of adsorbing most of the heat in the investigated process
through the Peltier effect.

When we employed heat-liberating resistance thermom-
eters in a number of our calorimeters,2l we quite naturally
did not strive to eliminate heat exchange between the calo-
rimeter and the jacket, but tried to ensure its constancy with
the aim of compensating the joule heat of the resistance
thermometers by heat exchange between the calorimeter and
the jacket as a result of the change of the temperature of
the former. Constant heat exchange between the calorim-
eter and the jacket made possible a rational use of the ad-
vantages offered by resistance thermometers, i.e., their
sensitivity, stability, and simplicity of design.

At first2l we made measurements during rising tempera-
ture (during adsorption) or decreasing temperature (for
desorption). In ref. 22, thermal effects already were com-
pensated partly by switching the calorimeter heater on or
off, which brought the calorimeter nearer to isothermal
conditions. In the present work, improvement in the
operation of our calorimeter with constant heat exchange was
effected by automatic compensation of the measured thermal
effect, which fully ensured isothermal conditions.

Let us first examine an experiment in which heat is ab-
sorbed in a calorimeter. It can be represented by curve 1
in Fig. la. In the case of a calorimeter with an adiabatic
jacket, there will occur a change of temperature as shown by
curve lin Fig. Ib. If a heater of power W is switched on in
the calorimeter (Fig. la, curve 2) the temperature will
change as shown by curve 2 in Fig. Ib.

If this heater with an appropriate power is switched on
during the absorption of heat at the expense of the measured
thermal effect, the temperature of the calorimeter will
change according to curve 3, Fig. Ib. Practically the same
result also should be assured when the investigated process
results in the liberation of heat in the calorimeter. The only
difference is that during the heat liberation, the calorimeter
heater should be switched on before the experiment begins
and the temperature of its jacket should be such that all
heat given off by this heater and the resistance thermometers
is transmitted to the jacket. However, with this method of
compensating the measured thermal effect, the current in-
tensity in the heater should change continuously. To ob-
viate this difficulty, we made use of intermittent switching
on of a constant power heater in the calorimeter (Fig. Ic).
As can be seen from Fig. Id, in this case the temperature of
the calorimeter during the experiment shows only very small
deviations from constancy and the computation of the
quantity of heat is reduced to determining the power of the
heater and its off-time in heat liberation or on-time in heat
absorption.

Figure 2 shows the electric circuit of a calorimeter. The
compensating heater of the calorimeter (1) is fed from the
storage battery (2). The heater is switched on by agroup of
contacts of the electromagnetic relay (3). When the heater
is switched off, the storage batteries carry the ballast resist-
ance (4). The on-time of the heater is summed up by the
counter (5) actuated by the contacts (6). The disk (7) is
rotated at 1 r.p.s. by the synchronous motor of a printing
chronograph operated hv an electron generator with a piezo-
electric frequency stabilizer. This system makes it possible
to account for the on- or off-time of the heater with an ac-

(19) M. M. Popov, Ed., "Termometrie and Calorimetrie,” Moscow
University Press, Moscow, 1954.

(20) E. Calvet and H. Prat, "Réeents progres en microcalorimétrie,”
Paris, 1958.

(21) A. A. Isirikyan, A. V. Kiselev, and G. G. Muttik, Proc. Intern.
Congr. Surface Activity, 2, London, 1957, p. 214; N. N. Avgul, G. I
Berezin, A. V. Kiselev, I. A. Lygina, and G. G. Muttik, Zh. Fiz. Khim.,
31, 1111 (1957).

(22) A. A. Isirikyan and A. V. Kiselev, Zh. Fiz, Khim.,
(1957).
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curacy not below 0.01 sec. A signal for switching on heater
1 can be sent manually by push-button 8 (for switching off,
by push-button 9), but the heater is switched on (or off) only
after the contacts (6) controlled by the chronograph have
operated. In automatic operation, push-button 8 is closed by
jumper 10, auxiliary relay 11 being switched on instead of
push-button 9. During the main part of the experiment, the
recording of the calorimeter drift is interrupted; the output
of the differential relay (12) is switched over from the re-
corder (13) onto the polarized relay (14), which actuates
relay 11.

As was noted above, in our former calorimeters2 the ther-
mal effect was determined by the rise in the temperature of
the calorimeter, the heat capacity of which was measured by
a special experiment. Control of the temperature of the
calorimeter jacket was effected in such a way as to maintain
a constant difference of temperature between the calorimeter
and the jacket during the entire experiment, i.e., to ensure
conditions for a constant heat exchange. This was achieved
by means of a regulator comprising a differential bridge, a
thyratron photoelectric relay, and the heater of the calo-
rimeter jacket. With the new isothermal method the tem-
peratures of the calorimeter and the jacket selected before
the experiment do not change essentially during an experi-
ment. In this way the temperature difference between the
calorimeter and the jacket which ensures a constant heat
exchange is likewise maintained the same during an experi-
ment. The constant temperature of the calorimeter is en-
sured by adjusting the work of the heater in the calorimeter
itself by means of a control resistance thermometer via the
galvanometer (15) and the differential photoelectric relay
(12), which controls the mechanical relay switching the
heater (1) on or off.

As in the former designs of calorimeters with metal
jackets,2l the main parts of the electric circuit are arranged
in the calorimeter jacket. Since in the present calorimeter
the temperature of the jacket does not change at all, these
sections of the circuit are in exceptionally good isothermal
condition, which further improves the stability of the calo-
rimeter operation.

As can be seen from Fig. 2, the adjusting circuit of the
calorimeter jacket in this device is the same as in the former
designs of calorimeters with constant heat exchange.2l In
principle, it can be replaced by sufficiently accurate thermo-
stating of only one jacket.

A certain disadvantage of this method lies in the fact that
it is difficult to follow the rate of heat liberation in the calo-
rimeter when the thermal effect is accounted for with the help
of the heater on- and off-time counter (sometimes the kinet-
ics of heat liberation can supply additional information on
the process under investigation). Besides, during several
tenths of a second after the calorimeter heater has been
switched on, the resistance of the heater differs somewhat
from its steady state value. However, despite the fact that
during an experiment the heater is switched on 50 to 200
times, the resultant error with this design of the heater,2l
which ensures an effective heat transfer to the calorimeter,
does not exceed 0.01-0.02%.

In the described method of measurement, the calorimeter
heat capacity does not affect practically the value of the
measured heat though the sensitivity certainly rises with the
diminishing of the heat capacity. As 98-99% of the
measured heat effect is compensated by the heater, the pre-
cision of heat measurement by this method is almost fully
determined by the sum of the heater power and the time
inaccuracies, which do not exceed 0.1%. Graphic calcula-
tion of the non-compensated part of the heat effect (which
is less than 1-2% out of the total heat effect) is made with
precision by 2-3%. Such a precision of 0.1% is obtained
easily as the negligible change of the calorimeter tempera-
ture during the experiment usually does not disturb the
linearity of calorimeter drift even during many hours of
measurements.

The study of differential heats of adsorption of different
substances by silica gel in the calorimeter described823
showed good reproducibility of the results and the precision
which was shown above.

Adsorption Measurement.—The measurement of ad-
sorption was made in a vacuum microburet24 by the change

(23) O. M. Dzhigit, A. V. Kiselev, and G. G. Muttik, Kolloidn.
Zh., 23, 553 (1961); 24, 15 (1962).
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a, nmole/g.

Fig. 3.—(a) The dependence of the differential heat of
adsorption of diethyl ether (1) and n-pentane (2) vapors
on the amount of adsorption a by type 5A porous crystals.
The various designations of the points correspond to the
different series of measu-ements after the evacuation,
(b) the corresponding isotherm of adsorption a (p/p, is the
relative vapor pressure); black points signify desorption.

of liquid level in a calibrated glass capillary. The calori-
metric vessel with the adsorbent, liquid microburet, and
other parts of the vacuum unit were separated from each
other by metallic electromagnetic valves with Teflon lin-
ings.z3

The Adsorbent.—For this study a zeolite similar to Linde
Molecular Sieve 5A was used, the channels of which are ac-
cessible both for the molecules of n-pentane and ether. To
avoid thepossible complications and inhomogeneities brought
about by the bond material in the production of the molec-
ular sieve tablets, we used mre porous crystals without any
bond material. These crystals, having the composition
0.216Na20-0.764Ca0 «A12C3-1.92Si02-xHD, were prepared
in Dr. Zhdanov's laboratory.?5 The porous crystals were
evacuated before the calcrimetric measurements at 450c
during 100-150 hr.

Results oid Discussion

The experimental isotherms of adsorption and
the dependences of diferential heats of adsorption
Qa on the quantity adsorbed are presented in Fig. 3.
The equilibrium vapor pressure of ether, as well as
of n-pentane, in the mean region of channel filling
amounted to less than 0.2 mm., so from the iso-
therm of adsorption it was impossible to draw con-
clusions as to the difference in the adsorption prop-
erties of these systems. On the other hand, this
difference is obvious from the heat of adsorption
curves. The heat of adsorption of ft-pentane in the
porous crystal channe s of zeolite type 5A is very
great in comparison with the adsorption on silica
gelBand even on carbon black.34 For low adsorp-

(24) V. P. Dreving, A. V. Kiselev, and Y. A. Eltekov, Dokl. Akad.
Nauk SSSR, 86, 349 (1952).

(25) O. M. Dzhigit, S. P. Zhdanov, A. V. Kiselev, and G. G. Muttik,
Zh. Fiz. Khim., 36, 919 (1962).

(26) A. A. Isirikyan, A. \i. Kiselev, and B. A. Frolov, Zh. Fiz.
Khim., 33, 389 (1959); A. \. Kiselev and B. A. Frolov, Kinetika i
Kataliz, 3, No. 5 (1962).
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Fig. 4.—The change of differential molar entropy of the
adsorption of ether (1) and n-penfane (2) by zeolite type
5A with the increase of the adsorbed quantity a.

tion it is about 14 kcal./mole. We did not notice
any initial drop of the heat of adsorption. This
points out the great homogeneity of porous crystals
produced in Dr. Zhdanov’s laboratory. With the
increase of filling, the heat of adsorption of n-
pentane rises approximately by 2.0 kcal./mole and
reaches the maximum value of 16.0 kcal./mole at
a = 1.5 mmoles/g.Z This value of a corresponds
to the sharp turn of the isotherm of adsorption to
the right (the beginning of rapid rise of equilibrium
vapor pressure). After this maximum the heat of
adsorption quickly falls to a value which is close to
the heat of condensation. Such form of the heat of
adsorption isotherm is characteristic for sufficiently
homogeneous surfaces.4 The existing geometrical
and chemical inhomogeneity of a solid surface cannot
now hide the adsorbate-adsorbate attractions,
which appear as the increase of heat of adsorption
with the filling of the adsorption space.

The heat of ether adsorption at the small fillings
is about 27 kcal./mole. This is a very high value
for physical adsorption. It is at least 10-11 kcal./
mole larger than the initial heat of ether adsorption
on the hydrated silica surface,8 with the hydroxyl
groups of which the ether molecules form hydrogen
bonds.¥ The initial heat of ether adsorption on
the walls of the zeolite channels which contain Na+
and Ca++ cations is larger by 12 kcal./mole than
the heat of n-pentane adsorption at the same filling.
With increasing filling, the heat of ether adsorption
diminishes gradually,® remaining, however, larger
than the heat of n-pentane adsorption. Close to
complete filling of the porous crystal channels, it
quickly falls to the value which is close to the heat of
condensation.

In recent papers33l of our Laboratory, it was

(27) Barrer and co-workers also found the maxima of the heats of
adsorption for iodine,7 oxygen, carbon dioxide,10and fluorocarbons2
by zeolites.

(28) R. M. Barrer and P. J. Reucroft. Proc. Roy. Soc. (London),
A258, 449 (1960).

(29) The diminishing of the heat of adsorption, especially in the
case of Ca zeolites, was obtained in ref. 7, 10, and 17.

(30) A. V. Kiselev and L. F. Pavlova, Kinetika i Kataliz, 2, 599
(1961) ; S. P. Zhdanov, A. V. Kiselev, and L. F. Pavlova, ibid., 3, 445
(1962)

O. M. D zhigit, A. V. Kiselev, and G. G. Muttik
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noted that there is some further sorption, and
hence greater density of the adsorbate molecules in
porous crystal channels with the rise of vapor pres-
sure (or gas-phase concentration).

It follows from the adsorption isotherms that at
the relative vapor pressure p/ps = 0.5, one large
cavity of type 5A zeolite contains only about 3.5
molecules of ether or n-pentane. Thus, the state of
the adsorbate in the porous crystal channels dif-
fers sharply from the normal liquid state.10

In Fig. 4 are represented the curves of differential
molar entropies of ether and n-pentane adsorption
by this zeolite (the standard state is the ordinary
liguid sorbate). Naturally, such large values of
heats of adsorption lead to sharp loss of mobility of
molecules in the channels of porous crystals. This
loss for the polar molecules of ether is much more
pronounced than for their adsorption on the hy-
drated surface of silica gel.8

As was noted in the Introduction, the difference
between the heats of adsorption of ether and n-
pentane (which diminishes with the filling up of
zeolite channels, as can be seen from Fig. 3) might
be attributed in the main to the contribution to the
energy of adsorption of electrostatic interaction of
the dipoles of the ether molecules mainly with the
Ca+2and perhaps N a+ cations of the porous crystal
skeleton. It is natural to expect that at the begin-
ning of sorption the ether molecules must be fixed
on the more favorably located bivalent Ca+2 ions
and then on less favorably located Ca+2ions and
probably on monovalent Na+ ions. Though there
is no precise information about the arrangement of
these cations on the silica-alumina skeleton, it is
possible in any case to assume that the accessible
cations for the adsorbing molecules are arranged
above the A104 ions and are directed into the zeo-
lite cavities. As the A104~ ions are bound only
through the SiO4tetrahedra, for the rough evalua-
tion of electrostatic energy it is possible to assume
the model of interaction of ether dipole with the
isolated cations.®2 For such a model of dipole-
isolated ion interaction de Boer3 and Iliin34 had
given the approximate formula for the Coulomb
attraction energy in the most favorable orientation

in which is the dipole moment, | is the electron
charge, vis the ion valence, and 20is the equilibrium
distance between the dipole and ion centers. The
value of z0is not known precisely. However, for a
crude evaluation, it might be assumed as the sum
of van der Waals radii of an oxygen atom in ether
(rg ==1.6 A.3 and that of a cation, roi. As the
selection of the rO\ value is difficult, we made the
evaluation of $9for two choices of rg—first, from

(31) A. V. Kiselev, V. N. Semenova, and Y. A. Eltekov, ibid., 3, 421
(1962).

(32) The contribution of induction energy in this case is not large
and for the ether and n-pentane is approximately the same.

(33) J. H. de Boer, “Electron Emission and Adsorption Phenom-
ena,” Cambridge University Press, New York, N. Y., 1935.

(34) B. V. lliin, A. A. Leontjeva, and S. Y. Bragin, ZhETF, 6,
1155 (1936); Phil. Mag., [7] 23, 294 (1937).

(35) Landolt-Bornstein, “ Tabellen,” 6 Auflage, 18d, 3 teil, 1951, pp.
632-538.



Nov., 1962

Heats of Adsorption of ji-Pentane and Ether by Zeolite Type 5A

2131

Fig. 5.—A comparison of the differential heat of adsorption of diethyl ether (1) and ra-pentane (2) vapors on the amount
of adsorption a (per unit surface) or a (per gram) by graphitized thermal carbon blac« (a), hydrated silica (b), and

type 5A porous crystals (c).

the lattice of the corresponding metal (as it is possi-
ble that this value is closer to the van der Waals
radius; in the case of calcium it agrees with the
van der Waals radius of the atom of the neighboring
noble gas, namely, argon; in the case of sodium it
exceeds rQ for neon only by about 15%). Second,
we took the rQj value from the lattice of the ionic
crystal (ionic radii). In Table I, the results of these
approximate evaluations of $care given and also the
<9values for mean values of roi,as well as correspond-
ing values of 0.65%c (f.e., with 35% deducted for
the energy of repulsion).3 The less favorable orien-
tation of a dipole should decrease these values to
some extent. The data given in the last two
columns of this table show that the observed dif-
ference between the heats of adsorption of ether and
n-pentane in the channels of the zeolite type 5A
and the diminishing of this difference with the in-
crease of the pore filling (see Fig. 3) can be ex-
plained mainly by the energy of the Coulomb in-
teraction of the ether dipoles with the Ca+2 in
different orientation and probably with the Na+ of
the zeolite. For more precise evaluation, it is of
course necessary to take into consideration the in-
teraction of the ether dipole with all the neighboring
cations and with the complex A104_ions, and also
the arrangement of ether molecules in the most
favorable places, of minimum total potential en-
ergy, both electrostatic and dispersion, with the
porous crystal skeleton as a whole. For the solution
of these problems, experimental work on the heat of
adsorption by zeolites of different types is necessary
(for example zeolites of types A and X with dif-
ferent cations and different Al 3:Si02 ratios), as
well as the calculations of the potential of dispersion
and electrostatic forces in zeolite channels.

The data necessary for such calculations have not
been obtained as yet, but it is interesting to com-

TaBLE |

The results of the approximate evaluation of the energy of
coulomb interaction 3¢ of the ether dipole n = 1. 18D (rgj =
16 A.) with the isolated ions Ca+2 and Na+ at the different
values of their radii; 7q.

<, —0.65$>c,

Choice of ion radius roj, A. kcal./mole kcal./mole
value Ca+2 Na+ Ca+ Na+ Ca+* Na-
As in the metal
lattice 2.0 l .o 13 7 9 5
As in the ion
lattice 1.0 i0 24 12 16 8
Mean values 1.5 .4 17 9 1 6

pare the experimentally determined energy of ad-
sorption of ether and '«-pentane on the surface of
the adsorbents of different nature: non-polar, carry-
ing dipoles, and ions. In Fig. 5 there are compared
the dependence curves of differential heats of ad-
sorption on the adsorption values for ether and n-
pentane on the graphitized carbon black,39%
hydroxylated surface cf silica,8% and in the chan-
nels of the zeolite type 5A crystals. It is clear from
this figure that on graphitized carbon black, on
which adsorption is mainly determined by disper-
sion forces, the heats of adsorption of these two
substances are close to each other (as their heats of
condensation L), the heat of adsorption of ether
even being 0.7-0.8 kcal./mole lower than the heat
of adsorption of n-pentane. On the adsorbents

(36) In ref. 3 the heat of adsorption of n-pentane on the Spheron-6
carbon black, heated to 1700% was studied. In Fig. 5 these data
are corrected for the small difference between the heats of adsorption
at the transfer to the Thermal carbon black, graphitized at 3000°.
This correction was made on tie basis of related measurements of heat
of adsorption of n-hexane on Channel and Thermal blacks graphitized
at about 3000°.%

(37) A. A. Isirikyan and A. V, Kiselev, J, Phys, Chem.t 65, 601
(1961); 66,205 (1962).
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carrying dipoles (hydroxylated silica surface) or
exchanging ions (porous crystals of zeolite) the heat
of ether adsorption exceeds greatly the heat of n-
pentane adsorption: namely, this excess for the
hydroxylated silica is about 7.5 kcal./mole and for
type 5A zeolite is even larger, about 10-13 kcal./
mole.

The excess of the heat of ether adsorption above
the heat of n-pentane adsorption on the hydrox-
ylated silica surface was explained by us by the
forming of hydrogen bonds between the oxygen of
the ether molecule and the silanol hydroxyl groups
of the surface. However, in the case of type 5A
zeolite, the heat of ether adsorption exceeds the
heat of n-pentane adsorption by a still greater
quantity than in the case of hydroxylated silica
surface, though in the case of zeolite, the hydrogen
bonds are not formed (the infrared spectrum does
not show the hydroxyl groups in the zeolite 5A
evacuated at the high temperature). The differ-
ence between the heats of adsorption of ether and
n-pentane appears to be greatest not in the case of
adsorption on the hydroxylated surface when there
is the possibility of hydrogen bond forming, but
in the case of the adsorption on ionic surfaces when
this bond is impossible. As was mentioned before,
in the case of ether adsorption by type 5A zeolite,
the sharp increase of the heat of adsorption at the
transfer from n-pentane to ether apparently is due
to the additional electrostatic interaction of the
dipole of an ether molecule with the cations, which

CHARGE TRANSFER
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exist on the walls of zeolite channels. This leads
to the assumption that in the cases shown in Fig.
5 b and ¢ we have a quantitative difference, rather
than a qualitative one; the heat of ether adsorption
rises with the increase of the contribution of the
electrostatic forces in the total energy of the ad-
sorption interaction. This comparison shows that
the experimental and theoretical investigations of
the adsorption on the possibly more homogeneous
solid non-polar surfaces as well as surfaces carrying
different dipoles and also different ions would help
us to understand the nature of intermolecular inter-
actions and particularly the interactions which
usually are named hydrogen bonds. At the adsorp-
tion on both hydroxylated and cationic surfaces the
quantum-mechanical effects probably are also
important.3
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Hydrogen gas yields from the radiolysis of mixtures of saturated hydrocarbons do not necessarily follow a “law of aver-

ages” ((?h2 = 2 electron fraction X (jWo)), but may be greater or smaller than the predicted value.

This effect is be-

lieved to result from a charge exchange occurring on collision between the parent positive ion and a neighboring molecule of

lower ionization potential.
which absorbed energy.
transfer energy are considered to be electronically excited.

Subsequent charge neutralization results in the decomposition of a different molecule than that
Not all molecules which can decompose can transfer energy in this fashion; those which cannot
On the assumption that charge transfer occurs during the inter-

val between ionization and charge neutralization, it can be determined that the lifetime of the charge pair is about 4 X 10-13

sec. in alkane solvents.

Introduction

In radiation chemistry, the term “protective
effect” has two general meanings. In one case,
a particular solute is “protected” from decom-
position by the presence of a second solute which is
much more reactive toward the intermediates (free
radicals, ions, etc.) produced by the decomposition
of the solvent. Usually, this can be considered a
simple case of competing reactions. The extent
of solvent decomposition is unchanged.

In the second case, the solute in some manner
decreases the decomposition of the solvent mole-
cules. The mechanisms suggested have included
energy transfer from solvent to solute molecule,
negative ion formation, and charge transfer. An
excellent description of these mechanisms has been

made by Burton and Lipsky.1 It is this second
case, where the solvent molecules are protected
from decomposition, that will be considered ex-
clusively in this paper.

Magee and Burton23 suggested on theoretical
grounds that energy transfer would take place by
a charge transfer mechanism. In the radiolysis of
a mixture of A and B molecules, if the ionization
potential of B is greater than that of A, a charge
transfer from B+ to A will occur, giving a system
increasingly rich in A+. The radiolysis products,
formed subsequent to charge neutralization, will

(1) M. Burton and S. Lipsky, J. Phys. Chem., 61, 1461 (1957).

(2) J. L. Magee and M. Burton, ./. Am. Chem. Soc., 72, 1965
(1950).

(3) J. L, Magee and M. Burton, ibid., 73, 523 (1951).

Adcad.
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be more characteristic of A than would be expected
from the gross composition of the system.

In addition to charge transfer, it has been shown
in certain cases that energy may be transferred
between electronically excited states in multi-
component systems. Dreeskamp and Burton4
have reviewed the possible consequences in radia-
tion chemistry. It should be noted, however, that
in all systems giving evidence of this type of
energy transfer, at least one component has been
aromatic in nature.

Many experimental studies to determine the
extent of such solvent protection by energy trans-
fer have been made. It is not practical, however,
to measure directly the change in the amount of
solvent decomposed. Accordingly, one must select
a measurable product, and relate a change in its
radiolytic yield to the degree of protection. Such
a step presupposes an unambiguous explanation of
the mechanism of reaction, and it is on the validity
of this assumption that most objections arise.

A case in point is the radiolytic hydrogen gas
yield from alkane-aromatic mixtures, particularly
the system cyclohexane-benzene, which has been
studied extensively.5-12 In this case the hydrogen
gas yield from cyclohexane is decreased markedly
by small amounts of benzene. The decrease may
be due entirely to energy transfer from cyclo-
hexane to benzene. On the other hand, hydrogen
atoms, which are known to be intermediates in
alkane radiolysis, may add preferentially to the
benzene ring. Accordingly, the decrease in hydro-
gen gas yield may result from scavenging action of
the “protecting” molecule.

It is perhaps unfortunate that in most systems
studied there are few cases where one can positively
say that the fate of intermediate free radicals is not
affected to some extent by the presence of the
“protecting” material. Such cases where radical
scavenging appears not to affect the product
yield are: C2gases from cyclohexane-cyclohexene;
ethylene from cyclohexane-benzene; acetylene
from benzene-cyclohexene, and from benzene-
toluene.5 In these systems there is good qualita-
tive evidence for energy transfer, but the accuracy
of the data is not sufficient to give quantitative
results. Too, in all these systems the details of
the reactions to form the measured product are
only speculative.

There is, however, one type of system where the
presence of protective effects can be determined
unambiguously. The hydrogen gas yield from mix-
tures of pure saturated hydrocarbons at low con-
version should give unambiguous results.

(4) H. Dreeskamp and M. Burton, Discussions Faraday Soc., 27, 64
(1959).

(5) J. P. Manion and M. Burton, J. Phys. Chem., 56, 560 (1952).

(6) M. Burton and W. N. Patrick, ibid., 58, 421 (1954).

(7) R. H. Schuler and A. O. Allen, 3. Am. Chem. soc., 77, 507
(1955).

(8) H. A. Dewhurst, J. Chem. Phys., 24, 1254 (1956).

(9) M. Burton, J. Chang., S. Lipsky, and M. P. Reddy, ibid., 26, 1337
(1957).

(10) G. R. Freeman, ibid., 33, 71 (1960).

(11) J. Lamborn and A. J. Swallow, J. Phys. Chem., 65, 920 (1961).

(12) P. J. Dyne and W. M. Jenkinson, Can. J. Chem., 39, 2163
(1931).
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In alkane radiolysis, hydrogen gas is produced by
two mechanisms561314

Oi
RH —> Hr + products (2
a2
RH—>H+ R 2
ki
H+ RH—>H2+ R (3)

In the first, hydrogen gas is produced directly,
in yield Gh unaffected by the presence of free radical
scavengers. Whether the mechanism be extrac-
tion of hydrogen from a nearest neighbor by a hot
hydrogen atom, or whether a molecular detachment
process takes place, is immaterial to the present

argument. In the second, hydrogen atoms are
produced in yield G2 and degrade to thermal
energies. In the absence of scavengers, all such

hydrogen atoms react by reaction 3 to produce
hydrogen gas. The total hydrogen gas vyield
GhZq is the sum of G\anc G2

In any binary mixtura of alkanes B and A, the
hydrogen gas yield from reaction 1 will be x X
triB + (1 —x) X (tia, where x and 1 — x are the
electron fractions of B and A (representing the
fraction of energy absorbed by each) and Gib,
(jia are the respective values of (7, for B and A.
Similarly, the hydrogen gas yield from reactions
2and 3willbe x X Gib + (1 —x) X (?2, for it
does not matter whether the thermal hydrogen
atoms produced in reaction 2 react with A or B.

The total hydrogen yield (Gh3y) expected from
such a mixture therefore isa X GhZeB + (1 —
Xx) X GhZ9A. In otuer words, a plot of the
total hydrogen gas yield vs. electron fraction of one
component should give a straight line (law of
averages). We have found experimentally that a
considerable deviation from a straight line normally
is found, and in this paper a program of experiments
to exploit this difference is reported. A model has
been developed from the results, incorporating
features of energy transfer which have been sug-
gested previously. If the model is correct, certain
values with respect to the lifetime of the excited
species can be calculated.

As indicated previously, apparently incontro-
vertible evidence for energy transfer is available
in the evolution of light hydrocarbons from the
radiolysis of certain hydrocarbon mixtures. This
will be discussed further in a second paper in which
concurring experimental data will be presented.
The present paper is limited to measurement of
hydrogen yields and th :ir interpretation.

Experimental

Materials.—Saturated hydrocarbons were Phillips Pure
Grade, and were further purified by stirring with sulfuric
acid. The extent of unsaturation of the purified material, as
measured by bromination, was less than 0.1 mili, except for
2 3-dimethylbutane, where the unsaturation content was
0.23 m |I. Fisher Reagent isopropyl alcohol was further
purified with 2,4-diphenylhydrazine and distilled. Isopropyl
ether (Eastman White Label) was refluxed with lithium alu-

(13) T. J. Hardwick, J. Phys. Chem., 64, 1623 (1900).
(14) T.J. Hardwick, ibid, 65, 101 (1961).
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Electron fraction neohexane.

1—Hydrogen yields from the system n-hexane-
neohexane.

Fig.

0.2 0.4 0.0 0.8
Electron fraction 2,3-dimethylbutane.

2.—-Hydrogen yields from the system
2,3-dimethylbutane.

Fig. re-hexane-

Electron fraction isopropyl alcohol.

Fig. 3.—Hydrogen vyields from the system
isopropyl alcohol.

ra-hexane-

minum hydride, distilled, and stored under nitrogen before
use. Methyl methacrylate was obtained from Rohm &

Haas, ..

a§10|Ut|0r|5.—Mixtures of the various components were
made up by volume at 23°, and the densities were measured.
With the exception of isopropyl alcohol solutions at high al-
cohol concentrations, ideal behavior on mixing was observed.
Where desirable, viscosities were measured at 23°; mole
fractions and electron fractions were calculated for the mix-

ture. . ..

[rradiations.— irradiations were carried out at 23° in a
manner described previously.1314 Briefly, a 100-ml. sample
of solution was degassed and irradiated to 20-50 krad, using
X-rays from a 3 Mev. Van de Graaff accelerator. The
energy absorbed was monitored concurrently by the Fricke
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dosimeter. Appropriate corrections were made by taking
intﬁ ad:count Ghe rl&Iative.electron densities of the solutions.

yarogen Gas AnalysIS.— After radiolysis, hydrogen was
pumped off the solution through a trap at —196°. The gas
then was isolated from other contaminants (air, methane) and
the amount was measured on a McLeod gage. Reproduci-
bilét {)f the gf/ddo%e yield was better than + 1%.

}yS emS SMUAIEU.—Hydrogen gas yields were measured
for the following mixtures: (a) neohexane- n-hexane, (b) 2,3-
dimethylbutane-re-hexane, (c) isopropyl alcohol-re-hexane,
(d) isopropyl ether-re-hexane, (e) cyclopentane-2,3-di-
methylbutane, and (f) 2-methylpentane-re-octane. In
addition, hydrogen vyields were measured for the system
75% n-hexane-25% neohexane (by volume) containing
varying amounts of methyl methacrylate.

Results

Throughout this paper we have assumed that
energy is absorbed in proportion to the relative
electron density of the components. This postu-
late is considered to hold true, although a sugges-
tion to the contrary has been made in cases where
T electrons are present.1l In any case, however,
2 bonding only is present in the alkanes, alcohols,
and ethers studied.

Hydrogen Gas Yields.—In Fig. 1-4 the radio-
lytic hydrogen gas yields have been plotted as a
function of electron fraction for various two-com-
ponent systems. In no case does this yield cor-
respond to that- expected from the electron frac-
tion of the individual components. In the sys-
tems studied, the yields are lower than expected,
but the direction of change is not necessarily always
to lower yields. The direction of change in six
binary systems is listed in Table I.

Table |
Direction op Observed Energy Transfer

lonization potentials in e.v. are in parentheses®

Donor Acceptor
re-Hexane (10.17) Neohexane (10.04)
re-Hexane (10.17) 2,3-Dimethylbutane (10.00)
re-Hexane (10.17) Isopropyl alcohol (10.15)°
re-Hexane (10.17) Diisopropyl ether (9.3)ft
Cyclopentane (10.51) 2,3-Dimethylbutane (10.00)
2-Methylpentane (10.09) re-Octane (9.99)c

“ Value uncertain to £+0.05 e.v. 6 Estimated from values
for dimethyl ether and diethyl ether. 0Estimated as per
method (a), Table II11.

We shall consider that a transfer of energy has
occurred from, for example, n-hexane to neohexane
(Fig. 1). For 0.25 electron fraction neohexane,
the hydrogen gas yield is that expected from the
decomposition of 0.51 electron fraction neohexane.
It would appear that some 0.26 electron fraction
n-hexane had transferred its energy to neohexane
before chemical decomposition occurred.

This phenomenon may be generalized for a two-
component system, A and B, where there is a net
transfer of energy from B -* A. Let x be the
electron fraction of B as calculated from relative
concentrations. Let y be the mole fraction of
B. Let z be the apparent electron fraction of B
as indicated by the measured value of Gnt. In
the example given above for n-hexane (B)-neo-
hexane (A) (Fig. 1) 1 —x —0.25, 1 —z = 0.51.

The amount of B which transfers energy is
1 —2)—(@Q —x) = x—=z. The fraction of B mole-
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Tabte Il

Parameters Calculated from Data in Figures 1-5, for Various Binary Mixtures”

Direction of
charge transfer

n-Hexane —m2 3-dimethyl-

Cyclopentane —2,3-dimethyl-

% Acceptor n-Hexane — neohexane butane n-Hexane — isopropanol butane
by volume F NX F NX F N\ F NX
5 0.125 2.52 0.145 2.98 0.169 2.13

10 .223 2.28 .265 2.70 .290 1.97 0.175 2.38
15 .329 2.25 .375 2.58 .393 1.94 .257 2.33
20 420 2.18 462 2.40 484 1.98 .341 2.30
25 .485 2.04 541 2.26 562 2.05 418 2.25
30 .559 1.98 .611 2.16 .632 2.15 481 2.15
35 .613 1.88 .657 2.02 675 2.23 .561 2.13
40 .664 1.80 713 1.92 751 2.47 .616 2.04
50 726 1.60 754 1.66 .858 3.00 .729 1.89

“ F is the fraction of eligible molecules which transfer energy.

time.

cules absorbing energy, and which subsequently
transfer this energy, is (x —z)/x.

In Fig. 5we have plotted the function (x —z)/x
against electron fraction of A, using data obtained
from Fig. 1-3. In all cases the donor molecule is
n-hexane, while the energy is accepted by neo-
hexane, 2,3-dimethylbutane, and isopropyl alcohol.
Two points are of interest: (a) the limiting value
of (x —z)/x for all three components (A) is identical
within experimental error, indicating that the
characteristics of the donor rather than acceptor
molecule govern the process, and (b) even at high
acceptor concentrations not all of the donor type
molecules can transfer energy. For «-hexane only
70% of the molecules absorbing energy can transfer
it to another molecule.

On making a similar plot for the system cyclo-
pentane-2,3-dimethylbutane, one finds that 79%
of the excited molecules of cyclopentane molecules
can transfer energy. Likewise, it is found that
52% of the energy absorbed by 2-methylpentane is
transferable to n-octane. This limiting number
(L) of excited molecules “eligible” for energy
transfer appears to vary with the nature of the
donor molecule.

Knowing the limiting fraction of excited mole-
cules which can transfer energy, the fraction (F)
of these “eligible” molecules which do transfer
their energy can be calculated (F = (x — z)/Lx).
Values of F for several binary systems are given
in Table 1l for various concentrations of acceptor
A.

In order to transfer energy, we have assumed that
collisions between excited donor molecule and
acceptor molecule must occur, and in absence of
evidence to the contrary, that such collisions are
governed by the normal laws of diffusion in liquids.
The collision frequency of an excited molecule
B* with A will be proportional to the mole fraction
of A.  We also are assuming throughout the discus-
sion that energy transfer occurs in unit probability
on collision of B* with A.

It is easily seen from the values of F in Table 11
that the excited species B* exists during several
collisions with other molecules of the system. The
total number of collisions (N) which B* will undergo
during its existence will be F/(I —Yy).

Collision frequency depends on collision diameter,
molecular weight, viscosity, and temperature.

N\ is the total number of collisions by B* during its life-

0.2 0.4 0.6
Electron fraction 2,3-dimethylbutane.

Fig. 4—Hydrogen yields from the system cyclopentane-
2,3-dimethylbutane.

0.8

Electron fraction acceptor.

Fig. 5.—Fraction of «hexane transferring energy in
various systems (* —z)/x, X, neohexane; O, 2,3-dimethyl-
butane; e, isopropyl alcohol.

The first twio parameters are constant in a particu-
lar binary system, but the viscosity may vary.
We are not entirely sure of the legitimacy of apply-
ing a viscosity correction to the total number of
collisions of B* in the present instance, for can it
be said that a molecule, and an excited one at that,
recognizes the viscosity of the medium within
several collisions? In addition, although the gross
temperature of the system is constant during
radiolysis, the local temperature, or kinetic energy,
of molecules near the original column of ionization
may be greater than normal. A local decrease in
viscosity therefore would be expected. Neverthe-
less, we have applied a viscosity normalizing factor
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[Salvent]/[methyl methacrylate].

Fig. 6 —Kinetic plot for determining Gi in the system
0.25 electron fraction neohexane-0.75 electron fraction
n-hexane; H atom scavenger-methyl methacrylate.

to the systems containing n-hexane, consisting of a
term X the ratio of the viscosity of the solution to
that of the pure donor 7710 at 23°. Values of
N\ are given in Table Il for various concentrations
of acceptor.

As the concentration of acceptor molecules in-
creases, the “lifetime” of B*, as measured by the
total number of collisions, is somewhat reduced.
It would appear that two processes are instru-
mental in removing B*, and that energy transfer
is predominant at higher concentrations of acceptor
molecules. The mechanisms of these processes
will be discussed later.

Effect of Energy Transfer on G, and G2— In any
binary system, factors affecting Ghao) naturally
would be reflected in values of Gj and/or (72
Consider the case of neohexane (Gi = 1.16, GZ =
1.96)-n-hexane (G\ = 2.12, & = 3.16) mixtures.
A solution 0.25 electron fraction neohexane radio-
lytically decomposes as 0.51 electron fraction neo-
hexane (Fig. 1). As a result, for this mixture
one would expect Gi to be 0.51 X 1.16 + 0.49 X
212 = 162; &= 051 X 196 + 049 X 3.16 =
2.55.

This prediction has been checked experimentally
by measuring the radiolytic hydrogen yield from
the system 0.25 electron fraction neohexane-0.75
electron fraction n-hexane, with varying amounts
of methyl methacrylate scavenger added. It has
been shown previously1l3X4 that a plot of the re-
ciprocal of the decrease in hydrogen yield, 1/AGh,,
due to the added scavenger, vs. the ratio [solvent]/
[solute] gives a straight line, the ordinate intercept
of which is I/GZ. In Fig. 6 we show such a plot,
using experimentally determined values for the
decrease in hydrogen gas yield due to methyl
methacrylate. The ordinate intercept is 0.385,
giving G2 — 2.60. Since ¢ n..» for this system
is 4.17, Gi = 157. Within experimental error
these values agree with those predicted in the pre-
vious paragraph. Such a result supports the con-
tention that energy transfer occurs prior to any
chemical decomposition.

Discussion

Nature of the “Eligible” Molecules.—One of
the significant findings of these experiments is
that not all molecules which decompose are capa-
ble of transferring energy. This limitation seems
to be a property of the donor molecule, e.g., 70%
for n-hexane, 79% for cyclopentane, etc., and is
unaffected by the nature of the acceptor molecule.

T.J. Hardwick
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At this time we make the suggestion that those
molecules which transfer energy do so while in the
ionized state, that is, in the time between ionization
and subsequent charge neutralization by an elec-
tron. This energy transfer is in reality a charge
transfer, and we shall refer to it as such for the
rest of the paper. The remaining molecules which
are not “eligible” to transfer, but which decompose
to give products, are considered to be electronically
excited, and cannot transfer energy in the time
available before unimolecular decomposition.

A criterion for charge transfer is that the ac-
ceptor molecule be at a lower ionization potential
than the donor molecule. Pertinent ionization
potential data for the compounds studied are
given in Table I. We have used photoionization
data as these should be more accurate when con-
sidering differences in ionization potential. In all
cases the ionization potential of the donor is higher
than that of the acceptor.

In the systems chosen for detailed study, it so
happens that the donor molecule has both a higher
ionization potential and a higher radiolytic hydro-
gen gas yield than the acceptor. This of course
results in a lower hydrogen gas yield than ex-
pected from electron fraction data. However,
in the system n-octane (Gh,<) = 6.18)-2-methyl-
pentane (Gum = 4.47), the ionization potential
of n-octane is lower than that of 2-methylpentane.
As a result, n-octane is an acceptor molecule, and
higher yields of radiolytic hydrogen are observed
than would be expected without charge transfer.

It is implicit in our arguments thus far that for
n-hexane 70% of molecules which decompose were
originally in the ionized state, while only 30% were
in an electronically excited state (cross sections for
absorption of energy by vibration and rotation
alone are very small, and such energy absorption
processes will not be considered further). From
general considerations of energy absorption in the
slowing down of ionizing electrons, one would ex-
pect more excitation events than ionization. It
must be remembered, however, that not all exci-
tation levels are repulsive, and accordingly only
part of that energy absorbed by electronic excita-
tion leads to decomposition. Since we are measur-
ing the relative number of events that lead to de-
composition, it is understandable that the ionization
events are in the majority, for it is likely that all
excited molecules formed on charge neutralization
will decompose.

At the lower concentrations of acceptor, a large
number of “eligible” molecules do not transfer
energy. From our interpretation, under such con-
ditions many ions are neutralized before charge
transfer can take place. Once neutralized, energy
transfer is “quenched.”

Lifetime of the Charge Pair—For a particular
donor (e.g., n-hexane) it would be expected that at
low acceptor concentrations the number of colli-
sions before charge neutralization would be about
the same, regardless of the nature of the acceptor
molecule. This does not appear to be so from the
data in Table II.

A referee has suggested an explanation of this
discrepancy. It is expected that, of the molecules
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decomposing through intermediate charge pair
formation, only a fraction will eventually produce
hydrogen gas; furthermore this fraction will vary
from one compound to another, in general being
large for n- and cycloalkanes, and smaller with in-
creasingly branched alkanes. In the transfer of
charge from «-hexane to the other hexane isomers,
ions which eventually would have produced
hydrogen gas now have been replaced by those
which form predominantly alkyl radical pairs.
The resulting decrease in hydrogen gas yield is in
accord with the observed decrease of N\ with in-
creasing acceptor concentration.

The proper values of N\ are those obtained by
extrapolation to zero concentration of acceptor.
For «-hexane-isohexane systems (JVX)o = 2.5 and
2.9 collisions for acceptors neohexane and 2,3-
dimethylbutane, respectively. In the case of such
mixtures, the collision frequency of one molecule
with its neighbors can be calculated with some
accuracy (6.6 X 1012 collisions/sec.). The life-
time of a charge pair is therefore 2.5-2.9 collisions/
6.6 X 1l0Z2collisions/sec. = 4-5 X 10-13sec.

Evidence for Charge Transfer in Previous Work.
—For the cyclohexane-benzene system Freemani
concluded that the ratio of rate constants fa/fa

fa
c-CHI* + CH6— 5 cCHi2+ CeH6E (4)

fa
c-CaHI>* —> c-CeHn + H (5)

was 0.78 l./mole, where c-C&i2* represents only a
specific fraction of the cyclohexane molecules which
absorb energy. Clearly hi must be very fast in
order to compete with reaction 5. Very likely the
c-CeH12* molecules of Freeman are similar to our
positive ions, but as was remarked before, it is
difficult to present unchallengeable explanations
in the cyclohexane-benzene system. Ramaradhya
and Freeman®B found evidence for positive ion
transfer in the vapor phase from cyclohexane to
benzene and propylene, although it is not clear if
such a mechanism can occur in liquid systems.

Dyne and Jenkinson¥® have shown that D2 is
produced in the radiolysis of cyclohexane containing
cyclohexane-d]2 They further showed that at low
concentration of C@]2 both atoms of the D2
molecule come from the same parent molecule.
Thus in any system containing small amounts of
C®Di2 the D2yield based on the energy absorbed
by C®i2 (Gi(D) in their terminology) is a measure
of the amount of C/Dis which decomposes. If no
energy transfer occurred, Gi(D) should be invariant
from one solvent to another.

Experimentally, however, DyneX’ found that
(71(D) varies widely in various saturated hydro-
carbons. Some have values of (?i(D) larger than
that found with ordinary cyclohexane (0.32)18
others have lower values. In the first column of
Table 111 are listed hydrocarbon solvents where

(15" J. M. Ramaradhya and G. R. Freeman, Can. J. Chem., 39, 1769
(1961}.

(16) P.J. Dyne and W. M. Jenkinson, ibid., 38, 539 (1960).

(17) P. J. Dyne, private communication, 1962.

(18) T. J. Hardwick, J. Phys. Chem.. 66. 117 (1962).
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(?i(D) > 0.32; in the second column, those sol-
vents where (n(D) < 0.32. Photoionization poten-
tials for each hydrocarbon are given in parentheses.
Significantly, all compounds in the first column,
where (?i(D) > 0.32, have ionization potentials
greater than that of cyclohexane, while those in
the second column {(?i(D) < 0.32} have ionization
potentials less than that of cyclohexane.

The explanation for the variation of (?i(D) follows
from our postulate of charge transfer. All com-
pounds in the first column are donor molecules
with respect to cyclohexane; hence more C@i2
will decompose, giving larger values of Gi(D).
On the other hand, hydrocarbons in the second
column are acceptor molecules with respect to
C@i2 and, after charge transfer, fewer C&@i2mole-
cules will decompose, thus giving smaller values
ofGJD).

Table ”l

Comparison of (7I(D) for Some Saturated Hydrocarbons
with (?i(D) for Cyclohexane

Values of Dyne and Denhartogl7

Photoionization potentials in e.v. are in parentheses®

Hydrocarbons where Hydrocarbons where
<?i(D) < 0.32 (ti(D) > 0.32

7:Pentane (10.33) Decahydronaphthalene  (<9.8)b
Isopentane (10.30)  Ethylcyclohexane (<9.86)c
n-Hexane (10.17)  Methylcyclohexane (9.86)
2-Methylpentane (10.09)  2,2,4-Trimethylpentane (9.84)
Neohexane (10.04)
2,4-Dimethylpentane (M).9)
n-Octane (9.99)¢
n-Nonane (9.94)

Cyclohexane (9.88) (?i(D) = 0.32

“ Estimated by extrapolation of the photoionization poten-
tials of normal c3-c7 hydrocarbons, using a curve parallel to
a similar plot of ionization potentials measured by electron
impact. 6 Estimated by analogy of cyclohexane-decahydro-
naphthalene with benzene-naphthalene. cEstimated as
less than methylcyclohexane.

It would appear, therefore, that many of the re-
sults indicating energy transfer in liquid systems
can be considered as a positive charge transfer.
In this we agree with the suggestions of Burton and
Magee,23and have found the lifetime of the charge
pair to be about 4 X 10~13sec.

It probably is pertinent to conclude with a com-
parison of the decrease in hydrogen yields due to
charge transfer and to the scavenging of hydrogen
atoms. Reactions involving radiolytically induced
hydrogen atoms normally are measured using
solutes present in less than 0.01 mole fraction.19
The extent of charge transfer at these low con-
centrations is negligible, for only an insignificant
fraction of positive ions will charge exchange with
solute molecules in the time available. The de-
crease in hydrogen vyield therefore certainly is
due to scavenging of hydrogen atoms by the solute.

At the same time it must be recognized that above
solute concentrations of several per cent, one must
be prepared for products more typical of the solute,
for most solutes have ionization potentials lower
than that of alkanes. In addition, on irradiating
a pure material beyond several per cent conversion,

(19) It has been assumed that the ionization of C6D R2is equal to that
of CsH]2 or at least not more than 0.05 e.v. higher.

(20) W. C. Price, R. Bralsford, P. V. Harris, and R. G. Ridley,
Spectrochem. Acta, 14, 45 (1959).
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charge transfer to products of lower ionization
potential must be considered.

A suggestion of two different effects in the radio-
lysis of mixtures already has been made. Forrestal
and Hamill2Ll have concluded that in the system
cyclohexane-methyl iodide, entirely different mech-
anisms accounted for the decrease in (rk2 in the
ranges 0-0.1% and 0.1-10% methyl iodide. We
suggest that H atom scavenging only occurs in the
lower concentration range, but that charge transfer
plays a significant role in the higher range. Free-
manZ22has interpreted the decrease in hydrogen yield

(21)
(1961).

F. E.Wang, F. A Kanda, and A. J. King

L. J. Forrestal and W. H. Hamill, ,/. Am. Chem. S o c 83, 1535
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in the system methylcyclohexane-benzene as aris-
ing from two distinct phenomena—one occurring
below 5% benzene concentration, which he con-
siders to be hydrogen atom scavenging, and one
effective over the whole range, which he suggests
is energy and/or charge transfer.
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The complete equilibrium diagram of the lithium-strontium system has been determined by the use of differential thermal

analysis and X-ray diffraction methods at room and high temperatures.

ends.

by peritectic reactions:
SreLiz—152°.
of 584°.
point of 578°.
melting point of 134°.
cooling: SrLi —aliquid + SSr—530°;

The degree of solubility of lithium in strontium varies with the allotropie modification of strontium.
fications are: /3-Sr (f.c.c.) up to 231°; y-Sr (h.c.p.) between 231 and 623°; 5-Sr (b.c.c.) above 623°.
liquid +_ y-Sr —»SrsLi (h.c.p.)—496°;
A congruent melting compound approximating the formula Sr7Li (body-centered tet.) has a melting point
This compound forms a eutectic with 5-Sr solid solution at a composition of 88.5 atom % strontium with a melting
Another eutectic forms between Sr6LiZ and the lithium solid solution (a) at 12.5 atom. % strontium with a
The compound, Sr7Li, and the 5-Sr solid solution decompose by inverse peritectic reactions upon
5-Sr —mliquid + y-Sr—515°.

The system displays limited solubility at both
These modi-
Three compounds form

liquid + Sr8.i -+ Srd.i2—198°;, and liquid + SraLi2

The compound Sr8Li exists in two modifications;

the high temperature form (h.c.p.) transforms upon cooling into a low temperature form (tet.) within the temperature range

196-198°.

I. Introduction

The lithium-strontium system was investigated
in order to continue the study of lithium equilib-
rium systems with the alkaline earth metals. Of
interest to us are the effects produced in these sys-
tems by alloying lithium with metals of a constant
valence but varying in atomic diameter, electro-
negativity, and allotropic modifications in the solid
state. Similar studies are under way involving
sodium metal and the alkaline earths. The lithium-
barium systemlwas the first of these to be studied
in our Laboratory. The calcium-lithium system is
currently under investigation as are the systems
involving sodium with strontium and barium. Al-
though some of these systems have been reported
by other investigators,2 they are incomplete or
there is some question regarding the validity of some
of the phases reported. There has been no previous
report published regarding the lithium-strontium
system.

I1. Experimental

Purity of the Metals and Sample Preparation.—Lithium
metal of purity 99.86-99.89 wt. % Li was supplied by the
Foote Mineral Co. Sodium was found to be the major im-
purity and was shown by spectrographic analysis to be pres-
ent in the range of 0.09-0.10% by weight. The m.p. of the
metal was observed to be 180 + 1°, which is in good agree-

(1) D. V. Keller, F. A. Kanda, and A. J. King, J. Phys. Chem., 62,
732 (1958).

(2) H. Remy, G. Wolfram, and H. W. Haase, Schweiz. Arch., 26,
5 (1960); M. R. Wolfson, -Trans. Am. Soc. Metals, 49, 44 (1956);
M. 1. Zamotorin, Metallurgy, 13, 96 (1938).

ment with results reported previously.l'».4s Commercial
grade strontium obtained from King Laboratories, Inc., in
Syracuse, N. Y., was vacuum distilled at a temperature of
850° and a pressure of less than 1. Spectrographic analysis
showed the purified strontium to be free of barium and to
contain only 0.1% calcium and no more than 0.01% each of
other detectable impurities. The melting point of the puri-
fied strontium was found to be 773-774°. Both strontium
and lithium gave ideal flat isothermal pauses in their cooling
curves at the melting point. For the initial investigations,
samples were prepared for every 2-atom % composition in-
terval. Thin walled iron crucibles were used as the sample
containers. Iron does not dissolve significantly in the metals
of the system, nor does excessive intergranular penetration
of the crucible walls occur under the conditions of the experi-
ment.1's Quantities of metals appropriate for the particular
alloys investigated were weighed on an analytical balance
prior to loading the crucibles. These operations were car-
ried out in an argon atmosphere in a drybox provided with
access through a vacuum type air lock chamber. The dry-
box argon was circulated continually through a purification
train consisting of a column of zeolite 4A and a stainless
steel tube containing barium chips and titanium turnings
maintained at 400-500°. Sample size usually was of the
order of 10 cm.3

Thermal Analysis.—In general, the thermal analysis was
performed with the equipment and technique previously
reported by Hirst, et al.6 Controlled heating and cooling
rates within the range 0.8-5.0 deg./min. were used in this
investigation. The recording Chromel-Alumel thermocouple
was calibrated and periodically checked against a standard
Pt-Pt(Rh) (10%) thermocouple certified by the National

(3) S. B. Kliner, 3. Am. Chem. Soc., 74, 5221 (1952).

(4) T. B. Douglas, L. F. Epstein, J. L. Dever, and H. J. Howland,
ibid., 77, 2144 (1955).

(5) J. C. Schottmiller, A. J. King, and F. A. Kanda, J. Phys. Chem.,
62, 1446 (1958).

(6) R. G. Hirst, A. J. King, and F. A. Kanda, ibid., 60, 302 (1956).
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Bureau of Standards. All temperatures recorded in this
investigation therefore are considered to be accurate within
+ 1°. Cooling and heating curves were recorded on two
Brown electronic recorders. One of these recorded a normal
temperature vs. time curve and the other a temperature dif-
ferential vs. time. Runs were repeated until reproducibility
of inflections and isothermal pauses was obtained to within
+1°. As the nature of the system became evident, addi-
tional samples were made up for particular compositional
ranges in order to establish definitely the curvature or ter-
mination of a phase boundary.

X-Ray Diffraction Studies.—All alloy compositions in-
vestigated in this system were subjected to X-ray powder
diffraction studies at room temperature. High temperature

Tabte |
Interplanar Distances Observed on X-Ray Powder
D iffraction Patterns of the Phases which Appear in
the Li SrSystem (with the Exception of Li(a) phase)

SraiB ST3LI2 Srd_i(room temp.-
198°)
f.c.c. tetragonal 0 tetragonal 0
a0 — 14.88 A. a0 = 9.63 A. a0 = 6.16 A.
@ = 8.55A. @ = 8.86 A

d (hkl) lo d (hk) 1o d (hkI) lo
8.50 (111) w.  6.75 (110) ms.  4.47 (110) Vv.v.w.
7.50  (200) w. 653 (Qil) ms.  3.86 (111) v.v.w.
526 (220) vaw. 431 (120) ms.  3.52  (102) s.
431 (222) s. 427 (002) s, 3.27 (112) V.W.
3.71  (400) w.  3.62 (112) v.s.  3.04 (200) w.
341 (331) s 3.41 (220) v.s.  2.93 (003) w.
3.31 (420 vw. 3.16 (221) w. 271 (210) V.W.
3.03 <42 w.  3.04 (122) ms. 2.38 (113) AS
2.86 (511) s. 2.86 (131) w. 2.20 (004) w.
2.62  (440) s. 273 (013) vw. 215 (220) m.s.
2.48  (600) ms 255 (231) v.w.w. 2.10 (104) v.w.
2.35 ;620) v.w. 2.40 (040) w. 2.05 (300) V.W.
2.24 (533) vw 234 (140) ms.  1.97 (310) w.
215 (444) v.vw 227 (330) v.ww, 1.83 (302) s.
SrsLi (198-496°) Sr,Li (530-584°) Sr(0)

h.c.p. body-centered f.c.c.

tetragonal ,, B
a0 = 431 A a0 = 7.61 A do — 6.08 A.
o = 13.85 A o = 6.50 A.

d (hk.1) h d (hkl) lo d (hkl) lo
3.74 (10.0) w. 3.25 (002) ms. 352 (111) Vs
3.63 (10.1) v.v.w. 2.68 (220) 8 3.05 (200) W
3.50 (00.4) s 212 (222 ms. 2.15 (220) ms.
3.29 (10.2) vw. 194 (132) w. 184 (311) s.
2.90 (10.3) w. 1.65 (402) vw. 176 (222) w.
2.55 (10.4) w. 159 (332 vw. 152 (400) v.w.
220 (10.5) v.ww. 154 (114) vw. 139 (331) w.
2.15 (110) w. 142 (143) w.  1.36 (420) v.w.
2,03 (11.2) v.wvw. 134 (440) v.ww. 124 (422) vw.
1.98 (10.6) w. 117 (511) w.
183 (11.4) w. 1.08 (440) v.w.
1.80 (20.2) V.W.

145 (10.8) V.v.w.
1.38 (12.2) VW,

Sr (7) Sr («)

h.c.p. b.c.c. -

o —4.31 A do = 4.84 A.

@ = 7.05A.

d (hk.1) h d (hkl) n

3.75 (10.0) 3.44 (110) Vo
3.51 (00.2) ms. 2.43 (200) s
3.30 (10.1) s. 1.94 (211) w.
2.56 (10.2) w. 1.74 (220) V.W.
2.16 (11.0) V.. 1.47 (310) w.
1.98 (10.3) V.w. 1.40 (222) V.w.
1.84 (11.2) m.s. 1.29 (321) V.V.W.
1.81 (20.1) V.W. 1.21 (400) w.
1.76 (00.4) V.V.W. 1.08 (411) V.W.
1.65 (20.2) V.V.W. 0.99 (332) V.W.
1.59 (11.3) v.w. 0.94 (422) w.
1.40 (20.3) V.W.
1.41 (21.1) V.W.
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X-ray powder diffraction studies also were made for most of
these alloys with a specially constructed Debye-Seherrer
type high temperature camera.6 The reliability of the
sample temperature measurement and control in this
camera was * 1°.

A high temperature diffractometer7 also was used to in-
vestigate strontium-rich alloys between 83 and 97 atom %
strontium. This was necessitated by the fact that these al-
loys exhibited retrograde melting above 500° and the result-
ing high temperature liquid phase reacted with the Vycor
capillaries used with the high temperature powder camera.
An improved specimen furnace in the high temperature dif-
fractometer resulted in low thermal gradients between the
edge and center of the sample amounting to +1° below 400°
and £2° above 400°. All solid state transitions and bound-
aries were determined by high temperature X-ray methods.
Single crystal Weissenberg techniques were used to deter-
mine the crystal structures of Sr@.iZ and Sr3Li2 described
elsewhere.8 The interplanar spacings of strontium (d, y, S)
and all intermediate phases of this system as observed by the
powder method are given in Table I. The method utilized
for the indexing of all the powder patterns was that of 1to9
and Cernohorsky.10

I[II. The Sr-Li Phase System

The phase diagram for this system is shown in
Fig. 1. Particular expanded sections also are shown
in Fig. 2and 3. The system displays a lithium -rich
eutectic at 125 atom % strontium. The eutectic
reaction forms the terminal lithium solid solution
(@) which has a maximum solubility of 2 atom %
strontium and the compound Sr@.iZ The eutectic
temperature, 134°, is observed over the composition
range 2-20.8 atom % strontium. The compound
Sr@ iBis generated also by the peritectic reaction:
liguid + Srd.i2 Sr@&iZB This reaction occurs at
152° over the composition range 20-60 atom %
strontium. A second peritectic reaction occurs at
198° over the composition range 40-89 atom %
strontium in which the compound, Sr3.i2 is formed
by the reaction: Sr&i + liquid Srdi2 A third
peritectic reaction occurs at 496° over the composi-
tion range 81-97 atom % strontium to form the
compound SrsLi: liquid + y-Sr (h.c.p.) SrsLi
(h.c.p.). A congruent melting compound, m.p.
584°, approximating the formula Sri1i forms a
eutectic with the b.c.c. solid solution <5S at a
composition of 885 atom % strontium. The
eutectic isothermal is observed over the composition
range 87-91 atom % strontium. One of the very
interesting features of this system is the appearance
of two inverse peritectic reactions in the strontium -
rich alloys at 515 and 530°. Several casesinvolving
retrograde melting processes have been reported in
recent years.1l The region of the diagram en-

(7) "Phase Equilibrium Studies of Systems Involving the Alkali and
Alkaline Earth Metals,” A.E.C. Report No. Chem. 1620.411P-
0003R4, 1960, p. 54.

(8) F. E. Wang, A. J. King, and F. A. Kanda, J. Phys. Chem., 66,
2142 (1962).

(9) T. Ito, “X-ray Studies on Polymorphism,” Maruzen Co. Ltd.,
Tokyo, 1950, pp. 187-228.

(10) M. Cernohorsky, Acta Cryst., 14, 108 (1961).

(11) W. D. Wilkinson, “Extractive and Physical Metallurgy of
Plutonium and Its Alloys,” Interscience Publ., New York, N. Y., 1960,
pp. 149-167; A. S. Coflinberry and W. N. Miner, “The Metal Plu-
tonium” (World Metallurgical Congress, 2nd) Chicago Univ. Press.,
1961, pp. 252, 270-272; E. Orison, W. B. H. Lord, and R. D. Fowler,
Eds., “Plutonium 1960. The Proceedings of the Second International
Conference on Plutonium Metallurgy, Grenoble, France, 1922 April
1960,” London, Cleaver-Hume Press Ltd., 1961, pp. 276-280; K. A,
Gschneidner, Jr., “Rare Earth Alloys,” D. Van Nostrand Co., Inc.,
1901, p. 145; A. E. Martin, I. Johnson, and H. M, Feder, Trans.
AIME, 221, (No. 4) 789 (1961).
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°C.

compassing these reactions proved difficult to in-
vestigate and interpret.

Since X-ray evidence indicated only one com-
pound, SrsLi (approximate composition of 89 atom
% Sr), between 85 and 90 atom % strontium, the
liquidus dome at 87 atom % strontium was at first
considered to be a smallim miscibility gap associated
with a monotectic process. However, it was found
that primary crystals formed in the metal the in-
stant the liquidus was crossed, ruling out immisci-
bility. In order to identify the solid phase, high
temperature X-ray studies were attempted using
the high temperature powder camera, but all sam-
ples reacted with the Yycor capillaries when heated
above 500°. This was contrary to the behavior of
X-ray specimens above 97 atom % strontium,
which could be heated safely in Vycor capillaries to
temperatures exceeding 630°. Cooling and heating
curves indicated isothermal processes occurring
between 496 and 530°, but thermal pauses in the
curves seemed erratic. Cooling curves gave the
higher value and heating curves the lower value,
but seldom did either curve give both. This
seemed to indicate the possible occurrence of segre-
gation accompanied by a lack of equilibration for
solid-liquid reactions. In an effort to avoid this,
specimens were stirred during the cooling process
below the liquidus temperature. It then was found
that samples above 87 atom % strontium could not
be stirred below 578°, but at 530° they became quite
mushy, more so between 496 and 515°, and finally

F. E W ang, F A Kanda, and A J King
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solidified again at 496°. Since the thermal analyses
were performed in closed iron crucibles, the system
was modified in order to observe visually the sample
while it cooled through this peculiar zone.

The sample was placed in a shallow iron thimble
supported in a Pyrex container. Provision was
made for admitting and maintaining an argon
atmosphere, as well as suitable thermocouple
attachments to the thimble. An iron rod was in-
serted and manipulated through an opening in the
top of the unit so the sample could be probed during
heating or cooling. Induction heating was utilized
for these experiments. There was no doubt that
the samples investigated solidified, remelted, and
solidified again during a cooling cycle. The reverse
processes occurred upon heating the sample. Since
the retrograde melting seemed evident from these
experiments, it was logical to suspect that the dome
shaped liquidus defined a congruent melting com-
pound, the composition of which approximated
SriLi. Since X-ray photographs taken below 496°
displayed lines belonging only to Sr&.i (h.c.p.) and/
or y-Sr solid solution, the disappearance of Srii
by retrograde melting would account for the
observed results. Two other isothermal processes
must of necessity occur; <Sr solid solution (b.c.c.)
must change to y-Sr solid solution (h.c.p.) and Sr&.i
must form peritectically. The solid solution trans-
formation could occur by a eutectoid reaction pro-
vided the eutectoid temperature was above the
retrograde melting temperature of Srii, or by an
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inverse peritectic reaction if the transition tem-
perature was below. Since two isothermal reac-
tions cannot occur concurrently without contra-
dicting the phase rule, three consecutive horizontal
isothermal boundaries must exist. It remained to
locate these boundaries as well as to prove the
nature of the reactions associated with them in addi-
tion to obtaining diffraction data for Srii. For
this purpose the high temperature diffractometer?7
was constructed because the appearance or disap-
pearance of characteristic diffraction peaks would
delineate the melting point of Sr&i, the transition
of 0-Sr solid solution to Y-Sr. and the lower melting
pointof Srii. Smalliron boat-type sample holders
designed for this camera allowed for investigating
mushy specimens without fear of reaction with the
container.

Samples in 1atom % intervals were investigated
over the range 80-100 atom % strontium. The
appearance and growth of all solid phases in either
cooling or heating cycles could be followed readily.
It was found that Srii readily disappeared upon
cooling below 530° but Sr8i formed slowly upon
cooling below 496°. Upon heating, Sr&i readily
melted at 496° but Srii formed slowly at 530°.
This accounted for the variation of isothermal
pauses observed in heating and cooling curves taken
for these samples.

The boundaries of 5-Sr (b.c.c.) «<*7-Sr(h.c.p.) and
the eutectoid Y-Sr (h.c.p.) d-Sr (f.c.c.) + Sr&i
were readily determined using the high temperature
X-ray camera for specimens above 97 atom %
strontium, since none of these compositions under-
goes the melting processes discussed above. Filed
specimens usually suffer sufficient working so that
room temperature samples display the Y-Sr struc-
ture. This results from the samples being trans-
formed by the heat of filing into the Y-Sr form,
which transforms very sluggishly into the room
temperature j3-Sr form. This has been observed
consistently in all alkaline earth systems involving
the (h.c.p.) (f.c.c.) transition.1213

The solid solubility limits of the /3-Sr terminal
solid solution at and near room temperature were
too small to be determined by X-ray techniques.

The compound, Sr8i, undergoes a transition
from the high temperature h.c.p. form to the low
temperature tetragonal form somewhere in the
vicinity of 196-198°. Figure 3 (A) and (B) illus-
trate two possibilities for this transition; in one
case (A), it occurs above, and in (B) below the
eutectoid temperature. Since both thermal analy-
sis and high temperature X-ray data are certain
to at best +1°, the determination of three phase
boundaries within a 2° interval is questionable.
We know for certain that the h.c.p. form exists
above 198° and the tetragonal form exists below
196°. It would be contradictory to the phase rule
if the compound transition coincided with either
one of these temperatures. However, coincidence
of experimental temperature data is purely relative
here since a difference of a fraction of a degree (ex-
perimentally indiscernible) between the two dif-

(12) E. A. Sheldon, Ph.D. Dissertation, Syracuse University, 1949.
(13) J. C. Schottmiller, Ph.D. Dissertation, Syracuse University,
1958.
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Fig. 2.—Detailed diagram of the Sr-rich portion of the
Li-Sr system.

Fig. 3.—Enlarged portion showing two possible inter-
pretations of the transitional temperature of Srd.i.

ferent transitions would be sufficient to allow for
obeyance of the phase rule. It is for this reason
that the transition is shown to be an extension of
the 198° horizontal in Fig. 1 and 2. It could just
as well be shown as an extension of the 196° hori-
zontal.

IV. Discussion

The extremely limited solid solubility ateither end
of the phase diagram must be due to the size factor,
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which is unfavorable for interstitiall4and substitu-
tional®b solid solution formation. The possibility
that the observed retrograde melting band between
496 and 530° is the result of non-equilibrated reac-
tions may be discarded for these reasons: (1) the re-
actions take place at fairly high temperature where
reasonably fast reaction rates can be expected as
evident by the fasty-Sr  ¢-Sr transitions observed
in the solid state for alloys above 97 atom % Sr; (2)
diffractometer studies showed that rapid melting
occurred for SriLi on cooling and Sr&.i on heating
and the subsequent reactions in either cycle, after
the melting process and involving the liquid state,
were the slow reactions; (3) prolonged soaking
treatments above, below, and within this range of
temperature had no effect on the nature of the re-
actions.

Sr8i in its high temperature form shows a num-
ber of X-ray diffraction lines which are common to
the y-Sr solid solution. A similar relationship
exists between the low temperature form of the
compound Sr& i and /3-Sr solid solution. However,
in each case the larger crystal lattice of the com-
pound requires and displays extra diffraction values.
Careful observation of the powder diffraction photo-

(14) G. Hagg, Z. physik. Chem., A12, 33 (1931).

(15) W. Hume-Rothery, “ Structure of Metals and Alloys,” Institute
of Metals, London, 1947.
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graphs and diffractometer readings with respect to
d values and relative intensities for a.l compositions
between 75and 100 atom % Srtaken atvarious tem-
peratures readily established the boundaries in-
volving these phases as given in this paper.

In no case were there diffraction lines which
could not be accounted for by the phases which
should exist under these particular conditions.
It also was found that as compositions approached
88 atom % Sr from either direction not only did
the characteristic diffraction patterns of the com-
pound increase in intensity, but also the alloys be-
came progressively more brittle.

Similarity of the diffraction patterns between the
compound SrsLi (tet. and h.c.p.) and the Sr (j3and
y) phase, respectively, suggests the majority of
strontium atomic positions in the Sr8.i lattices is
essentially that of {3Sr and y-Sr phases. Conse-
quently, the lattice free energy in SrsLi probably is
controlled by the strontium atoms and results in a
transition similar to /?-Sr y-Sr, and occurs at
approximately the same temperature.

Acknowledgment.— This work was supported by
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Two intermediate phases, SrsLi» and Srd_i2 of the strontium-lithium phase equilibrium system have been isolated in a
single crystal form and their structures have been studied by single crystal X-ray methods. Sr@_iZwas found to be cubic,
Oh5o F njm with a0 = 14.88 + 0.05 A. Its density, 1.36 + 0.05 g./cm.8 corresponds to a cell content of four molecules. It
appears to be isomorphous with ThGMn2Z The 24 strontium atoms lie on (e) with x = 0.208. The distribution of the 92 Li
atoms is as follows: 4 on (b), 24 on (d), 32 on (f),, and 32 on (f)2with x = 0.390 and 0.150 for (f)i, and (f)2 respectively.
Complete verification of the atomic positions of class (b) and (d) has been realized with the help of another compound,

SravigZ isomorphous with Sr@LiZand Tha@vin>3 Srd.i2crystallizes on a tetragonal lattice with @ = 9.628 + 0.004 A.,

@ = 8.550 + 0.003 A.
0.03 g./cm.3requires a cell content of four molecules.
with x = 0.29, and 4 on (g) with x = 0.15.
positions (j) with x = 0.11 and z = 0.37.

. Introduction

The two intermediate phases, Sr@.iZBand Srd.i2
were discovered in the investigation of the Li Sr
phase equilibrium system.l Both of these phases
are formed by peritectic reactions and were found
to meltincongruently at 152 and 198°, respectively.
Single crystals were prepared and isolated by
techniques described below. The X-ray data used
in the structure determination of Sr@ iZB were ob-
tained from both powder and Weissenberg photo-
graphs and for Sr3d.i2 Weissenberg photographs
alone were used. The parameters of the Sr atoms
in both phases were determined by Patterson-
Harker and Fourier syntheses. Due to the low X -
ray scattering coefficient of lithium relative to

1) F. E. Wang, F. A. Kanda, and A. J. King, J. Phys. Chem., 66,
2138 (1962).

Its diffraction effects are in accord with space group D4114=p42;m,4/ii,2ni.

Its density of 2.15 +

] The 12 strontium atoms are distributed as follows: 4 on (d), 4 on (f)
Suitable space is available in the cell for the 8 lithium atoms on the equivalent

strontium, the parameters of the lithium are based
largely upon space considerations. The positions
selected for these atoms are in accord with their
respective space groups and the calculated inter-
atomic distances are within acceptable limits.

Il. Experimental

Growth of Single Crystals.—The composition of Sra.i3
is so close to that at which its peritectic isothermal boundary
intersects the liquidus' that a melt corresponding in composi-
tion to Sr@LiZ crystallizes almost as though it were a con-
gruent melting phase. An alloy containing 79.2 atom % Li
and 20.8 atom % Sr was prepared by melting and homog-
enizing at a temperature 100° above the peritectic tem-
perature (152°) in the thermal analysis equipment described
in the preceeding artic.e.1

After cooling to room temperature, the brittle alloy was
transferred to a glass tube containing dry mineral oil. Since
the density of the alloy (1.3 g./cm.3 was greater than that
of the oil (0.8 g./cm.3, melting it (m.p. 152°) under oil
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(b.p. 230°) provided a convenient method for subsequent
single crystal growth and pulling. Single crystals for use in
the X-ray studies were prepared by drawing alternate layers
of oil and molten alloy into thin walled Pyrex capillary
tubes [0.5 mm. o0.d.). The tubes then were withdrawn very
slowly from the hot oil so that crystallization progressed
down the capillary. Practically all of the single crystals ob-
tained in this manner displayed [110] directions parallel
to the axis of the capillary.

Single crystals of the Srd.i2 phase could not be grown in
this manner since its composition was too far removed from
the junction of the peritectic isothermal and the liquidus
line.l Srdi2forms by reaction of liquid with solid Srsi for
alloys of higher strontium content than 40 atom %. It is
difficult or even impossible to obtain homogeneous single
crystals of suitable size in a diffusion process of this sort.
However, primary crystals of Srdi2form from cooled melts
ranging in composition between 21 and 40 atom % Sr. These
crystals and their liquid matrix alloy react at 152° to form
Sr&iZ by a peritectic reaction. The crystals of Srd.i2 used
in thi3 investigation were prepared in the following manner.
A 40 atom % Sr alloy was melted and homogenized at 270°
and cooled at a rate of 0.5 deg./min. to 160°. The alloy
and container were held at this temperature for 2 hr., and
finally quenched in ice water. The slow cool to 160° and
subsequent soaking assured good crystal formation. The
quench prevented the crystals from reacting with the re-
maining liquid to form Sr@&.i2Z Single crystals of Srd.i2
trapped in the alloy could be separated readily from the
matrix under oil. The crystals obtained this way then were
sealed under oil in a capillary.

Structure Determination. Sr@.i23— Weissenberg photo-
graphs of the zero, second, and fourth layers in the [110]
direction were taken with filtered Cu Ka radiation. Visual
estimates of the intensities were made by use of the multiple
film technique.2 The usual Lorentz-polarization corrections
were applied. The absorption correction was not made be-
cause the effect was computed to be negligible. The sys-
tematic absence in h,k,L, of mixed odd and even, and the
symmetry for these h,k,L, indicated a f.c.c. cell with a pa-

rameter of au = 14.88 + 0.03 A. The density of the crystals
was determined by the flotation method using xylene and
carbon tetrachloride as the miscible liquids. The average of
five determinations was 1.36 +* 0.05 g./cm.3. On the basis
of the thermal analysis, the compound composition was
within the range 20-21 atom % strontium. Three possible
formulas of the compound which fall within this range are
SrLb, Sr&i3, and Sra.i2Z3 On the basis of the cell parameters
and the density, the number of molecules in the unit cell for
these were calculated to be 23.4, 3.1, and 3.9, respectively.
Since a f.c.c. structure should have a number of molecules
which is a multiple of four, Sr@.iB seemed to be the most
likely choice.

Table |

Identification of the Peaks Observed in Fit;. 1

Peak Identification Position (
A Origin vector peak 0.00
B 24 lithium atoms in class (d)“ 116
C 32 lithium atoms in class (f)i .220
D 32 lithium atoms in class (f)2 .300
3 24 strontium atoms in class (e) 416

a See discussion concerning the assignment of class (d) to
these 24 Li atoms.
Table Il
in Sr&iB as Deter-

mined from Patterson—Harker Peaks Compared with
T hose of ThGMnN2AB Reported by Florio, et al.3

Parameters of Atomic Positions

Atom class Sruu ThAT a—
(e) Sr(a;) = 0.208 Th(x) = 0.203
®i Li(x) = .39C Mn(i) = .378
(f)» Li(x) = .150 Mn(i) = .178
) Li(x)L = .058 Mn(z) = .250

1 See discussion concerning assignment of class (d) to

these 24 Li atoms.

,2) J. Robertson, J. sei. Irish-, 20, 175 (1943).
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Fig. 1.—-One-dimensional Patterson-Harker synthesis of

Sr/Li—

Table Il
Atomic Positions and Parameters of Srai3

Add (V2 Va, 0; V20O, 'A, O, Vs, ‘A) to each set

24 Sr (e); X, 0,0; 0, X, 0; 0,0, X
X, 0, 0; O, X. 0; O, O, X
with X = 0.208
4 Li (b); ‘A, Vs, Vs
24 Li (d); 0, Vi, ‘A; V4 0, Vu 'A, 'A, 0;
o, Vi, Vu V4 o0, Vu Vi, Vi, 0
32 Li (f)i;
with X = 0.390
32 Li ()2 Same as (f), except X = 0.150

Additional support for this selection was obtained from
the crystal structure data for Th»Mn2 (formerly considered
to be ThMn4%.3

The atomic radii ratio of Th/Mn considering an eight
coordination number was 1.388. For similar coordination,
the Sr/Li ratio is 1.381. On the basis of the similarities in
formulas and radii ratio, the space group Oh5 = Fnfin
found for Th@Mn2Bseemed a logical choice for Sraiz3

Subsequently, a one-dimensional Patterson-Harker syn-
thesis was performed using 65 symmetry-independent ob-
served reflections; the result is given in Fig. 1.

The identification of each peak was made on the basis of
their relative heights when compared to the origin peak and
isgiven in Table I .

On this basis, peak B appeared to possess the right weight
to be assigned to 24 Li atoms but this did not coincide with
class (d) positions. The latter, being special positions, re-
quire a Patterson peak at X — 30/60 (0.50) which was miss-
ing from the vector plot. It can be seen from Table Il that
with the exception of these 24 Li atoms, the remainder of the
parameters are in excellent agreement with those of Th@Mn23
and present a strong argument for isomorphism existing
between the compounds. Unfortunate”, the low scattering
ability of Li compared to Sr did not allow for resolution of
the choice of parameters for these 24 Li atoms. Calculated
structure factors using the Patterson derived parameter
(0.058) and the Th@&vn2 parameter (0.250) were equally
good in comparison with the observed values. The proper
choice of parameters for these Li atoms was finally settled by
the determination of the crystal structure of SreMg24

(3) J. V. Florio, et al., Acta Cryst., 5, 451 (1952).
(4) C. F. Miskell, Ph.D. Thesis, in progress.
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Fig. 2.— Distribution of strontium atoms in the X-y
plane at z = 0,z = /2 and z = y 4: lithium atoms shown
in the z = Vi projection lie at z = 0.37.

SreMgZB was found to be isomorphous with Sr@iZ This
recently has been verified by Gladyshevskii, et al.bsravig
has a lattice constant of 14.90 A., which is very close to the

14.88 A value of Sra.iz3 X-Ray powder photographs of
both compounds, side by side, are virtually indistinguishable
relative to d values and the pattern of intensities. Cal-
culated structure factors were determined by assigning the
parameters of Sr@iB to the 24 Sr(e), 4 Mg(b), 32 Mg(f)i,
and 32 Mg(f)2. The contributions of these atoms were sub-
tracted from 206 symmetry independent properly adjusted
observed structure factors and a complete 3-dimensional dif-
ference Fourier was synthesized in order to determine the
positions of the remaining 24 Mg atoms. The result proved
conclusively that the remaining 24 Mg atoms belong to class
(d) for this space group. Thus, it can be concluded that the
peak B in Fig. 1 is fortuitous and may be due to the short
termination of the Fourier coefficients and not due to 24 Li
atoms. The final parameters of Sr@.iZBare given in Table 111
and verify that Sr&iZand Th&n2are isomorphous.

The packing model of Sr@&iZis shown in Fig. 4. The 3-
dimensional Fourier synthesis showed that no Mg atom exists
in the center of the octahedral arrangement of Sr atoms, so
it is assumed that the same restriction pertains to lithium.

Since, as previously described, the rotation axis of the
single Sra@.iZBcrystal coincided with the [110] direction yield-
ing few observed F(h k I) values, the observed data were
augmented by utilizing additional diffraction intensities
from powder photographs.

This proved convenient in this case because the crystal
belonged to the cubic system. When an observed intensity
was due to diffraction from more than one plane, as fre-
quently is the case in powder diffraction, the intensity con-
tributions from individual planes were calculated separately

(") E. I. Gladyshevskii, P. I. Kripyakevieh, Yu. B. Kuzma, and
M. yu. Teslyuk, J. Crystallography (Soviet Physics), 6, No. 5, 615
(1962).

F. E. Wang, A. J King, and F. A. Kanda

Vol. 66

and then added together. The final calculated values of in-
tensities using the parameters listed in Table Ill are com-
pared with observed intensities and given in Table IV.6 The
correctness of the structure is evident from the close agree-

ment between calculated and observed intensities. The
reliability factor, based on intensities, R = (||/d — |/c[|)/
|/o] for 90 symmetry-independent diffractions is 0.26. The

(111 ) was omitted from this calculation because of abnormal
extinction.

Table V

Proposed and Confirmed Atomic Positions and Param-

eters for Srd.i2

4sr(d) o0 Vs,JA; V.. 0, Vi; 0,1A, ‘A: 1A, Q 'A.
4sr(@ %X 0 xx0,
Va+ X 'A+ X Vs; Vs - X V.- X Vs,
with x = 0.5
48rf) XX 0% %0
Vs + Xs Vs —X Vs; Vs - X, Vsi+ X ‘A,
with x = o0.26
8LIi () X X2z XXZ XXz v XZ

Vs+ 2,72- x, A FZ ‘A—X A+ X ‘A
Vs + X, 7s - 1A -®Z \fy —Xy Vs + X V
With x = 011 and z = 0.37

SrsLi2— Cu Ka radiation was employed tc take Weissen-
berg photographs of single crystals about both the a- and fi-

axes. The tetragonal cell was found to have the lattice con-
stants of: a» = b0 = 9.628 + 0.004 A. and co = 8.550 *
0.003 A. In this unit, cell there are four moelcules of SrsLi2

required by the density of 2.15 g./em .3 The diffraction
characteristics of 228 observed and identified reflections
showed k 4- L = 2nfor (0 kL), L = 2nfor (00 L) and k =
2n for (0 k 0), where (h k L) and (h h 0) had no restrictions.
These characteristic reflections lead to three possible space
groups: Ddtds — Ra/meilu/m, Civax ~ Paumj and D |
= P4,n,2. Dinis was the only one which was centrosymmetric.
The choice of the centrosymmetric space group over the
non-centrosymmetric ones as well as the strontium atomic
positions was arrived at through a combination of trial and
error methods alone. The atomic positions derived this
way met the symmetry operations in the space group Dn, s
and are given in Table V and pictorially given in Fig. 2.

Tabte VII

Calculated Interatomic Distances in SriLi2

Sr (f)-—mm- Sr (f)--——--—-4.092 + 0.010 A.
Sr (g)----- Sr (f) - 4.457 = .009 A.
Sr (d)-——— Sr (f)-=——m 4.242 + .008 A.
Sr (d)-—— Sr (g)---——- 4.057 £+ .008 A
Li ()

Li ()

Li (j)—- St (f)--mee 3.44 = 02A

Li (j)-——— Sr (g)-—-—-- 4.02 £ 03A

The reliability factor, R = (2] |FO] — |R{])/2 [|FOJobtained
from these parameters was 0.17 for 228 symmetry-independ-
ent diffractions. Following this a two-dimensional Fourier
synthesis was performed. The result as shown in Fig. 3
substantiated the validity of the space group and the stron-
tium atomic positions. The atomic positions of the lithium
atoms could not be determined unequivocally through the
reflection intensities because of their small X-ray scattering
power relative to strontium. The only alternative was
through spatial consideration, which in this particular case
was rather straightforward. After the strontium atoms were
placed throughout the cell, sufficient but restricted spaces
remained to accommodate the lithium atoms. The param-

(6) Tables 1V and VI of this paper have been deposited as Doeu-
ment Number 7183 with the ADI Auxiliary Publications Project,
Photoduplication Service, Library of Congress, Washington 25, D. C.
A copy may be secured by citing the Document Number and by re-
mitting $1.25 for photoprints, or $1.25 for 35 mm. microfilm. Ad-
vance payment is required. Make check or money order payable to:
Chief, Photoduplication Service, Library of Congress.
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X — *

Fig. 3.—Electron density map of Srd.i2at z = 0 and

z = 1, respectively (arbitrary units).

eters for these then were calculated by considering the
lithium atoms to occupy a position equidistant between
the strontium atoms surrounding the space. From this
computation, which also met the space group D4 sym-
metry requirements, the lithium atoms were assumed to be
in the equivalent position of (j) as shown in Table V. The
atomic positions of the strontium were refined by the least
square refinement method using an IBM 704 computer and
the program of W. R. Busing and H. A. Levy. After three
cycles of least square refinements, the R value including all
the lithium atoms was reduced to 0.15. The only parameter
which shifted significantly (11%) belonged to the Sr(f)
group and this gave a final parameter of 0.291 for this group.

The complete list of the observed and calculated structure
factors is given in Table VI6and the interatomic distances
are given in Table VII.

m . Discussion

The positions of Sr and Li atoms in Srd.i2 are
shown for three different layers of the cell in Fig. 2.

Crystal Structure of Sr@iBand Srd i2
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Fig. 4.—Packing models cf SreLi™ and Srd.i2z SrdiZR
small solid circle, Li (d), (f);, and (f)2 large open circle,
Sr (e); Srd.i2 small solid circle, Li (j): large open circle,
Sr (d), (f), and (9).

The packing modelis shown in Fig. 4. In the planar
diamond shaped arrangement of four Sr atoms at
2 = 0, the two Sr atoms which are closest to each
other belong to the (f) class whereas the other two
belong to the (g) class as shown in Fig. 2. The four
Sr atoms and four Li atoms on the z = I/t plane
belong to the (d) and (j) classes, respectively.

From the interatomic distances obtained (Table
V 11) the shortest radius of Sr atom was calculated
to be 2.03 A., which is about 2.9 % less than the 2.1
A. radius given for metallic strontium by Pauling.7
In the intermetallic compound, this much deviation
of atomic radii is not considered unusual.8 Anal-
ogous calculation™ showed the radius of the Li
atom to be 148 A., which deviates by only 1.1%
from the radius given by Pauling.

Acknowledgment— We wish to thank the 17. S.
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support of this work. A word of appreciation is
also due to Professor W. N. Lipscomb of Harvard
University for giving us the computer time for
the least square refinement of Srd.i2 and to Richard
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the use of the IBM-7090 computer.

(7) L. Pauling, 3. Am. Chem. Soc., 69, 543 (1947).
(8) F. Laves, Trans. Am. Soc. Metals, 48A, 124 (1956).
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The equilibrium sorption of aliphatic and aromatic hydrocarbons by isotactic and by completely amorphous polypropylene

was studied. The contribution of the enthalpy change of network deformation is analyzed.

In addition, the average mo-

lecular weight of polypropylene chain between crystalline regions is calculated.

Introduction

The sorption of organic vapors by polyethylene
at room temperature is accompanied by a sig-
nificant change in enthalpy.l1 Thus the isosteric
enthalpy of sorption,2defined by eq. 1

/dinaA
\ 5T Jy, =

(AH\) sorp v
RT2 {

can be estimated from the data of Rogers and co-
workers1to be in the neighborhood of 1kcal./mole
for the system hexane-polyethylene in the tempera-
ture range O to 30°. The enthalpy of sorption is
composed of enthalpies ofjmixing, (A//i)mix, and of
network deformation, (A//,)de. It is customary to
neglect the latter quantity.2with the assumption
that the elastic properties of the network structure
do not deviate, to any significant extent, from ideal
rubber elasticity. The enthalpy of vapor sorption
then can be equated to the enthalpy of mixing,
which conventionally is expressed in terms of the
net interaction energies of solvent-polymer pair
contacts.2 It is difficult to understand, however,
that the pair contact interaction energy of two
chemically alike substances such as hexane and poly-
ethylene can reach the magnitude of 1 kcal./mole.
The sorption of toluene vapor by polystyrene,3
and the sorption of various C3 to C5 aliphatic hy-
drocarbon vapors by polyisobutylene4 show no
temperature coefficient; hence (A/-/,)sop for the
above systems must be negligible. The heat of
mixing n-heptane with polyisobutylene (PIB) also
has been measured calorimetrically by W atters and
co-workers5 (A/Pi)mx can be calculated from
their data to be slightly negative, i.e.,, about — 60
cal./mole. Recently, Flory, Ciferri, and Chiang6
measured the temperature coefficient of the swelling
of the radiation-crosslinked PE by n-octacosane at
140-180° (above the melting point of PE crystal-
lites) and concluded that the heat of mixing was al-

(1) C. E. Rogers, V. Stannett, and M. Szwarc, J. Polymer Sci., 45,
61 (1960).

(2) P. J. Flory, “Principles of Polymer Chemistry,” Cornell Univer-
sity Press, Ithaca, N. Y., 1953, chapters 11-13; J. Am. Chem. Soc., 78,
5222 (1956); P. J. Flory, C. A. J. Hoeve, and A. Ciferri, J. Polymer
Sci., 34, 337 (1959).

(3) C. E. H. Bawn, R. F. J. Freeman, and A. R. Kammaliddin,
Trans. Faraday Soc., 46, 677 (1950).

(4) S. Prager, E. Bagley, and F. A. Long, ./. Am. Chem. Soc., 75,
2742 (1953).

(5) C. Watters, H. Daust, and M. Rinfret, Can. J. Chem., 38, 1087
(1960).

(6) P. J. Flory. A. Ciferri, and R. Chiang, ,/. Am. Chem. Soc., 83,
1023 (1961).

most negligible. The vapor sorption experiments
by Rogers and co-workers were carried out near
room temperature, at which the amorphous regions
of the PE film were under severe strain as aresult of
the restriction imposed by the neighboring crystal-
lites. It is possible that the deformation of such a
network produces changes in chain conformation
with a concomitant change in the potential energy
of the network.7 The above situation is unlikely
to occur when amorphous polymers are used as
absorbents. There is reason to suspect, therefore,
that the difference between the (AH\)sop values
for the sorption of aliphatic hydrocarbons by PE
and_by PIB originates, not from the difference in

but rather from the contribution of the
(A/7))citerm.

The present investigation was undertaken to
elucidate the contribution of (AHi)e\to the sorption
of organic vapors by polycrystalline materials.
Isotactic polypropylene (PP) film was used because
no change in the crystallinity of PP with tempera-
ture has been reported between 25 and 60°; the
ambiguity arising from the phenomenon of crys-
tallite “melt-out,”8such as in the case of low den-
sity PE, thus is minimized. The significance of
energy and entropy changes in the swelling of a
non-ideal network is discussed briefly. In addition,
the length of the repeating units in the amorphous
region of PP is estimated. For the purpose of com-
parison, experiments also were conducted with com-
pletely amorphous PP.

Theoretical Considerations

Enthalpy Change in Network Swelling.— Accord-
ing to the current viewpoint, the energy change in
the deformation of a network structure may arise
from the change in chain conformation from the
low energy to the high energy state. It is assumed
that

AHei = gw (2)

where gis the number of low energy-to-high energy
conversions, each of which is characterized by an
energy change w. In the swelling of a polymer by
solvent molecules, the polymer chain segments,
originally occupying a volume V, are redistributed
in avolume V + AV, where AV is the volume of the
solvent imbibed by the polymer at equilibrium.
Many segments of the polymer chain are displaced
by the solvent molecules from their original posi-

(7) A. Ciferri, C. A. J. Hoeve, and P. J. Flory, ibid., 83, 1015 (1961).
(8) A. S. Michaels and H. J. Bixler, J. Polymer Sci., 50, 393 (1961).
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lions in the lattice to new positions. In the course
of this process, some of the displaced segments or
their neighbors will be forced to assume confor-
mationally high energy states. As a first approxi-
mation, it is assumed that g is proportional to the
number of such displacements, or the number of
solvent-polymer contacts, pu

9 = Wn (3)

provided that the tendency for the solvent mole-
cules to form clusters9is small. The factor qis the
probability that each solvent-polymer contact is
accompanied by a change in the chain conformation
of the polymer.

According to the lattice theory of polymer solu-
tions,2

Pn - zniv2

4)
where n\is the number of solvent molecules, V2is the
volume fraction of the polymer, and z is the lattice
coordination number. Upon substitution in eq. 2,
there is obtained

Aifoi = thUiV2 (5)

and

eh = gzw (6)

Differentiation of A/7ei with respect to rii gives

A (.

It readily can be seen that (AHi)eiis a function of
eh, which is characteristic of the network, but is
independent of the nature of the swelling solvent.
Eq. 7 also demands that (Ai7i)d is directly pro-
portional to v2
Swelling Equilibrium.— The equation for swell
ing equilibrium now can be rewritten to include
the energy contribution of network deformation.
The elastic free energy AFd involved in the expan-
sion of a network structure is2
AFei = AHeX- TASei

and

+ €h%2

At swelling equilibrium, the equation of state may
be written as

In W+ v2+ xV +

w - ) +

Equation 8 is of the same form as the conventional
one except that (x + th/RT)vZ2 replaces xi¥2
The state of randomness of the chains of the amor-
phous fraction of a polycrystalline polymer may

(9) B. H. Zimm and J. L. Lundberg, J. Phya. Chem., 60, 425 (1956).

In ai =
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differ from that of completely amorphous polymer
chains. The parameter x of our interest is not
necessarily the same asxi- The quantities AX'/AT
and dxi/dT, however, are identical because both
represent pair contact interaction energies. An
alternate form of eq. 8is

Indi = InM+ v+ ~xi+ X + y22 A~

WAWA~)01 ©

where X represents the difference between x' for
polycrystalline material and xi for the completely
amorphous polymer.

The evaluation of the various parameters eh, X,
and M cfrom the vapor sorption data can be carried
out as follows; the crystallites are considered as
cross-link junctions with a functionality / equal to
twice the number of chains in the cross-section of a
crystallite.® The term (2¥2// can be neglected
because / is much greater than 2v2 The molecular
weight of cross-linked chain Mc is the average mo-
lecular weight between crystallites. Upon sim plifi-
cation and rearrangement,9eq. 9 becomes

(In»i ~WA = {Xi+ x+ rt) +
N o<@>2»2 o (10)
A plot of the left hand side vs. p V  will yield a

straight line with (a)@® Mc as the slope and (xi +
X + th/RT) as the intercept with the ordinate.

If a suitable solvent can be found so that the net
pair contact energy of the polymer and the solvent
is zero, the quantity Ax'/AT or dxi/dT is zero.
A plotof (xi + X+ th/RT) vs. 1/T then will result
in a straight line with el/R as its slope. The inter-
cept of this straight line with its ordinate is (xi +
X). The value of ehobtained by this procedure must
agree with eq. 7, if the above analysis is self con-
sistent.

In order to establish whether the net pair contact
energy of a given solvent with the amorphous
fraction of the isotactic polypropylene film is zero,
the sorption of organic vapors by a completely
amorphous polypropylene sample also was studied.
(Many aliphatic hydrocarbons fulfill this require-
ment.) The parameter xi can be obtained readily
from the relationship4

Inai = Inii+ » + Xxi«2

(H)

Experimental

Materials.—Completely amorphous polypropylene (sam-
ple A) from Hercules Powder Co. has limited solubility in
xylene at room temperature. Film was cast from xylene
solution over mercury at 70°, followed by subsequent evac-
ua&g’n in vacuo to remove any residual solvent. The den-
sity ‘of the resulting material is 0.854 g./cm.3 at 25° and
0.827 g./cm.3at 50°.

Isotactic polypropylene film (sample B) from Avisun Co.
was used. The density of the film is 0.908 g./cm.3at 16° and

(10) 1406

(1959).

C. E. Rogers, V. Stannett, and M. Szwarc, ibid., 63,
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Table |

Summary of the Sorption Data

Polymer
Amorphous PP
Isotactic PP

Solvent Temp., °C.

Hexane 30-50
Hexane 35

40

49.3
Heptane 40

50

60

70
2,2,4-Trimethylpcntane 60
Benzene 40

50

60

Fig. 1.—Sorption isotherms of aliphatic hydrocarbons by
isotactic polypropylene: curve (1), hexane 35°; (2) hexane,
heptane 40°; (3) hexane, heptane 50°; (4) heptane, 2,2,4-
trimethylpentane 60°; (5) heptane 70°.

0.906 g./cm.3at 21.7°. The percentage of crystallinity of
the sample is estimated from Natta's formulallto be approxi-
mately 62%. In all our calculations, the weight of the poly-
mer refers to the weight of the amorphous portion of the
material.

The density of the amorphous fraction of isotactic poly-
propylene has been reported by various investigatorsI to
be in the range 0.850 to 0.856 g./cm.3at 25°. The latter
value was preferred in view of the fact that the completely
amorphous sample has a density of 0.854 g./cm.3 at the
same temperature. The variation of the density of the
amorphous fraction of isotactic PP with temperature is not
known with certainty. Within the temperature range of the
present investigation, it is assumed to be similar to that of

(11) W. Heinen, J. Polymer Sci., 38, 545 (1959).
(12) R. G. Quynn, J. L. Riley, D. A. Young, and H. D. Noether,
J. Appl. Polymer Sci., 2, 166 (1959).

Vol. 66
x @ (Fitx+ir) xt+D RT X
0.27

227 -0.005 -2.4 2.35 -2.7
232 - .035

232 - .100

250 - 11 -2.4 2.31 -2.7
250 - 175

250 - .245

250 - .295

232 - .49

250 .394

250 .30

250 .209

the amorphous fraction of polyethylene,13 namely, about
0.05%/°C. Any inaccuracy introduced by this approxi-
mation will not affect the results of our calculation seriously.

Spectrograde 2,2,4-trimethylpentane and reagent grade
benzene were used without further purification. Hexane
and heptane (purified grade from Eastman Chemicals Co.)
were passed through a silica gel-alumina column several
times. The activity of the vapor is taken as P/Po, with no
further correction made.

Equilibrium Vapor Sorption.—The procedure for measur-
ing equilibrium vapor sorption was similar to that used by
Prager and Long.4 A film of polypropylene was suspended
from a calibrated quartz spring microbalance in an atmos-
phere of the hydrocarbon vapor. After equilibrium had
been reached, the weight of the sorbed vapor was calculated
from the elongation of the spring as measured by a cathetom-
eter. The volume fractions of the amorphous material 2
and of the sorbed vapor i\ at equilibrium were obtained from
the densities of the pure components, assuming additivity
of the volumes of the components.

Results and Discussion

The sorption isotherms of hexane by completely

amorphous PP are identical at 30, 40, and 50°.
The mixing of hexane with amorphous PP therefore
is athermal. The experimental data can be repre-
sented accurately by eq. 11 with an xivalue of 0.27.
The isotherms for heptane and 2,2,4-trimethyl-
pentane are the same as those for hexane.
» The equilibrium sorption of hexane, heptane, and
2,2,4 -trimethylpentane by the amorphous fraction
of isotactic PP shows a definite increase with tem-
perature. Figure 1 shows part of the experimental
results. The isotherms for the three vapors are
identical at the same temperature. For these three
aliphatic hydrocarbons, (AHx)aop can be equated
to (Afli).i. Within the limits of experimental error,
the results of our experiments (Fig. 1), in accord
with the predictions of eq. 7, obey the relationship

(A/7)e = 1450w2cal./mole (12)

The magnitude of (AHi)ei also is in fair agreement
with the (AHi)edlpvalue of about 1 kcal./mole at
M = 0.9 for the hexane-PE system.1

The partial molar enthalpy of sorption of benzene
by amorphous PP was determined to be (610 +
100)y2cal./mole within the range y2= 0.85to M =
0.95, and could be equated to (A/?i)mx. The
above quantity is to be compared with the heatab-
sorbed during the mixing of benzene with excess

(13) P. R. Swan, J, Polymer Sci., 42, 525 (1960).
(14) S. Prager and F. A. Long, J. Am. Chem. Soc., 73, 407 (1951).
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heptane or octane, reported in the literature’5to be
690 cal./mole. The partial molar enthalpy of sorp-
tion of benzene by isotactic PP, containing both the

elastic contribution (Ai7i)d and the (AHi)mix
term, was found to be
(Ai?1)3p = 2100w2 cal./mole

for benzene-isotactic PP (13)

Similar (AHx)sopvalue can be calculated for the ben-
zene-PE system from Rogers/ data. Subtraction of
the (Aff/ni, term from (AJ?X)&8p yields (AHi)d of
1490 + 100 cal./mole at v2 = 1.0. The agreement
of this value in eq. 12 is satisfying.

Typical plots of the vapor sorption data according
to ec. 10yield straight lines. The quantities (xi +
X + th/RT) and Md/(a<2 obtained from these
straight lines are listed in Table I.

The quantity Mcd/(<)® remains constant within
the temperature range of this study. Moreover, the
value obtained with aliphatic hydrocarbon solvents
is in excellent agreement with that obtained with
benzene. The presumption that crystallite “melt-
out” does not play a role in our experiments there-
fore is substantiated. The term (a)@ not known

(15" “International Critical Tables,” McGraw-Hill Book Co., New
York, N. Y., Voi. 5, p. 151.
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with certainty, has a minimum value of 1.0 and
probably does not exceed 1.4. The average mo-
lecular weight of polypropylene chain between crys-
tallites therefore is abour 250 to 350, or approxi-
mately 6 to 8 monomer units. Mc of similar
magnitude was found for PE.9

With hexane and heptane as solvents, plots of
xi + A + «/RT) vs. I/T give straight lines with
slopes of 70 = 0.2 X 102 The slopes of the
straight lines correspond ~o tyJR, from which ehcan
be calculated to be 1400 cal./mole, in agreement
with eq. 12. The intercepts of these straight lines
with the ordinate gives (xi + X), from which Xcan
be calculated. Table | summarizes the results of
these calculations.

The quantities t*/RT and X are comparable in
magnitude but opposite in sign. The deviation of
both the energy and the entropy contributions from
conventional expressions of polymer solutions and
rubber elasticity appear zo be important considera-
tions in dealing with the sorption of vapors by
polycrystalline materials. It is of interest to
speculate that, at —5°, th/RT and X cancel each
other and (xi + X + th/RT) is identical with X-
The sorption of hexane by the isotactic PP film at
—5° may then become “pseudo-ideal.”
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Heats of neutralization of amines have been obtained in benzene at 28° from thermometric titrations with trichloroacetic
acid. A plot of these AH values vs. base strength in water for aliphatic amines shows three parallel lines corresponding to

1, 2, and 3° amines.
reference acid.

This splitting has been ascribed to differences in solvation by benzene and water of both amines and
Base strength order in benzene was 1° > 2° > 3°.
and undissociated acid and to solvation of the protonated amines by the benzene 7r-electron3.
matic amines showed a weakening of base strength in benzene relative to the aliphatic and tertiary aromatic amines.

This order is believed due to “F strain” between amine
Primary and secondary aro-
Heats

of reaction were estimated for 1:2 and 1:3 molar amine:acid associations.

Introduction

The dissociation constants of amines in water are
used commonly as a measure of base strength. It
is well known that discrepancies occur in comparing
base strength values (dissociation constants) with
molecular structure of amines.1-3 Solvation of an
amine molecule or its conjugate acid with water
molecules limits direct comparison of dissociation
constants of primary, secondary, and tertiary
amines.46 A non-solvating solvent would appear
the best choice for obtaining these base strength
values. Forman and Hume6have correlated Taft
2a* values with heats of neutralization (AH,)
of aliphatic primary and straight chain secondary
amines in acetonitrile. They found AHN for

(1) R. P. Bell and J. W. Bayles, J. chem. soc., 1518 (1952).

(2) A. F. Trotman-Dickenson, ibid., 1293 (1949).

(3) H. K. Hall, Jr., J. phys. chem ., 60, 63 (1956).
(4) H. K. Hall, Jr., J. Am. chem. soc., 79, 5441 (1957).
(5) M. M. Davis and H. B. Hetzer, J. Res. Natl. Bur. std., 60, 569

(1958), RP 2871.
(6) E.J. Forman and D. N. Hume, J. phys. chem., 63, 1949 (1959).

meta- and para-substituted aromatic amines cor-
related with pAb(H2) values, but “no obvious
correlation” of AHa with pAb(H2D) values for
non-aromatic amines was obtained. Deviation of
branched chain secondary and tertiary aliphatic
amines was explained by the B strain hypothesis.
Limited solvation of amines and ammonium ions in
acetonitrile explained these results.

Preliminary thermometric titrations of amines in
benzene with trichloroacetic acid by the author
indicated a greater spread of AHn values than
those obtained by Forman and Hume in aceto-
nitrile. Solvation of amine molecules and cations
should be less in benzene. This study concerns
the heats of neutralization of amines in benzene
with a reference acid, and the correlation of these
reaction heats with base strength values in various
solvents.

Experimental

Materials.—Reagent grade benzene and trichloroacetic
acid from Baker and Adamson Co. were used throughout.
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Both were employed without further purification. A Karl
Fischer titration indicated 0.03% water in the benzene.
Titrant solutions consisted of trichloroacetic acid in benzene
of approximate” 1.0 M with a water content of 0.06% by
Karl Fischer titration. Titrant solutions were standardized
daily by diluting an aliquot with acetone and titrating po-
tentiometrically with 0.1 N aqueous sodium hydroxide.
Solutions of amines in benzene were 0.02 M, and were
placed in ground glass-stoppered Erlenmeyer flasks prior to
thermometric titration. Most of the amines were Eastman
Kodak White Label grade. Eastman Practical grade
diallylamine was distilled and analyzed 99+ % by gas-
liqguid chromatography. Mass spectroscopy found no
apparent impurities. Eastman White Label grade N,N-
diethylaniline was distilled and analyzed 99+ % pure by
gas-liquid chromatography.  Triethylenediamine, tetra-
methylguanidine, and Bis-(cyanomethyl)-amine were pre-
pared and purified in our Laboratories. Anhydrous grade
tetramethylethylenediamine was obtained from Rohm and
Haas Co.

Apparatus.—The automatic thermometric titration ap-
paratus consisted of the following. A Sargent Model C
motor-driven 10-ml. capacity buret delivered titrant at a
constant rate of 1 ml./min. to the adiabatic titration cell,
a dewar flask of approximately 175-ml. capacity. Situated
on top of the neck of the flask is a three-holed flat cork disk
which admits the capillary buret delivery tube, a glass
stirrer powered by a 500 r.p.m. synchronous motor (Bodine
Electric Co.), and a temperature detector. A reservoir
(approximately 7-ml. capacity) placed in the titrant delivery
tube inside the dewar flask allowed for initial temperature
equilibrium between total titrant to be delivered and solu-
tion to be titrated. The buret tip was fitted with thin-wall
polyethylene tubing drawn out to a capillary to minimize
heat transfer and decrease diffusion between titrant and
titrated solution. A Veco No. 32A24 bead thermistor
available from Victory Engineering Corp. and having a
resistance of 2000 ohms + 10% at 25° was the temperature
detector. Thermistors were calibrated over an approxi-
mate temperature range of 4°. A maximum temperature
sensitivity of approximately 10-40 could be obtained on a
0-1 mv. Speedomax recording potentiometer with the
thermistor connected as one leg of an a.c. rectified Wheat-
stone bridge. A constant temperature box enclosed all
apparatus except the recorder. Temperature regulation to
approximately 0.1° was obtained with a blower, 200-w.
heater, and thermistor electronic controller (Model 63
from Yellow Springs Instrument Co.). A flexible hose
connected at diagonal corners outside the box provided for
continuous recycling of the temperature-controlled air.
All thermometric titrations were performed in the constant
temperature box at 28.0°.

All infrared studies were performed with a Beckman
IR-4 infrared spectrophotometer.

Technigue.—The initial slope method of Keily and Hume7
was used to determine heats of reaction from the expression

where Cpin cal./deg. is the total heat capacity of the dewar
flask and its contents and of the liquid to be titrated. M
is the concentration of titrant in moles/I., dT is the tempera-
ture change in °C., and dF is the corresponding volume
change in ml. The dT/dV change is assumed equal to
AT/AV.

The total heat capacity (C'p) for 50-ml. volumes was de-
termined by performing a thermometric titration of known
AH, and calculating Cp from eq. 1. Fifty-ml. volumes of
aqueous 0.02 M hydrochloric acid were titrated thermo-
metrically with 1.6 M sodium hydroxide (AH = —13.5
kcal./mole). The total heat capacity consists of the heat
capacity of the solution to be titrated (Cp80in), and the heat
capacity of the dewar flask and contents ((%')e Using
specific heat data listed in the International Critical Tables,8
Cpinfor the known reaction was calculated as

Cpsoln = (Cd)V (2)

(7) H. T Keily and D. N. Hume, Anal. chem., 28, 1294 (1956).
(8) “International Critical Tables,” Vol. 5, McGraw-Hill Book Co.,
Inc.. New York. N. Y., 1929, p. 115.
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where ¢, d, and F are the specific heat, density, and volume,
respectively, of the solution. Cp' then was calculated from
eq. 3
Cp'=Cp- Cp3Ppn 3)
Upsoin for benzene was calculated f&)m eq. 2 using literature
specific heat data.8 The sum of p (12.18 cal./deg.) and
Upgoin(17.89 cal./deg.) for benzene was the total heat capac-
ity value for the amine solutions in benzene (30.07 cal./deg.),
and was used for all calculations of AH. The specific heat
of the. 0.02 M amine in benzene solutions was assumed to be
ual to the specific heat of pure benzene. The average
value obtained from aqueous sodium hydroxide-hydro-
chloric acid thermometric titrat't?ns agreed within experi-
mental error with an average pvalue obtained by the
method of Keily and Hume,7i.e., addition of heat electrically
to known amounts of water.

The general operating procedure consisted in adjusting the
temperature of the solution to be titrated as close to the ti-
trant temperature (28.0°) as possible. This was accom-
plished by placing the benzene solution of the amine in an
Erlenmeyer flask and adjusting to the desired temperature
by heating the flask under a stream of warm water. Next
a 50-ml. aliquot was pipetted into the dewar flask (pipet
and flask set at 28°) and the solution was titrated thermo-
metrically.

The volume of titrant added to effect a 1:1 molar reaction
was calculated by measuring the calibrated recorder chart
length along the time (volume) axis from the start of the
titration (point B on Fig. 1) to the projected end point F.

Figure 1illustrates the calculation of the initial slope (d 77
dV). The product of the length BC and the appropriate
AT per chart deflection was d7'. The corresponding dif-
ferential volume change, dF, was the chart length (CD)
times the appropriate calibration factor. Thus the heat
change for the 1:1 molar reaction (AHi) was determined
by substituting the above calculated values in eq. 1.

The heat of reaction (AH2) for the 1:2 amine:acid as-
sociation was estimated by calculating slope EG (Fig. 1)
and substituting this value in eq. 1 along with the values
of Cp and M wused in calculating AHi. This calculated
value of AHz was only approximate, for the initial tempera-
ture for the second association was greater than the titrant
temperature. However, this should not- introduce an error
greater than about 2%.

The pooled standard deviation of all the thermometric
titration determinations of 0.02 M amines in benzene
(124 trials with 34 amines) was 0.37 kcal./mole.

Effect of Concentration on AH.—To determine the effects
of concentration on AH values, benzyl-, isobutyl-, and tri-
butylamine were treated with 0.5 and 1.5 | titrant con-
centrations. Amine concentrations were 0.004 and 0.04
M (or 0.02 M), respectively. No change in AH was noted
at these concentrations.

Results

Experimental heats of neutralization obtained
from thermometric titration of amines with tri-
chloroacetic acid in benzene are listed in Table |
along with corresponding base strength values in
various solvents.

Aliphatic Amines.— Sharp 1:1 molar end point
breaks were obtained for all aliphatic amines (con-
taining no other heteroatoms) with the exception
of sterically hindered tribenzylamine. Quantita-
tive titrations are possible at 0.001 M amine con-
centration. The 1:2 and 1:3 amine:acid associa-
tion end points were rounded and semiquantita-
tive. A representative thermometric titration
curve is presented in Fig. 1. Primary and second-
ary aliphatic amines had lower 1:2 and 1:3 molar
heats of association than shown in Fig. 1. (See
Table I.)

A plot of AH values obtained for aliphatic amines

in benzene under the conditions described vs.
pAb(HA) values obtained from the literature



Nov., 1962 Heats of Neutralization and Relative Strengths of Amines in Benzene 2151
Table |
Correlation” of Base Strengths, 2er*, and Heats of Reaction of Amines
Std.
“AHu dev, No. - A Hi, AHNP in AHNP in
kcal./  kcal./ of keal./ pA'b Lit.  nitromethane ethyl acetate Lit.
No. ‘—1° Amines— mole mole detns. mole (H,0) ref. (mv.) (mv.) Scr* ref.
1 m-Butylamine 293 0.0 3 0.7 3.36 20 3 -33 0.79 4
2 sec-Butylamine 29.6 6 8 .3 344 6 42 -35 77 4
3 i-Butylamine 29.1 .3 4 7 3.58 6 43 -21 .79 4
4 Allylamine 27.4 2 4 4 451 4 72 1n 111 4
5 Benzylamine 26.6 A 4 .6 466 4 105 21 1.20 4
6 p-Anisidine. 18.8 .3 3 .0 871 6 375 267
7 Aniline 16.4 .2 3 942 6 4456 338
8 m-Nitroaniline 0.3 1 1154 21 597b 503
9 m-Bromoaniline 6.2 .2 2 1049 3 529 443
10 p-Chloroaniline 9.8 3 3 10.00 6 487 416
2° Amines
11 Di-i-propylamine 29.4 A 4 1.2 295 6 -19 -33 0.11 4
12 Di-ra-butylamine 33.3 4 3 1.9 275 4 -24 -31 .23 4
13 Di-sec-butylamine 28.5 .3 8 13 299 6 -19 0 .08 4
14 Di-f-butylamine 27.2 4 4 2.9 350 4 4 21 .23 4
15 Diallylamine 24.5 .2 4 1.8 471 4 87 61 .75 4
16 Piperidine 28.3 3 5 2.3 288 20 -47 -67 0.35 4
17 Morpholine 25.0 5 4 2.3 564 4 79 23 1.16 4
18 Dibenzylamine 225 2 4 2.6 557 9 154 108
19 N-Methylaniline 13.8 A 4 9.15 6 434
20 1,3-Diphenylguanidine 23.8 2 4 1.9 400 6 0 (std.) 0 (std.)
21 Tetramethylguanidine 31.2 .2 4 3.3 -0.06 9 -297 -186
22 N-Ethylaniline 16.5 2 3 885 9 411 338
23 Di-re-propylamine 29.8 3 4 2.0 3.00 4 -19 -40 0.25 4
24 Isoquinoline 12.7 4 4 8.70 22 299 289
34 Bis-(cyanomethyl)-amine 0.8 1 138 23 386 597
3° Amines
25 Tri-n-butylamine 23.0 5 4 4.9 311 6 -36 42 -0.39 6
26 Tribenzylamine 135 3 2 710 9 274 212
27 Dimethylbenzylamine 19.8 2 4 4.8 5.07 4 78 82 0.22 4
28 N,N-Dimethylaniline 11.3 5 4 894 6 374 348 .6 24
29 N,N-Diethylaniline 15.3 4 3 748 6 286 280 41 24
30 Pyridine 13.6 A 3 881 6 286 307
31 Triethylenediamino 21.6 2 3 532 9 -34
32 Tetramethylethylene-
diamine 22.2 A 3 490 9 -65 1
33 Triethanolamine 27.8 .8 2 6.24 20 49 n
35 p-Chloro-N,N-diethylanilino 12.7 .6 3 8.25 9 343 333

* _ atfi Is the heat of reaction for a 1:1 trichloroacetic acid
for a 2:1 trichloroacetic acid .-amine association in benzene.
tained from Dr. C. A. Streuli, with the following exceptions.
were obtained from ref. 25.

gave three parallel lines corresponding to 1, 2, and
3° amines (Fig. 2). The lines shown in Fig. 2
represent least squares solutions of the appropriate
data. To our knowledge, no such correlation has
been noted in the literature for other non-agqueous
solvents in which potentiometric data were ob-
tained. If these same AH values were plotted vs.
half-neutralization potential values (AHNP) ob-
tained for these amines in ethyl acetate (Table II),
a similar but less obvious splitting was observed.
AHNP values were obtained from Streuli9and are
a potentiometric measure of base strength in non-
aqueous solvents.3 The separation of a given
group of compounds on the basis of 1, 2, and 3°
amine as illustrated in the plot of AH in benzene
vs. p/u(H2) appears to be due to differences in

(9) C. A. Streuli, private communication.

:amine reaction in benzene.

—AH?2is the heat of association
6 AHNP values in nitromethane and ethyl acetate were ob-
AHNP values in nitromethane for aniline and ra-nitroaniline

solvation of the amines in the two solvents. Less
splitting was observed in the plot of AH in benzene
vs. AHNP in ethyl acetate because of the greater
similarity in solvating power of these two solvents.
These results substantiate the importance of
solute-solvent interaction in comparing relative
base strengths.

Aniline and 1and 2° aryl amines with alkyl sub-
stitution on the nitrogen were included with the
respective 1 and 2° aliphatic amines in the calcula-
tion of the least squares line, as little change in
slope or standard deviation of the lines was ob-
served when these data were included or excluded
(Table I1). Di-n-butylamine was excluded from
all least squares calculations, as the experimental
value of AH exceeded the 99% confidence limits
for line numbers 6 and 10, and exceeded the 95%
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Tabte Il
Std. dev.
of line
Eqg. no. Type of amine Least squares Unes (kcal./mole)
Least Squares Lines for —AH in Benzene vs. pKb (HD)
4 1° Aliphatic -AH = -2.05pKb + 36.40 0.26
5 1° Aliphatic and aniline -AH = 2.17pKb + 36.89 .26
6 2° Aliphatic, N-methylaniline, and N-ethylaniline -AH = -2.32p.Kb + 35.84 .79
7 3° Aliphatic and aromatic -AH = -2.04pKb+ 29.52 .96
8 1° and 2° Aromatic (including substituted) -AH = —6.44pKb+ 74.42 1.49
Least Squares Lines for —AH in Benzene vs. AHNP (Ethyl Acetate)
9 10 Aliphatic and aniline -AH = -0.0367 AHNP + 28.12 0.57
10 2° Aliphatic, N-methylaniline, and N-ethylaniline -AH = -0.0383 AHNP + 27.95 0.96
n 3° Aliphatic and aromatic -AH = -0.0331 AHNP + 23.09 1.69
12 1° and 2° Aromatic (including substituted) -AH = -0.0829 AHNP + 4331 1.53
Least Squares Lines for —AH in Benzene vs. AHNP (Nitromethane)
13 1° Aliphatic and aniline -AH = -0.0306 AHNP + 30.00 0.62
14 2° Aliphatic, N-methylaniline, and N-ethylaniline, -AH = -0.0315 AHNP + 28.10 1.00
15 3° Aliphatic and aromatic -AH = —0.0282 AHNP + 22.12 0.78
16 1° and 2° Aromatic (including substituted) -AH = -0.0866 AHNP + 52.23 1.37
Least Squares Line for —AH in Benzene vs. So*

17 1° Aliphatic -AH = -6.39 So* + 34.36 0.18

Fig. 1L—Representative thermometric titration curve for
reaction of tertiary aliphatic amines with trichloroacetic
acid in benzene.

confidence limits for line number 14. From
AHNP data obtained by Streulis-10 in non-agqueous
solvents, guanidines, amines containing hetero-
atoms, and heterocyclic aromatic amines were
known to deviate from their respective groups
(i.e., 1,2, or 3°); therefore, these amines were ex-
cluded from least squares calculations (Table I11).
A comparison was made of the pooled residual
mean square (r.m.s.) solutions for the three lines
with the r.m.s. solution for one line with a greater
scatter of points. In both the AH vs. pA+(H:0)
and AH vs. AHNP (ethyl acetate) cases statistical

(10) C. A. streuli, Anal. Chem., 31, 1652 (1959).

Table Il
Experimental and Calculated Heats of Reaction for
Heterocyclic Aromatic Amines, Guanidines, and

Amines Containing Heteroatoms

Exptl. Caled.*
—Aili -Affi
(kcal./ (kcal./  Difference
No. Amine mole) mole) (kcaL/mole)
6 p-Anisidine 18.8 18.0 +0.8
17 Morpholine 25.0 22.7 +2.3
20 1,3-Diphenylguanidine 23.8 26.4 -2.6
21 Tetramethylguanidine 31.2 35.7 -4.5
24 lsoquinoline 12.7 11.8 +0.9
30 Pyridine 13.6 11.6 +2.0
31 Triethylenediamine 21.6 18.7 +2.9
32 Tetramethylethylenedi-
amine 22.2 19.5 +2.7
33 Triethanolamine 27.8 16.8 +11.0
34 Bis-(cyanomethyl)-
amine 0.8 4.0 -3.2

° Calculated —AHi values were obtained by substitution
of the corresponding pKb value in the appropriate least
squares equation.

proof was obtained of the existence of 3 lines rather
than 1 line with greater scatter. The statistical
proof involved an “F” test. F-values of 545 and
118 were obtained for AH vs. pMb(H®) and AH
vs. AHNP (ethyl acetate), respectively. In both
cases these F-values corresponded to 4/(Ni + M2
+ IVs — 6) degrees of freedom (Mi + A2 +- M3 — 6
equaled 14), and were well above the 99% point
(F equals 5.03 at the 99% level) of the F distribu-
tion. Table Il includes for comparison the least
squares lines for the plot of AH in benzene vs.
AHNP values in nitromethane.

The linear relationship obtained between AH
and pMb within the three groups of amines (1, 2,
and 3°) indicated that entropy changes (AS) were
constant, zero, or proportional to the free energy
change (AF) for each amine. The latter two pro-
posals are not logical in the light of analogies which
may be drawn from other systems.s Therefore, if
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AS were constant for the different groups of amines,
solvation and steric effects are constant within the
various groups.

In benzene, the order of base strength observed
for a group of amines such as 1, 2, and 3° n-propyl
derivatives as well as the negatively substituted
allyl or benzyl derivatives isl®>2°>3° (see
Table I). This order was observed in ethyl ace-
tate from spectrophotometric measurements by
Pearson and Vogelsongll and from potentiometric
titrations by Streuli.9 In nitromethane, the base
strength order observed by Streuli was 3° > 2°
>1°, while in water the order is 2° > 3° > 1°4
“F” strain is believed responsible for the order ob-
served in benzene and ethyl acetate with slight con-
tributions from solvation. F strain (face-to-face
strain) involves all strains arising from a frontal
attack of two reacting species.22 Since the react-
ing entities in benzene are presumably the amine
and a trichloroacetic acid ion pair or undissociated
molecule, the bulky, trichloroacetate anion possibly
could cause F strain in this acid-base reaction in
benzene. Pearson and VogelsongIlobserved (spee-
trophotometric measurements) secondary amines
in benzene to be the strongest bases of the three
types toward the reference acid 2,4-dinitrophenol.
Varying degrees of F strain and solvation'involving
the different reference acids are believed/esponsible
for the differences in base strength order. “B”
strain (back strain) should be independent ofSol-
vents,I3and since different orders of base strength
are observed in the various solvents, B strain
probably is notimportantin this case. Some solva-
tion of the protonated amines by the ir-electrons of
benzene might occur which would favor the order
obtained in benzene. 4

Primary aliphatic amines should exhibit very
limited steric strains and only slight solvation in
benzene; therefore, one would expect a good
correlation between AH values in benzene and
Sc* for 1° aliphatic amines. Taft o* values are
constants expressing the inductive effects of a sub-
stituent.4 A very low standard deviation was ob-
tained for the least squares solution from the corre-
lation of the AH in benzene for 1° amines vs. So-*
values available in the literature (Table I1). In-
sufficient So* values were available for least
squares solutions for 2 and 3° amines, but from
So-* data that are available, greater deviations ap-
peared present in the more sterically hindered 2 and
3° amines.

A greater spread of — AH values (approximately
6.5 kcal/mole) was obtained in the benzene:
trichloroacetic acid system than the literature
indicated for the acetonitrile :hydrobromic acid
(about 2 kcal./mole)6or benzene:2,4-dinitrophenol
systems (about 15 kcal./mole).5 These differ-
ences illustrate the importance of the reference acid
in determining base strengths in low dielectric
media where the acid anion is intim ately associated
with the reactant species.

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

(12) R. Spitzer and K. S. Pitzer, ibid., 70, 12G1 (1948).

(13) R. G. Pearson and F. V. Williams, ibid., 76, 258 (1954).

(14) Private communication with F. A. Cotton.

(15) J. W. Bayles and A. F. Taylor, J. Chem. Soc., 417 (1961).
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Pkb(H"0).

Fig. 2—Affi in benzene vs. p in water for amines:
line 5 = primary aliphatic amines and aniline [O]; line
6 = secondary aliphatic amines, N-methylaniline, and
N-ethylaniline [©]; line 7 = tertiary aliphatic and tertiary
aromatic amines [c]; line 8 = primary and secondary
aromatic amines (m- and p-substituted) [e].

Aromatic Amines.— Indistinct end points ob-
tained for aromatic amines indicated that only
semiquantitative determinations are possible. A
weak base such as m-nitroaniline (p.Ab = 11.5)
represented the limit in detectability (AH = —0.3
kcal./mole). Additional heats of association (A H2
and AHS were indistinguishable due to the rounded
end points.

A separate relation of All with pA/, (Fig. 2) ob-
tained for 1 and 2° aromatic amines (meta or para)
indicated a weakening of base strength in benzene
relative to the aliphatics and the tertiary aro-
matics. In nitromethane or ethyl acetate, AHNP:
pAa plots are linear over both aliphatic and
aromatic amines. Hummelstedt and Hume ob-
served similar phenomena in photometric titrations
of acids with aromatic amines in glacial acetic acid
and benzene solvents.8T7 They suggest the forma-
tion of a hydrogen-bonded complex between pro-
tonated and unprotonated amine species. If this
were true, a thermometric titration break should
have been obtained at the 1 amine ffiz acid concen-
tration. Actually, the titration slopes for all aro-
matic amines were rounded and could be ascribed
to this phenomenon. The 3° aromatics would not
be expected to form such a complex, due to steric

(16) L. E. 1. "Hummelstedt and D. N. Hume, Anal. Chem., 32, 576
(1960).

(17) L. E. I. Hummelstedt and D. N. Hume, J. Am. Chem. Soc., 83,
1564 (1961).
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considerations. However, the negative inductive
effect of the aromatic ring should destabilize any
H-bond formed. No explanation was offered as to
why the aliphatics would not also form a similar
complex.

Guanidines, Heterocyclic Aromatic Amines, and
Amines Containing Heteroatoms.— As occurs in
other non-agueous solvents,3 bases containing O
or additional N atoms showed increased basicity
in benzene relative to amines of comparable strength
in water (Table IIlI). In water the reaction center
of a given group of amines (1, 2, or 3°) is solvated
to approximately the same extent. These amines
in a non-polar solvent are solvated less; therefore,
amines containing heteroatoms can solvate inter-
molecularly and thus enhance their base strength
relative to monofunctional compounds. Diamines
and guanidines appeared to form a separate line
between the 3 and 2° amines from a plot of AH in
benzene vs. pAb(H2) (see Table II1l), but in-
sufficient data were available to merit calculating a
least squares relation.

Amine:Acid Associations Greater Than 1:1.—
In addition to the 1:1 molar reaction observed, 1:2
and 1:3 amine:acid associations were obtained.
The order of AH for the second association was the
reverse of that for the first, i.e.,, the AH2 order is
3° > 2° > 1° (Table I).

The sum of AHi and AH2for each series of 1, 2,
or 3° amines is approximately equal. An infrared
investigation Bindicated the point of attack for the
second association still occurred at the amine
nitrogen rather than the chlorine atom of the acid.

The reaction of trichloroacetic acid with n-
butylamine and tri-n-butylamine was studied by
infrared spectroscopy. The prevalent reaction
product at the 1:1 end point and in the presence of

(18) R. B. Hannan, private communication.
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excess acid was a carboxylate anion

presumably ion-paired to a cation or cations. In-
frared measurements also indicated the tri-n-
butylammonium ion formed a stronger bond with
the carboxylate ion than the n-butylammonium
ion. In the presence of excess acid the carboxylate
stretching frequencies of the tributylamine :tri-
chloroacetic acid complex showed a greater shift
from the spectrum of potassium trichloroacetate
than the w-butylamine :acid complex. Recently,
Marshall and Steigman®reported the presence of
triple ions in the reaction of dibutylamine with 2,4-

dinitrophenol in benzene. If a triple ion were
formed according to
[RsNH+A“]+ [H+A-]

[RNH+A-H+] + A- (18)

a tertiary amine would form the strongest bonds,
for the protonated primary amine probably is more
strongly solvated by the benzene ir-electrons.
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Adsorption isotherms of argon on the highly graphitized carbon black P33 (2700°) between 90 and 137°K. are presented.
Estimates of the surface area of the adsorbent and heats and entropies of adsorption computed from the data are discussed.
The present results are compared with quantities obtained through the virial coefficient treatment of physical adsorption.

Introduction

Our recent studies of the interactions of gases
with the highly graphitized carbon black P33
(2700°),3 6employing a high precision adsorption

(1) This research was supported in part by the United States Air
Force through the AFOSR, and in part by the American Petroleum
Institute.

(2) standard Oil Co. of California Fellow, 1961-1962.

(3) J. R. Sams, Jr., G. Constabaris, and G. D. Halsey, Jr., J. Phys.
Chem., 64, 1C89 (1960).

(4) G. Constabaris, J. R. Sams, Jr., and G. D. Halsey, Jr., ibid..
65, 367 (1961).

apparatus,7have yielded considerable information
on the nature of these interactions. The data have
been analyzed in terms of a virial coefficient treat-
ment analogous to the virial expansion for imper-
fect gases,810 and the terms in the expansion are

(5) J. R. Sams, Jr., G. Constabaris, and G. D. Halsey, Jr., J. Chem.
Phys., 36, 915 (1962).

(6) R. Yarisand J. R. Sams, Jr., ibid., to be published.

(7) G. Constabaris, J. H. Singleton, and G. D. Halsey, Jr., J. Phys.
Chem., 63, 1350 (1959).

(8) W. A. Steele and G. D. Halsey, Jr., J. Chem. Phys., 22, 979
(1954).
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found to be easily separable experimentally. At
sufficiently high temperatures or low pressures, one
obtains data at surface concentrations so small that
effectively the gas atoms are interacting with the
surface without interacting with each other. At
lower temperatures or higher pressures, the measure-
ments can be extended into the region where inter-
actions between pairs, triplets, etc., of adsorbed
atoms become important.

An analysis of the second-order (single gas atom-
surface) interaction by the virial coefficient
method346 yields values for the apparent gas-
surface interaction energy, e*u, and the capacity
factor A sQ where A is the area of the adsorbent
and sOthe separation of the gas atom and the sur-
face at zero net interaction energy. This latter
parameter can be evaluated from the observed in-
teraction energy and any one of the several formu-
las for the constant in the London formulation of
dispersion forces (e.g., Kirkwood-Muller, Slater-
Kirkwood, etc.).311 Thus one can obtain an
estimate of the surface area of the adsorbent.

When the third-order data are analyzed in terms
of a two-dimensional gas model,6 one obtains a
virtual two-dimensional gas-gas potential, e*b,
and the quantity A/o-2l If one assumes that the
gas diameter has just the free space value, then
another independent estimate of the area is ob-
tained.

From higher coverage data (region of monolayer
completion), it is possible to obtain BET estimates
of the area from the adsorption isotherms. One
also can calculate heats and entropies of adsorption
throughout the entire range of coverage. In the
present paper such results are presented and are
compared with those obtained through the virial
coefficient treatments.

Experimental

The gas employed in this investigation was assayed reagent
grade argon obtained from Air Reduction Sales Co. The
graphitized carbon black P33 (2700°), a well defined, low
surface-area solid, has been described by Polley, Schaeffer,
and Smith.22 Details of the apparatus and experimental
technigues employed have been published previously.37

The experiments consist of measurements of the apparent
volume of the sample bulb containing the solid

Fa= nbRT/p 1)

where nb is the number of moles of gas in the bulb, R the
gas constant, T the Kelvin temperature, and p the pressure.
These data readily can be converted into the usual terms of
volume adsorbed at STP

Fstp = (273.15p)(Fa- FDS)/76.000T (2)

or number of moles adsorbed per gram of adsorbent, na
The internal dead space volume, Tds, can be estimated
from the helium volume at the ice point, corrected for the
thermal expansion of the sample bulb and the carbon black.
Low temperature adsorption isotherms are presented in Fig.
1, where the gas constant (units: cm.3cm. Hg deg.-1 mole-1)
times moles adsorbed is plotted against pressure. These
units were chosen to correspond with those for higher tem-
jserature isotherms for this system which we have previously
published.6 The total temperature range of the data is from
90 to 240°K.

(9)
(1955).

(13) M. P. Freeman and G. D. Halsey, Jr., ibid., 59, 181 (1955).

(11) R. A. Pierotti and G. D. Halsey, Jr., ibid., 63, 680 (1959).

(12) M. H. Polley, W. D. Schaeffer, and W. R. Smith, ibid., 57, 469
(1953).

W. A. Steele and G. D. Halsey, Jr., J. Phys. Chem., 59, 57
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plmH)
Fig. 1—Argon isotherms on P33 (2700°).

Discussion

Heats of Adsorption.— From the isotherms shown
in Fig. 1together with those published previously,6
it is possible to calculate isosteric heats of adsorp-
tion, gB, throughout the range of coverage from
zero up to about 15 layers. The heat vs. coverage
curve is shown in Fig. 2. Our values (open circles)
join quite smoothly with those of Prenzlow and
HalseyI3for higher coverages with the same system
(closed circles).

The general shape of the g®bcurve is as one would
expect for adsorption or, a very homogeneous sur-
face. There isno apparentinitial drop in the heat at
very low coverages, but rather a steady increase up
to a maximum just prior to the completion of the
first layer. If there were any appreciable number
of high energy sites in the solid, it would be ex-
pected that the gas would be preferentially ad-
sorbed on these sites, and that the heat would de-
crease fairly rapidly as these sites became unavail-
able for further adsorption. Beebe and Young#4
have observed that with increasing graphitization
of a carbon black, there is a transition from Type |1
isotherms to the essentially stepwise isotherms
which have been predicted on theoretical grounds
for adsorption on uniform surfaces.5 At the same
time one observes lower initial heat values as the
temperature of graphitization of the black is in-
creased, and the low-coverage drop in heat disap-
pears.

The increase of heat with 6 observed on homo-
geneous surfaces in the region below the monolayer
can be attributed to lateral interactions between
the adsorbed gas atoms. There are several dif-
ferent ways in which one can predict the slope of the
gat vs. 0 curve, and three such predicted slopes are

(13) C. F. Prenzlow and G. D Halsey, Jr., ibid., 61, 1158 (1957).

(14) R. A. Beebe and D. M. Young, ibid., 58, 93 (1954).

(15) G. D. Halsey, Jr., J. Chem. Phys., 16, 931 (1948);
Champion and G. D. Halsey, Jr., 3. Phys. Chem., 57, 646 (1953).

W. M.
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Fig. 2—Differential and integral heats of adsorption:

J. R. Sams, Jr., G. Constabaris, and G. D. Halsey, Jr.

open circles are new data;

Vol. 66

full circles are data of Prenzlow and

Halsey.

shown in Fig. 2. The first of these (curve 1) is
based on a simple “lattice gas” calculation,’6
assuming a hexagonally close-packed monolayer.
The value for the pair interaction energy used in
this calculation was 191 cal./mole, found through a
two-dimensional gas analysis of third-order argon
interaction data.5 As one might anticipate, the
agreement between the lattice model and the experi-
mental values is quite poor. The heat of lattice
vacancy formation which one calculates by this
treatment is about 1150 cal./mole, whereas the
experimentally observed difference in heats between
the zero coverage value and the maximum is only
about 500 cal./mole. Beebe and Young,Mstudying
argon adsorption on a series of graphitized blacks,
also have observed maxima in the heat-coverage
curves which are only about half as much as the
values calculated from a lattice treatment, even in
the case of the most homogeneous member of their
series [Spheron (2700°)]. They suggested that
this discrepancy probably was due to some residual
heterogeneity in the solid. This does not seem
likely in view of the fact that P33 (2700°) appears
to have a considerably more homogeneous surface
than the corresponding Spheron black.2 Part of
the discrepancy between experimental and calcu-
lated values may be due to a coordination number
smaller than six. butit does not seem reasonable to
postulate a coordination number as small as three.
Morrison and co-workersI7 recently have found
(16) R. Fowler and E. A. Guggenheim, “Statistical Thermody-
namics,” Cambridge University Press, Cambridge, 1952, p. 437.

(17) R. H. Beaumont, H. Chihara, and J. A. Morrison, to be pub-
lished.

heats of vacancy formation in solid argon and kryp-
ton which are about two-thirds as much as values
estimated theoretically, and suggest that this dis-
crepancy is due in large part to the neglect of re-
laxation around the vacancy. This also may be a
significant factor in the present results. Moreover,
the lattice treatmentreally applies only to localized
adsorption, which is clearly not the case in the
present system.3

A second method of predicting the slope of the
heat-coverage curve has been used by Aston, et
al.ls These authors employ the two-dimensional
van der Waals equation as the equation of state of
the adsorbed molecules, and find for the differential
lateral interaction energy

E1 = (a/b)B Q)

where a and b are the (three-dimensional) van der
Waals constants. Thus, according to this treat-
ment, the slope of the heat-coverage curve should
be given by as/b. For argon, a/b = 1005 cal./mole,13
and curve 2 in Fig. 2 has been constructed using
this value in eq. 3. The agreement with the experi-
mental slope is somewhat improved over that ob-
tained with the lattice gas treatment. The maxi-
mum slope of the experimental curve is 810 cal./
mole, or about 20% lower than the predicted value.
This seems entirely reasonable in view of our find-
ing5 that the virtual two-dimensional interaction
energy for argon is about 20% lower than the free
space potential minimum.

(18)
Aston, E. S.J. Tomezsko, and K. Chon, Adv. Chem. Ser., 33, 325 (1961).

J. G. Aston and H. Chon, J. Phys. Chem., 65, 1015 (1961); J. G.
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The third method we have employed for predict-
ing the slope is through the temperature derivative
of the two-dimensional second virial coefficient
(curve 3). For a Lennard-Jones (12-6) potential,
this is given by
R(OB\n/oT)-" = RTT{\(J)Z [(Bt + 1)/36T!]
(4eV*NtErheLr[(3r - 1D/6] @

where
B*2d = Biu/ircr2 =
[exp(—tn{r)/KT) — ljurdr (5)

and €:(r) is the intermolecular pair potential. The
value of €2fc used in calculating curve 3 was 96°
K.5 The temperature used at each coverage for
which the slope was computed was the mean of the
temperature range of the isotherms from which
the isosteric heat was calculated at that particular
coverage. This method can only be expected to
predict the initial slope of the heat-coverage curve,
since it assumes the occurrence of only pair inter-
actions. At coverages above about 15-20% of the
monolayer, one expects that many-body inter-
actions w ill become significant, and the calculated
curve should lie below the experimental one. This
is indeed the case; the agreement is quite good up
to 6 « 0.2, but at higher coverages the deviations
become rather large.

It should be noted that the virial coefficient
treatment is the only one of the three methods
which agrees well with the experimental data, even
over a relatively short range of coverages. More-
over, the virial treatment also allows one to cal-
culate avalue for the isosteric heat at zero coverage.
Everett® has shown that for mobile adsorption
gst O = 0) is RT/2 greater than €*is, the interaction
energy of a single gas atom with the solid. This
latter quantity can be obtained from measurements
of second gas-surface virial coefficients.3 For a
(9-3) potential model, one finds a predicted zero-
coverage isosteric heat of 2388 cal./mole, in very
close agreement with the experimental value of
2355 cal./mole. Thus, both the zero-coverage heat
and the initial slope of the heat-coverage curve are
predicted quite well by virial coefficient treat-
ments.

Following the maximum in the heat-coverage
curve, there is a steep drop of approximately 1100
cal/mole at about the completion of the mono-
layer. The rise in heat in the second layer is some-
what smaller than in the first, amounting to about
350 cal./mole, but the second maximum is neverthe-
less quite pronounced. The drop into the third
layer is also about 350 cal/mole and it appears
that a third maximum, somewhat lower than the
second, would be obtained at about the completion
of the third layer. This tendency for subsequent
maxima and minima to be less pronounced prob-
ably has its explanation in the fact that adsorption
into the second and succeeding layers is not as well
defined as in the first. As the deposition of layers
is continued, of course, the heat of adsorption will
approach the heat of vaporization of argon.

(19) D. H. Everett, Trans. Faraday Soc., 46, 453 (1950).
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Fig. 3.—Differential and integral entropies of adsorption.

The plot of the integral heat of adsorption, Qst,
also shown in Fig. 2, rises slowly to a maximum at
the point where it crosses the gstcurve, then declines
monotonically with 6. The Qst curve shows a gen-
eral lack of structure, which indicates that the
molar heat is roughly constant throughout the
range of coverage.

Entropies of Adsorption.— -The differential and
intergral entropies of adsorption, Ss and SB re-
spectively, are shown as a function of coverage in
Fig. 3, where the 9values are based on a monolayer
volume vm = 320 cm.3¥g. As a convenient stand-
ard state, we have chosen the bulk phase (in this
case, liquid) of argon at 110°K., so that the dif-
ferential entropy is given by the equation

RIn (p/pQ - (1/D X

(dinpo/d(I/BT)lI (6)

The vapor pressure p0O was calculated from data
given by Din,Dwhich can be fitted by the equation

803.88/T  (7)

5a=qJT -

In pO(cm.) = 13524 -

In calculating the integral entropy, we have joined
the Langmuir entropy onto the data at coverages
below 9 = 0.04 by choice of the constant in the
Langm uir expression

S3= So+ fcin [6/(1 - B)] @)

This of course can be integrated from zero coverage.
The integral entropy then is given by the equation

& = (10) f @SaB ©

As has been pointed out before, 13 it is almost
futile to make qualitative remarks about entropy

(20)
worths Scientific Publications, London 1956, p. 150.

F. Din, “Thermodynamic Functions of Gases,” Vol. 2, Butter-
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curves. However, the present entropy-coverage
curves follow roughly the pattern found for similar
systems. 1322 We note that the integral and dif-
ferential curves fail to cross, and that there is no
minimum in the integral entropy curve. This
same behavior has been observedB3for the adsorp-
tion of argon on preadsorbed layers of argon and
xenon. Thus, the statement which has sometimes
been made,2 that the integral entropy curve will
exhibit a minimum at the completion of the mono-
layer, does not have general validity.

Surface Area.— Many different estimates exist
for the surface area of this graphitized black.
Prenzlow and HalseyB3 have listed 21 different
values for the area, assembled from their own and
other data. 22320 These estimates fall in the range
of 10-15 m.2g.-1, and were obtained either from
estimates of “Point B” values or from isotherm step
heights. In addition to these, independent values
have been obtained from both second- and third-
order interaction data. These latter estimates
depend, of course, on the gas, on the particular
choice of potential model, and also on some assump-
tions external to the model itself. For a Lennard-
Jones type potential, second-order interaction data
give values for the area of between 8 and 17 m.2
g._1, depending on the formula used for the con-
stant in the London expression, and on the exact
nature of the potential model.3 A two-dimen-
sional gas analysis of third-order argon interaction
data,6B employing a (12-6) potential function,
gives an apparent area of 9 m.2g._1 if one uses the
free space value of the molecular diameter.B*

“Point B” values have been estimated visually
from the present isotherms, and the monolayer
volumes and areas found are given in the second and
third columns, respectively, of Table I. So that
the areas reported here for P33 would be on the
same basis as those given by Prenzlow and Halsey,13
we have employed their method for assigning an
area to the argon atom. They assigned an absolute
area to nitrogen, and the value of 16.2 A.2used by
Polley, Schaeffer, and Smith2was selected. To get

(21) C. H. Amberg, W. B. Spencer, and R. A. Beebe, Can. J. Chem,,
33, 305 (1955).

(22) T. L. Hill, P. H. Emmett, and L. G. Joyner, J. Am. Chem. Soc.,
73, 5102 (1951).

(23) J. H. Singleton and 6. D. Halsey, Jr., J. Phys. Chem., 58, 330,
1011 (1954).

(24) S. Ross and W. Winkler, J. Colloid Sci., 10, 319, 330 (1955).

(25) Such a treatment was first proposed by D. H. Everett, soc.
Chem. Ind. Monograph, 14, 98 (1960). See also J. A. Barker and
D. H. Everett, Trans. Faraday soc., to be published.

(26) J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, “Molecular
Theory of Gases and Liquids,” John Wiley & Sons, Inc., New York,
N. Y., 1954, p. 1110.
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the relative areas for other gases on a uniform basis,
the second virial coefficient molecular diameters
based on the Lennard-Jones (12-6) potential and
taken from the tabulation of Hirschfelder, et al., s
were used. The present values for Hie area (A,)
are in close agreement with those tabulated by
Prenzlow and Halsey.13

If two-dimensional hexagonal packing of the ad-
sorbate is assumed and the second virial diameter is
used to compare the areas, the values listed in the
fourth column of Table | (A2) are obtained. It is
perhaps more appropriate to use the gas diameter
at the potential minimum rather than the zero-
interaction diameter given by Hirschfelder, et al.'"®
This would increase the A 2values by a factor of
21/ to yield the areas listed under Asin Table |I.
Also listed for comparison are areas computed from
second-order interaction data for argon using the
Kirkwood-Miiller formula in conjunction with (9-3)
and (12-3) gas-surfase potentials, and from third-
order interaction data employing a (12-6) potential
for the two-dimensional gas interactions. It can
be seen that the KM areas, the area obtained from
third-order data, and the areas computed assuming
hexagonal packing all are in quite good agreement.

Table |

Estimates of the Surface Area of P33 (2700°)

Ve Ai, Az, Ail

t. (%K) (cm.Jg." m.Sg.-i m.2g.-"' m.2f
109. 956 ;. 8 11.4 8.4 10 .6
99..981 3. 16 11.7 8.G 10 .8
97. 134 3.19 11.8 S.7 11 o
95. 301 3.22 11.9 8.8 .l

(9-3)Akm ;i2-3)aKm (12-6) Asd
8.6 9.3 9.0

It is evident from Table | that the “Point B”
estimates diminish fairly rapidly with increasing
temperature. On the other hand, as pointed out
by Prenzlow and Halsey,1Barea estimates based on
step height measurements apparently are inde-
pendent of temperature, and presumably represent
the true monolayer volume. Of course, the uncer-
tainty in assuming a particular type of packing for
the adsorbate obviously is more important than
these variations in vm In light of all the approxi-
mations and uncertainties involved in surface area
determinations, it is satisfying that the agreement
among the various methods is as good as it is.
In fact, even though routine BET areas often are
reported to three significant figures, we are unable
to estimate the absolute area of this very thoroughly
investigated powder any more closely than 10 *
2m.2g.-1.
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The solution absorption spectra of Pr+3 Nd+3 Sm+3 and Eu+3were measured in molten LiINO3 K N 03eutectic at 150°
in the range 0.35-2.6 n (28,600-3850 cm.']). New observations of a number of absorption bands in solution in the region
1.40-2.6 m(7140-3850 cm.-1) were made by taking advantage of the optical transparency of the LiINO3K N 03eutectic sol-
vent in this region of the spectrum. Theoretical interpretations of the solution spectra are offered based on recent experi-
mental and theoretical analyses of crystalline salts of the lanthanide ions.

Introduction

A great deal of progress has been made within
the last five years in understanding the absorption
and fluorescence spectra of crystalline salts of the
lanthanides. This progress has resulted from a
combination of experimental and theoretical analy-
sis. In the present communication we have ap-
plied the results of these recent investigations with
crystals to an interpretation of the solution spectra
of the lanthanides.

W ith few exceptions, studies of the solution ab-
sorption spectra of the trivalent lanthanides have
been confined to the region 0.2-1.4 ix, and have
emphasized application to chemical analysis and to
the characterization of complex ionic species.
Previous communications3-5 in which lanthanide
solution absorption bands have been identified
with certain excited multiplet components have
been limited to a spectral range where in general
considerable overlapping of multiplet levels occurs
thus restricting the number of unique identifica-
tions to only a few of the observed bands.

The conditions for interpretation of lanthanide
spectra are much more favorable in the near
infrared region where the multiplet levels are
fewer in number.

To study this spectral region, we have taken
advantage of the wide range of optical trans-
parency of the molten LiN 0 3K N O 3eutectic which
extends from ~0.35-2.6 j+ Primary interest in
the present paper centers on the 1.4-2.6 A (7140-
3850 cm .-1) region; however, since the most recent
theoretical and experimental studies have revised
many of the assignments appearing in the older
literature, certain absorption bands occurring at
wave lengths less than 1.4 Aalso wiill be discussed.

In addition to giving a theoretical interpretation
of the solution absorption bands of the light lanth-
anides, it is of interest to contrast the ligand field
effects of the anhydrous nitrate media with those
observed in aqueous solution. Therefore we also
have measured the spectra of the elements con-
cermed in D2 (dilute DC104. The use of a deute-
rated solvent makes it possible to extend spectral

(1) This work was performed under the auspices of the U. S. Atomic
Energy Commission.

(2) On leave at the University of Munich, Germany.

(3) L. J. F. Broer, C. J. Gorter, and J. Hoogschagen, Physica, 11,

231 (1945).
(4) C. K. Jorgensen, Dan. Mat. Fys. Medd., 29, No. 11 (1955),
(5) C. K. Jorgensen, Acta Chem. Scand., 11, 981 (1957),

investigations beyond the usual H2D cut-off at
14 to ~1.8 n, giving a wider region of comparison
with the spectra obtained in the molten nitrate
medium.

The transitions occurring in the near infrared
region are associated with upper levels of the ground
state multiplets or of the first excited multiplet
levels of the lanthanides. Beyond the transparent
range of the nitrate eutectic there are a few addi-
tional bands which could in principle be observed,
but these are located at wave lengths much longer
than the infrared cut-off of the nitrate eutectic.

Experimental

The spectral measurements were made using a Cary
recording spectrophotometer Model 14. The aqueous
solutions were measured at room temperature, 23 + 2°,
while the nitrate eutectic solutions were maintained at
150 + 1°. Two types of furnaces were used for measure-
ments on the molten salt samples, and have been described
in the literature.6 The eutectic mixture of LiNO3and KNO03
employed as a solvent contains 43 mole % LiNO3and has a
melting point of 132°.

Reagent grade chemicals were used without further puri-
fication. The lanthanide elements were obtained commer-
cially as oxides and contained <1% impurities. The tech-
nique of preparing DC104 has been described previously.7
Samples of the dried lanthanide oxides were weighed, then
dissolved in the appropriate acid, DC104 or HNO3 The
HNO3 solutions were evaporated to dryness in spectropho-
tometer cells before adding the required weight of solid
LiNO3K N 03 eutectic.

In some cases, the eutectic solutions remained turbid
after essentially all of the dried lanthanide nitrates had
dissolved in the melt. This was probably due to the forma-
tion of small amounts of lanthanide oxides or oxynitrates
produced by partial thermal decomposition of the nitrates.
Clear solutions could be obtained by addition of small
amounts of solid NHANO03 to the molten system at 150°,
followed by bubbling dry N2 through the solvent. Am-
monium nitrate acts as an acid in the nitrate melt, and any
excess of this salt can be removed by raising the tempera-
ture of the system to 220° for several hours. The existence
of HD and/or undecomposed NHANOs in the melt is evi-
denced by the presence of intense characteristic absorption
bands in the 1.9-2.5 mregion. Thus progress in the expul-
sion of these materials could conveniently be followed spec-
trophotometrically.

The ability of NHANO3 to dissolve lanthanide oxides
directly in the LINO3KNO3 melt already has been de-
scribed8and represents an extention of the work of Audrieth,
et 0Z.,9with pure molten NHANO03 The usefulness of this
technique should, however, be emphasized.

(6) J. P. Young and J. C. White, Anal. Chem., 31, 1892 (1959);
D. M. Gruen and R. L. McBeth, J. Phys. Chem., 66, 57 (1962).

(7) J. C. Sullivan, D. Cohen, and J. C. Hindman, J. Am. Chem.
Soc., 79, 3672 (1957).

(8) W. T. Carnall, Anal. Chem., 34, 786 (1962).

(9) L. F. Audrieth and J. Kleinberg, “Non-aqueous Solvents,”
John Wiley and Sons, Inc., New York, N. Y., 1953, Chap. 14.
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cm-1 x 10'3.

Fig. 1—Absorption characteristics of (A) borosilicate
glass cell with 1-cm. path length; borosilicate glass cell
containing (B) H2, (C) DD, and (D) LINO3KNO3 at
150°.

The techniques used in the preparation and handling of
the nitrate eutectic as well as the details concerning the
procedure used in obtaining the data and calculating molar
absorptivities for the molten salt solutions already have
been described.8

As can be seen from Fig. 1, the range of optical trans-
parency of the molten LiNO3K N 03 eutectic corresponds
approximately to that shown by borosilicate glass. Thus
satisfactory spectrophotometer cells were fabricated from
precision bore square borosilicate tubing. Both HXD and
DX absorb strongly in the near infrared, but the latter
solvent is seen to have a greater range of transparency.

Results and Discussion

A very useful summary of the theory of lanth-
anide spectra, together with the necessary param-
eters required for calculating multiplet energy
levels, has been presented by Elliot, et al.D The
interaction of the crystal field with the 4f electrons
of a lanthanide ion splits each multiplet level into
a group of at most 2J + 1 components. This
splitting is considerably less in magnitude than that
due to the Coulomb interaction between the 4f
electrons or the spin-orbit coupling interaction.
In solution, one would not expect to resolve all of
the crystal field components individually, this being
accomplished only at low temperature in crystals.
The crystal field interaction may, however, shift
the maximum of a given absorption band, broaden
it and change its shape from one medium to another.
Nevertheless, the transition generally can be iden-
tified with its analog in a crystal if it is well resolved
from other multiplet levels.

For the most part, the absorption bands in the
1.4-2.6 f. region are due to transitions from the
ground state to higher components of the ground
state multiplet. In some cases the transitions
are to levels of the first excited multiplet. It is
useful to classify these levels according to the
Russell-Saunders coupling scheme even though in
many instances it is necessary to allow for devia-
tions from this approximation in order to obtain
satisfactory agreement between theory and experi-
ment. Figure 2 shows recent results on multiplet
assignments of the light lanthanides in the 0-14,000
cm .-1 region obtained from studies of the spectra of
crystalline salts. Each level is identified by suit-
able quantum numbers in the R-S system. Data
of Pm+3have been omitted since preliminary results

(10) J. P. Elliot, B. R. Judd, and W. A. Runciman, Proc. Roy. Soc.

(London), A240, 509 (1957).
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obtained to date have not been able to establish
the existence of solution absorption bands in the
1.0-2.6 nregion,8and crystal studies in this spectral
region have not been reported.

The absorption spectra of Ce+3 and Gd+3 are
of little interest from the point of view of the
present study. As seen from Fig. 2, Ce+3with one
4f-electron has only one excited level near 4.44 tHi
which cannot be observed in the LINO3KNOS3
eutectic, both because of solvent absorption and
because Ce+3 is not stable in the nitrate melt.
Oxidation to CeO2occurs rapidly and the resulting
oxide precipitates; an observation which is con-
sistent with studies of the decomposition of hy-
drated Ce(N03312 Due to the particular sta-
bility of the f7 configuration, the transitions of
Gd+S within the 4f shell occur at relatively large
energies. The corresponding absorption bands all
are found in the ultraviolet region of the spectrum 13
and are masked by intense absorption of the sol
vent. It remains then to discuss the spectra of
Pr+8 Nd+3Sm+3and Eu+3

Pr+3— The well known spectrum of Pr+3is
due to transitions among the 13 multiplet levels
arising from the 4f2 configuration. Dieke and
SarupMhave studied the fluorescence spectrum of
Pr+3in LaCl3and were able to fix the centers of
gravity of the H6 F2 F3 and F4levels at ap-
proximately 4280, 4940, 6330, and 6770 cm .-1,
respectively. The corresponding absorption bands
have now been observed in solution as shown in
Fig. 3. Several of the near infrared transitions
occur with considerable intensity relative to the
bands observed in the visible region. The complex
band centered near 2.1 p can be resolved into two
gaussians with maxima at 2.23 jx (4480 cm .-1) and
193 fi (5180 cm.-1). Since the TR level lies 2170
cm.-1 above the 3H 4 ground state, it is not ap-
preciably populated at 150°; thus there would ap-
pear to be little doubt that the two overlapping
bands near 21 p are due to the transitions 3H 4
H6and H4F2 Similarly, the bands observed
in the nitrate meltat 1.54 p (6490 cm .-1) and 145 p
(6900 cm .-1) may be identified with transitions to
the 3 3and 3 4levels, respectively.

The absorption bands of Pr+3in DC104near 1.5«
show structure not observed in the molten nitrate
system. This structure may be interpreted as due
to transitions between partially resolved crystal
field levels since the components of the bands
are separated by 60 cm.-1. The over-all
crystal field splitting of the ground term 3H4in
PrCl3is 131 cm.1,5 and splittings of similar
magnitude occur within the excited F3 and F4
levels in the same crystal.2

As a result of the relative sim plicity of the Pr+3
spectrum and the large separation between m ulti-
plets and multiplet components, other absorption
bands shown in Fig. 3 also can be identified. In
recent years, general agreement has been reached

(11) R. J. Lang, Can. J. Res., 14, 127 (1936).

(12) F. Vratny, S. Kern, and F. Gugliotta, J. Inorg. Nucl. Chem.,
17, 281 (1961).

(13) S. P. Cook and G. H. Dieke, J. Chem. Phys., 27, 1213 (1957).
(14) G. H. Dieke and R. Sarup, ibid., 29, 741 (1958).

(15) E. V. Sayre, K. M. Sancier, and S. Freed, ibid., 23, 2060 (1955)
(partial revision, ibid., 29, 242 (1958).
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N ear Infrared Transition

Lonthonide lon Cet+S Pr+3
Confiouration 4f1 4f*
Number of J Levels 2 13
Wavelenoth in Microns m L.
1 *

Fig. 2—Energy levels of the light lanthanide ions from 0-14 000 cm.
Sm+3-2 Eu+33). Centers of gravity of multiplet levels as given in ref. 10 are:

5106 cm.-1; Nd+3....48 = 10548 cm.-1, & =

concerning the assignment of the bands centered at
~1.0 and 059 n and the system centered at ~

0.47 Kk to transitions from the sHa ground state
to the excited levels ~ 4, 1D2 and sPo,i2 plus Te,
respectively..s It is of interest to note that with
the exception of sH 4 sH eand 3H 4 BQ the transitions
from the ground state to all of the excited multiplet
components in the 4f. configuration lie in a spectral
region that can be studied using the LiX03s>KN O3
eutectic as a solvent.

It is clear from Fig. 3 that spectra of Pr+s in
DC10+ and in the nitrate melt are very similar.
The small shifts of the band maxima toward the
infrared found in the nitrate melt are paralleled
by observations in aqueous solutions where similar
shifts are found with increasing NO3' concentra-
tionis and with acetylacetone chelate formation. i

(16) P. W. Selwood, J. Am. Chem. Soc., 62, 4308 (1930).

(17) T. Moeller and W. F. Ullrich, J. Inorg. Nucl. Chem.t 2, 164
(1956).

of Trivalent Lanthanides in Solution 2161
NdT3 Sm« Eii+3
4fi 4f5 s 475
44 206 301
P M
1 \

References: Ce+S&1), pr+3114.1555 N d+3(1819
Pr+3....3F = 4072 cm.-1, I'G =

10,548 cm.“1 H = 11,087 cm.“1 Sm+3....6 = 4958 cm.“1

Nd+3— Crystal spectra of Nd+s have absorption
bands in the 1.4-2.6 nregion and similar transitions
have now been observed in LiN 03K N O s eutectic
as shown in Fig. 4. The transitions 4l of- 4lis2
and |ef—lierz with centers of gravity at ~4010
and '~6060 cm..: were identified by Varsanyi and
Diekeis from absorption and fluorescence spectra of
Nd+sin solid solution in LaCI3 The crystal field
splitting of the ground multiplet components of
Nd-+sin LaCls has been reported to be 249 cm -1
for 4192 85 cm.«1 for 4In/2 151 cm.«1 for 4li3/2
and 285 cm.«1fora4lie2.1s'19  In the nitrate eutectic,
the 25 m (4000 cm.“ 1 band is complex. It can be
resolved into two gaussian bands with maxima
at 235 fi (4260 cm.“d) and 251 n (3980 cm.“),
respectively. The energy difference of 280 cm .~ 1 is
close to the energy separation of the lowest and

(18) F. Varsanyi and G. H. Dieke, J. Chem. Phys., S3, 1616 (1960).

(19) E. Carlson, John Hopkins Spectroscopic Report Number 18
(1960).
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Fig. 3.—The absorption spectrum of Pr+Sin (A) molten
LiNO3K N 03 eutectic at 150°, and (B) in 0.4 M DCIO4 at
23°.

tm-' x 10'3.

Fig. 4—The absorption spectrum of Nd+3 in (A) molten
Iz_étl’\IO?rKNOSeutectic at 150°, and (B) in 0.3 M DC104 at
highest crystal field components of 492 for Nd+3
in LaCI3 Assuming that the crystal field splittings
are similar in nitrate melts and in LaCl3 one may
interpret the structure of the 25 ju band in the
eutectic as arising from transitions originating from
the lowest and highest crystal field levels of 492
and terminating in 4isk. A temperature study of
the intensities of the components of this band
would help to indicate the correctness of this
assignment.

It should be pointed out that the 492 4js2
transition was observed for the first time only
recently.B In the nitrate melt and in DC104
solution, this transition appears as a weak, broad
band centered at 1.63 4 (6130 cm.-1) and could
easily have been missed in the absence of informa-
tion predicting its location.

Transitions to the excited multiplet levels of
Nd+3give rise to a much more complicated band
structure in the visible region of the spectrum than
in the case of Pr+3 All except four of the 44 pos-
sible multiplet levels in the 4f3configuration lie at
wave lengths < 0.9 n (11,100 cm.-1). Krumholz
has shown that under high resolution and at a
temperature of 3° the absorption spectrum of Nd+3
in dilute HC104in the 0.4-0.9 i1 range approximates
that reported for Nd+3 in Nd(BrO339HD

W. T. Carnall, D. M. Gruen, and R. L. McBeth
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crystals where the symmetry of the crystal field
appeared to be trigonal (C3).2D

The visible absorption bands of Nd+3 show a
shift of the band maxima toward the infrared with
increasing N O3~ concentration when comparing
the spectra of an aqueous solution of 1.0 N Nd-
(NO3swith that of a crystal of Nd(NO336H2D .56
Similarly, a small red shift is observed in comparing
an aqueous to amolten nitrate medium.

Oetjen2lnoted a significant increase in oscillator
strength of the band near 058 ~ (17,250 cm .-1)
with increasing Nd(NO33 concentration and re-
ported a molar absorptivity eos7s, of 22 for 2421
M Nd(NO33 the highest concentration measured.
By comparison, it was found that the concentra-
tion of Nd+3in the LiN 03K N O 3eutectic can be
varied up to ~0.2 M Nd+3 by using neutral
density filters and the band at 0.58 jj was shown to
follow Beer’s lav/ with e = 19.7. At higher con-
centrations of Nd+3the band was too intense to
permit quantitative measurements to be made.
Similar effects with this particular absorption band
have been reported in molten LIiCI-KC| system22
and in a study of Nd+3chelate formation,I7but not
in aqueous chloride solutions.2L In the investiga-
tion in which the acetylacetone chelate of Nd+3
was dissolved in various organic solvents, it was
found that the extinction coefficient of the 0.58

band obeyed Beer’'s law at low concentrations
giving an «value that varied between 21 and 23
depending on the solvent, but in any event close
to the value found in the present study.

The remarkable sensitivity of the intensity of
the 0.58 f, band to changes in anion environment
has recently been justified theoretically by Judd,2
who found that the oscillator strength P correspond-
ing to the transition 'kj “m'Fj"is given by

P = STVC/jUg'Il"™ j)2

where f/(x) is a tensor operator of rank X, and the
sum runs over the three values 2, 4 and 6 of X.
Sets of parameters T2 and can be chosen to
fit the experimental data. The parameter T2
often plays only a minor role in determining the
oscillator strengths because of selection rules.
However, the m atrix elements of U@ for the transi-
tions 4g/2—» X57/2 4G s2which give rise to the 0.58
Mband are of the two largest in magnitude and it is
the intensities these transitions which are most
sensitive to the she of T2 It is to be hoped that a
detailed understanding of the relation between
the magnitude of T2and the physical model of the
rare earth anion complex can ultim ately be gained.
The interpretation of intensity changes in terms of
chemical interactions then will become possible.
Sm+3— An experimental and theoretical study
of many of the 206 possible multiplet levels in the
4f6configuration (Sm+3) has been made by Magno
and Dieke,2 whose experimental results appear
to agree with those obtained by Gobrecht.Z® The

(20) P. Krumholz, Spectrochim. Acta, 10, 274 (19.58).
(21) G. W. Oetjen, Z. Natvrforsch., 4a, 1 (1949).
(22) C. V. Banks, M. R. Heusinkveld, and .1L. W. O’Laughlin, Anal.
Chem., 33, 1235 (1961).
(23) B. R. Judd, UCRL-10019, January, 1962.
(24) M. S. Magno and G. K. Dieke, NYO-8098 (June 18, 1959).
(25) H. Gobrecht, Ann. Physik., 31, 755 (1938).
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absorption spectra in the 1 0-2.6 nrange have been
interpreted in terms of an overlapping of the
terms of the & state with the upper levels of
the 3 ground state multiple! (Fig. 2). The first
excited component of the ground state multiplet,
eH 72 lies at an energy which is large compared
with KT so that it is not populated at 150°. The
crystal field splitting of the ground component,
6H 6/2, in Sm (No 33 crystals was found to be ~136
cm..1,26 but neither the bands observed in DCI04
solution nor those in the nitrate melt (Fig. 5)
give any evidence of structure traceable to this
splitting.

The transitions of Sm+ s observed in the near in-
frared in the nitrate melt are summarized in Table
I, and compared to the data reported by Magno
and Dieke,2a and to multiplet levels calculated
from theory assuming pure R-S coupling..o Judd
has shown that intermediate coupling calculations
lead to a much better agreement between theory and
experiment for the lower levels of the ground term
multiplet2z The assignment of the level at 6600
cm.-1 to eHierz is in very good agreement with
experimental results of Gobrechts There is some
confusion respecting the order in which eH is2
and ¢F 62 are assigned by Magno and Dieke.2

The degree of agreement between theory and
experiment for the & multiplet is of particular
interest here since the transition to «Fj2 which was
reported in crystals near 1.75 m (5710 cm.-1)24 is
not observed in the nitrate melt. We therefore
must assume either that this transition is extremely
weak or that, as indicated by theory, it occurs at
a somewhat higher energy than reported by Magno
and Dieke. In this event it would be masked by
the relatively intense band at 1.56 ix (6410 cm .-1).

Tabite |
A Comparison of Theory and Experiment for the

H and @ Muliltiptet Levels of Sm+3

Exptl. obsd. 2 Exptl. obsd. Calcd.”
in crystals LiNOr-KNOs Pure R-S
Transition (cm.-1) (cm.-1) coupling (cm. _1)

aHe2 0 0 0
Hjl2 1100 840
6192 2300 1920
H .2 3600 3240
His2 5000 4950 4800
&il2 5700 6158
G2 6300 6410 6518
Hiu2 6750 6711 6600
&2 7100 7194 7118
&72 7950 8000 7985
Fo2 9050 9174 9038
&n/2 10400 10530 10358

° Calcd. as shown in ref. 10 using F2 = 370 cm.“l1and f = 1200

cm.-1.

Although the eH 92 and sHn/2 transitions lie be-
yond the experimental limits of the present study,
it is of interest to note that absorption bands at
~4.1 fi (2440 cm.-1) and 2.62 ¢i (3820 cm .-1) were
reported in the absorption spectrum of a glass
containing Sm203.28

(26) A. Friedrick, K. li. Hellwege, and FI. Lammermann, Z. Physik,

168, 251 (1960).
(27) B. R. Judd, Proc. Phys. Soc. (London), A69, 157 (1956).
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Fig. 5—The absorption spectrum of Sm+3in (A) molten
LiNO3K N 03eutectic at 150c, and (B) in 0.4 M DC104at
23°.

Fig. 6.—The absorption spectrum of Eu+3in (A) molten
LiNOs K N 03eutectic at 1503 and (B) in 0.3 M DC104 at
23°.

Except for the two band structure near 15 A
in molten LINO3KN 0 3 the spectra of Sm+3in
DC104and in the nitrate eutectic are very similar
with no appreciable shift in the energies of the
band maxima. Moeller and Ullrich I have shown
that chelate formation can give rise to modifications
of several Sm+3bands in the visible region, but the
effects are strongly dependent upon the chelating
agentemployed.®

Eu+3— A study of the fluorescence spectrum of
Eu+3 in crystalline Eu(C2HsSo4)3-9H20 has been
made by Sayre and Freed®and their results have
been interpreted theoretically by Judd.3 Ac-
cording to an analysis by Gruber and Conway2
of the energy levels of the f6éconfiguration, the high-
est component of the # ground state multiplet is
separated by more than 10,000 cm.-1 from the
lowest component of the first excited multiplet,
DO The centers of gravity of the 7Fi,2346e
multiplet components occur at approximately

(28) R. Stair and C. A. Faick, J. Res. Natl. Bur. Standards, 38, 95
(1947).

(29) T. Moeller and E. P. Hcrwitz, J. Inorg. Nucl. Chem., 12, 49
(1959).

(30) E. V. Sayre and S. Freed, J. Chem. Phys., 24, 1213 (1956).

(31) B. R. Judd, Mol. Phys., 1, 407 (1959).

(32) J. B. Gruber and J. G. Conway, J. Chem. Phys., 34, 632
(1961).
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377, 1050, 1900, 2910, 3960, and 4990 cm .-1, re-
spectively, as shown in Fig. 2.30 The magnitude
of the crystal field splitting of the ground state
multiplet components in Eu(C2HsSo4)s-9H20 was
found to vary from ~40 cm..: for Fi to ~270
cm.-1 for 7F4,3 while the 7Fo ground state is not
splitin a crystal field. Since the Fi level lies very
close in energy to the ground state, both levels
are populated at room temperature.ss

The absorption spectrum of Eu+s in molten Li-
NO3-KNO3 eutectic (Fig. 6) is clearly in con-
sonance with the results of Sayre and Freed.x
The bands with centers at ~2.1 and "'2.5 n thus
are to be identified with transitions between ground
state multiplet components, while the very weak
bands near 0.55 and 0.6 : are due to transitions to
the @ state. We propose that the two maxima
at 217 n (4610 cm.“1) and 203 n (4930 cm.“])
arise from the transitions 7Fo-7Fs and Fi-7F§
respectively, since the energy difference of 320
cm.« 1 corresponds reasonably well to that found in
Eu(C2HeSos)s-sH20 . The band with maximum
at 256 n (3910 cm.“ ] thus is to be identified with
the +Fo 7Fe transition. Since the latter occurs
so near the experimental limit in the present in-
vestigation, it cannot be established whether it too
possesses a satellite on the infrared side.

(33) K. H. Hellwege, U. Johnsen, H. G. Kahle, and G. Schaack,

Z. Physik, 148, 112 (1957).
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The assignment of the absorption bands of Eu+S
near 0.579, 0.525, and 0.465 to the @ configuration
has been discussed by Bayer-Helms.sa These are
all low intensity bands in the solution spectra,
(Fig. ), but sufficiently separated in energy to
make possible their characterization. Calculation
showed that the oscillator strengths for the 7Fu-eD 2
transition (0.465 ju) increased both with increasing
temperature and with increasing NO3‘ concentra-
tion. This is consistent with the present results
since in the nitrate melt, the 0.465 y band shows a
very significant increase in intensity similar to the
effect of NOs- ion on the 058 y. band of Nd+3.
Selwoodis has also noted the sensitivity of the
0.465-n Eu+3 band to N O 3~ concentration.

The correlation between the absorption maxima
of the bands found in the present study and those
found in crystal spectra suggests that a careful
investigation of relatively high concentrations of
Pm+s in the LINOs+K N O3 eutectic may lead to
information on the structure of the ground state
multiplet of that system. Such studies are pres-
ently being carried out. The applicability of the
infrared bands to analytical studies has already
been stressed in an earlier publication s

Acknowledgment.— -W. T. C. wishes to acknowl-
edge numerous helpful discussions with P. Fields
during the early stages of this work.

(34) F. Bayer-Helms, Z. Naturforsch13a, 161 (1958).
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Radiolysis of chloroform-ethylene mixtures in an autoclave produces the addition compounds C2H5CCI3, CARCCR
and CeH ICCI3with (/-values as high as 3000 at 100° and 300 at 28°. A study of product distribution as a function of ethyl-
ene pressure yields transfer constants for the radicals involved in the chain reacticn: at 28° the values for the radicals
C2H4CCI3, ChHsCCls, and CsHuUCCfi are 0.21, 1.3, and 1.6, respectively; at 100° they decrease to 0.15, 0.54, and 0.45.
A study of the chloroform-carbon tetrachloride-ethylene system using both high energy radiation and thermal decomposi-
tion of benzoyl peroxide as initators confirms that the radiation-initiated chain reaction is radical, and not ionic, in nature.
The effect of non-polar solvents on the transfer constants suggests that increase in transfer constants with increasing chain
length is a result of a decrease in rate of the radical-olefin addition reaction, (/-values for pure carbon tetrachloride-

ethylene mixtures have not been determined, but indirect evidence indicates (/(telomer) of the same order as those ob-
tained with chloroform.

Introduction Ivharasch and his co-workers, who performed much

In production of telomers (low molecular weight
polymers) from radical-initiated chain reactions,
the reactants, an olefin M and an adduct AB,
usually are sensitized by thermal decomposition
of a peroxide to produce high yields of telomers of
the type AM ,B. The reaction scheme for produc-
tion of telomers from these systems usually is given
as

R+ AB—-—>RA + B Initiation
M+ B—-—>MB ) ..
M + MB — »M3B etc. f Polymerization

MnB + AB —"®sAM ,B + B Chain transfer

of the earlier work, found that many polyhalogen
compounds give high yields of telomers with olefins
Walling2 gives an extensive review of this field.
For the systems that are pertinent to this work,
chloroform-ethylene and carbon tetrachloride-
ethylene, the telomers produced have the general
formula H(C2H4),CCls and CI(C2H )L Cls, respec-
tively.s«z

(1) The Radiation Laboratory is operated under contract with the
Atomic Energy Commission.

(2) C. Walling, “Free Radicals in Solutions,” John Wiley and Sons,
Inc., New York, N. Y., 1957.

(3) 1.C.1., British Patent 581,899 (October 29, 1946).

(4) M. S. Kharasch, E. V. Jensen, and W. H. Urry, 3. Am. Chem.
Soc., 69, 1100 (1947).
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Thermal decomposition, ultraviolet light, and
high energy radiation have been used for initiation
of telomerization reactions. For a kinetic study,
peroxides have several limitations: it is difficult to
maintain constant temperature with an exothermic
chain reaction; the chain reaction once started
cannot easily be controlled and can become
hazardous with even moderately scaled prepara-
tions; reaction temperatures are limited to decom-
position temperatures of the peroxides. Initia-
tion by ultraviolet light would be free from these
difficulties but would preclude the use of such olefins
as ethylene and propylene at high concentrations
where high pressures are encountered. High
energy radiation recently has been used as a
method of initiating telomerization reactions in
carbon tetrachloride-ethylene mixtures8and several
aldehyde-olefin systems.9

In the present work, high energy radiation was
employed for a kinetic study of telomerization
reactions. Control of the chain reaction permitted
by such technique enables the products to be de-
termined as a function of temperature and reactant
mixture and thus gives some information on the
reactivities of the radicals involved.

Experimental

Materials.—Matheson, Coleman and Bell spectrograde
chloroform, Fisher certified-grade carbon tetrachloride,
and Matheson C.p. grade ethylene were used without fur-
ther purification. The ethylene contained less than 1%
impurities identified as ethane and a trace of air. Matheson,
Coleman and Bell spectrograde M-hexane was shaken with
concentrated sulfuric acid to remove any traces of unsatu-
rated hydrocarbons.

Dosimetry.—The Ghormley-Hochanadel Co® source
used in this work gave a dose rate of 1.26 X 10Te.v. g._1
min.-1. Dose rates were determined with the Fricke
dosimeter using G'(Fe+3) = 15.6. To avoid complications
arising from chemical effect of acid solution upon steel, the
autoclaves were lined with aninert material. The dose rates
in a gold-plated autoclave and in an autoclave coated with
a thin film of silicone grease were 5% greater than the dose
rate in a closely fitted Pyrex tube inside the autoclave. The
higher value was used in this work.

Irradiations.—Stainless steel (316) autoclaves of 10-ml.
capacity were charged half full with solvent and degassed
by conventional freeze-thaw technique. The amount of
ethylene condensed into the autoclave was determined from
pressure-volume measurements. Copper-constantan ther-
mocouples introduced into the body of the autoclave re-
corded the temperature of the reaction to within 10.

Analysis of Liquid Products.—After irradiation, the auto-
clave was slowly depressurized and the uncombined ethylene
was measured as before. Hand agitation during this pro-
cedure reduced solvent loss to a minimum. A Perkin-
Elmer fractometer, Model 154B, was used for analysis of
liquid products; gram quantities of addition compounds,
prepared in 40-and 150-ml. capacity autoclaves, were sepa-
rated with a Beckman Megachrom and used for calibrating
the fractometer.

Chromatographic analysis for addition compounds pro-
duced in chloroform-ethylene mixtures initiated either by
high energy radiation or by thermal decomposition of 0.5%
benzoyl peroxide revealed only three products in both®

(5) R. M. Joyce, W. E. Hanford, and J. Harmon, J. Am. Chem.
Soc., TO, 2529 (1948).

(6) W. E. Hanford and J. Harmon, U. S. Patent 2,440,800 (May 4,
1948).

(7) J. Harmon, T. A. Ford, W. E. Hanford, and R. M. Joyce, J. Am.
Chem. Soc., 72, 2213 (1950).

18) S. S. Medvedeyv, in "International Conference on Radioisotopes
in Scientific Research, 1st UNESCO Proc.,” Vol. I, Pergamon Press,
New York, N. Y., 1958.

(9) C. E. Stoops and C. L. Furrow, J. Org. Chem., 26, 3264 (1961).
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cases.D Their retention times on 2-m. columns containing
either Apiezon L grease or Carbowax 1500 at 100° showed
that the products from the irradiated mixtures are identical
with those produced by thermal initiation with benzoyl
peroxide; they have the general formula H(CZ2H4)nCCI3
Densities and refractive indices of the three products pro-
duced by irradiation corresponded to the literature values
for the compounds CHECC13 C4H,CC13 and CEHIXCI13
Loss of solvent involved in depressurizing and errors in-
volved in analysis and dosimetry lead to uncertainty of
+15% in the reported G-values; however, their relative
yields are accurate to +7%.

Determination of Ethylene Solubility.—The fraction of
ethylene in the liquid phase was calculated from values of
mole fraction of ethylene and molar volume of the chloro-
form-ethylene system, determined as a function of com-
position over the temperature range 0 to 100° by Kohn
and Shim.1L

Results

Exploratory Studies.— A number of solvents were
irradiated in the presence of ethylene at pressures
up to 100 atm. and analyzed for possible addition
products. Propionaldehyde, methanol, methyl io-
dide, and chloroform were irradiated at room
temperature; methylene chloride was irradiated at
120°, acetone and acetic acid were irradiated at
200°, and toluene at 300°. Largest yields of addi-
tion products from these systems were obtained
from the chloroform-ethylene and propionalde-
hyde-ethylene mixtures, with G-values for addition
products as high as 300 and 30, respectively.
Similar yields were obtained by Stoops and Furrow4
for the propionaldehyde-ethylene system. Yields
from the chloroform-ethylene system were con-
sidered adequate for an uncomplicated Kkinetic
study. Other solvents, carbon tetrabromide,
bromochloroform, etc., which are known to give high
telomer yields with ethylene, were excluded from
study because of the problems encountered when
analyzing for products with high boiling points and
low decomposition temperatures. In the case of
the chloroform-ethylene system, the reactants
and the addition products are stable at 100° for at
least 24 hr. and the vapor pressures of the trichloro-
alkanes are sufficiently high to allow the first three
addition compounds to be analyzed by gas chro-
matography.

Chloroform-Ethylene Mixtures.— Various chlo-
roform-ethylene mixtures were irradiated at 28
and 100° with doses in the range 5 X 108to 90 X
10Be.wv. ml-1. In several runs chloroform was
diluted 4:1 and 9:1 with n-hexane to obtain high
ethylene/chloroform ratios at convenient ethylene
pressures.2 Table | gives yields of the addition
products C2HeCC1l3 0O4HoCCls, and CeH13CC13
The results show a pronounced effect of ethylene
concentration on product distribution. At very
low ethylene concentrations, C2H BCC1s is the major
product; at concentrations greater than 4 M,
C4H oCC1ls is the most abundant product; only at
very high concentrations of ethylene is CeHiX Cls

(10) Production of higher molecular weight compounds undeter-
minable by gas chromatography was not followed in this work.

(11) J. P. Kohn and J. Shim, unpublished data.

(12) The solubility of ethylene in these n-hexane-chloroform mix-
tures is assumed to be the same as in chloroform. This assumption is
justified from data obtained by W. B. Kay, Ind. Eng. Chem., 40, 1459
(1948), on the n-heptane-ethylene system. The solubility of ethylene
in n-heptane, which is very similar to that in n-hexane, is only some 5—
10% less than in chloroform at the pressures and temperatures used
here.
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[CHCL)/[CIHn®, .

Fig. 1—Effect of reactant concentration ratio on ratio
of products in radiolysis of the chloroform-ethylene system
at 28 and 100°: o, in absence of hexane; O, volume ratio
n-CeHu/CHCh = 4; e, volume ratio wC8Hh/CHC13= 9;
tail down, 28°; tail up, 100°.

an important product. These results indicate
that appreciable yields of the 4:1 addition com-
pound CaH ICCI3 are possible only at ethylene/

Table |
Yields of CeHsCCla, CngmlS and CEHiXCl3' from
Chloroform-E thylene Mixtures, Initiated by Co®
7-Radiation at 28 and 100°
Temp.,  [CHCI] con- G(CHi-  GCaH»  &CH.a
°c. [CTH4d  sumed cch) ccL) ccL)
28b 0.35 20 82 204 138
28 1.22 8 92 150 67
28 1.78 8 223 358 113
28 2.09 2 75 123 33
28 3.86 6 172 181
28 4.04 9 248 270 41
28 6.25 3 169 95
28 11.8 17 204 79
28 12.5 33 219 59
100° 0.435 24 98 126 85
1006 0.800 8 109 181 104
100 1.81 14 1810 2810 1215
100 3.75 30 2910 3080 775
100 7.90 34 2800 1880 328
100 16.3 28 1985 610

* Values are not given when yields were too small for ac-
curate determination. 6In 80% n-hexane. clIn 90%
n-hexane. dInitial concentration of ethylene.
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chloroform ratios greater than 3. Increase in
temperature from 28 to 100° increases rate of telo-
merization by a factor of 10.

Chloroform-Carbon Tetrachloride-Ethylene
System.— The possibility cannot be eliminated
entirely that a chain reaction initiated by high
energy radiation is ionic and not radical in nature,
although the short lifetime of ions in a condensed
system would make this unlikely. A comparative
study of yields of reaction products using high
energy radiation and thermal decomposition of
benzoyl peroxide as initiators would help to dif-
ferentiate between ihese two possibilities. How-
ever, difficulty in stopping peroxide-initiated chain
reactions at low conversions leads to complications
in a kinetic study resulting from the large change in
reactant composition during the course of the reac-
tion. To avoid such difficulty, we have studied
the ratio of rates of competing abstraction reac-
tions of the radical C2H4CCls with chloroform and
carbon tetrachloride to produce C:HesCCls and
CIC2H4CCls, respectively. The ratio of rates
should be independent of ethylene concentration.

Yields of C:HeCCls and C1C:H4CCls were
measured over a wide range of chloroform-carbon
tetrachloride mixtures. Doses for the radiation-
initiated reactions at 28 and 100° were in the range
6 XMOBto 50 X 10Be.w. ml-1. The reactions
were carried out in presence of 3 M ethylene with
the exception of one run with 1 M ethylene present.
The peroxide-initiated reaction was carried out at
90° in the presence of approximately 3.2 mM
benzoyl peroxide and 3 M ethylene and the reaction
was allowed to go to completion. The results in
Table Il show that product distribution is greatly
affected by solvent composition but not by ethylene
concentration. As observed for the chloroform
system, (/-values at 100° are larger than at 28° by
a factor of 10.

Table 1l
Yields of CI-,GC13 and CI1CHACCIL3 from Chloroform-

Carbon Tetrachloride-E thylene Mixtures

Ethylene is 3 M except where noted

[ccu]
[CHCIj] .OiCjHsCCls) ffCCICjILCCIj)
Co® gammas, 28°

0.547 76 12.5
3.28 138 141
3.28 131 138

8.21 65 156

Co®gammas, 100°

1.28 595 555

3.28 130 288

7.39 276 1370
19.7 149 1880

Peroxide initiated, 90°
mMoles CsHKCCls mMoles CIC2H4CCls

0.821 0.488 0.308
0.821 1.31 0.801
7.39 0.224 1.10
7.39 .485 2.42
15.6 123 1.09
15.6 .432 3.37

*1J1 ethylene.
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Discussion
Chloroform-Ethylene  System.— The radical
chain for the production of the addition compounds

C2HeCC13 C4sH oCCls, and CeH 13CCls is given by the
usual reaction scheme

Telomer Production from Chloroform-E thylene M ixtures

2167

kcal. Similar variations of transfer constants with
chain length have been observed for other systems;
cf. the carbon tetrachloride-ethylene sytem sensi-
tized by benzoyl peroxide.2 Such variations were
explained in terms of steric hindrance and the donor

ch4a ch4 CH4 ch4a
CCh —eeee- > CHZLC]3- > CH&CL3 - > CEH 1XC13 - > C&,68C13
72 c4 kfj
K\ CHCh fs CHCh h CHCh
Y
C2H6CC1s ch %ci3 CeHIiXCI3
+ + +
ccia CCh CC1s
With r as the rate of production of the radical
CZE 4«CC:3 the following rate expressions are ob-
tained
d[C,H,CCI] = fci[CHC1)]
df 1 X MCHCIs] + £[C:H4]
d[CHICILi] _ A2[ICH41
dt ~ TX Jc,[CHCI] + A2[C,H4] X
f3[CHCI3]
&[CHCL13] + &[CH4]
diceHixCcI3 = A2[ICH 4)
di 1 X R[CHCIs1+ fe[C:H4 X
fu[C2H 4] M CHCla]
As[CHC13] + ki[C2H4] X k6[CHC13 + fm[C2H4]
From these expressions it follows that
[CHEC.3] fd[CHC.3] 7 /h
[CHLC1I fR[CH 4] i
[CHILCAI fB3[CHCI3] G /h
[CEH I C1I) ki[CH4] + ki/z h {CHCLY[C2H4]men

Figures 1 and 2 show the plots (7(CH6CC13/
G(CH XC13 and (?(CH XLC13/(7(CEH 1XC13 s
[CHC13/[CH 4* at 28 and 100°, where [CH 4]* is
the mean ethylene concentration. Values of fci/fc2
and kiZki are obtained from the slopes in Fig. 1
and 2 and /&G/fc6derived from the intercepts of the
lines in Fig. 2. These relative rate constants are
termed transfer constants2 of the three radicals
CHAC13 CHECL13 and CH11XC1l3 Values at
28 and 100° are given in Table I11.

Table Il

Transfer Constants for the Radicals Czl‘bCC;la,

C4-|m3 and Ca"imSin the Chloroform-E thylene
System at 28 and 100°

Temp., °C. ki/Zkz kz/kt kefe.
28 0.205+ 0.025 130 *0.15 15 0,25
100 0.15 + 0.02 0.535 +£0.1 0.45 £0.15

From these transfer constants, activation energy
differences are obtained: E2— Ei = 1 + 0.2 kcal,,
Ei- Ez= 26 + 03kcal,andE% Eb= 35+ 10

Fig. 2—Effect of reactant concentration ratio on ratio
of telomer products in radiolysis of the chloroform-ethylene
system at 28 and 100°: o, in absence of hexane; O, volume
ratio n-CEHHMCHCI3 = 4; e, volume ratio n-CsHn/CHCh
= 9; tail down, 28°; tail up, 100°.

properties of the radicals. In the case of the radical
CAH 4L£C13 the presence of the electron-attracting
group CCl3creates an electron deficiency at the
radical end of the chain. This electron deficiency
will be much less in the radical CH 8&C13 and
should be insignificant in the radical CeH"CCp.
The variation of transfer constants with chain
length for these radicals suggests that this polariza-
tion of the radicals results in a reduction in their
transfer constants.

Figure 1 shows deviations from linearity for
runs carried out in the presence of n-hexane. At
100°, values of h/k2in 80 and 90% n-hexane in-
crease from 0.15 to 0.23 and 0.35, respectively.
Bottcher13 has calculated that the induced dipole

(13)
Publishing Co., New York, N. Y., 1952.

C. F. Il Bottcher, “Theo”r of Electric Polarization,” Elsevier
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[CCLJ/ICHCI.1.

Fig. 3.—Effect of ratio [CC1]/[CHC1,] in the CCl4
CHCI3C M4 system on ratio of low molecular weight
products in radiolysis and benzoyl peroxide-induced reac-
tions. Unless otherwise indicated, CH4 is ~3 M; O,
CH4~ 1 M; OC, radiolysis at 28°; <, radiolysis at 100°;
A, 3 mM benzoyl peroxide at 90°.

of chloroform in the liquid phase resulting from the
reaction field of the surrounding molecules is 24%
of the permanent dipole. Thus, the addition of
n-hexane, a non-polar solvent, to chloroform should
result in a reduction in the dipole of chloroform by
reducing the reaction field of the surrounding
molecules. A reduction in the dipole of the radical
C2H4CCls @.e., a decrease in the electron deficiency
at the radical end of the chain) upon the addition
of n-hexane to the chloroform-ethylene system
would explain the observed increase in value of k¥k2
Absence of a similar increase in the transfer con-
stant of the radical C4HsCC1s reflects the reduced
influence of the CC1s group at this greater distance.

Chloroform-Carbon Tetrachloride-Ethylene Sys-
tem.— Production of the addition compounds
C2HsCCls and CIC2H4CCls from the chloroform-
carbon tetrachloride-ethylene system is described
by the reaction scheme

C2H4a+ CCls * 1
> CIC2H4CCI3 + CGl,
CCh
C2H4CC1s
fci
............ N C2HsCCl1ls + CCls
CHC1.3

F. W. Mellows and Milton Burton
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[C1C2H 4CC13 fc/tCChl
[C2H6CCI3] M CH Cls]

Plots of [CIC:H4CCIlsl/ [C2HsCCI3] vs. [CC14)/
[CHCIs] for the radiation-initiated reaction at 28
and 100 ©and for the peroxide-initiated reaction at
90° are shown in Fig. 3. Values of for the
radiation-initiated reaction at 28 and 100° are 0.31
and o.ss, respectively, which correspond to an
activation energy difference Ex — Exfor the ab-
straction reactions of 25 kcal. At 90°, the
peroxide-initiated chain reaction has a rate-con-
stant ratio hich can be estimated roughly to
be ~0.66. In view of the difficulties inherent in
such determination, agreement with 'he calculated
value KRX/KX= 0.62 for the radiation-initiated reac-
tion at 90° is good and supports the interpretation
that the radiation-initiated reaction is radical in

nature.
The linear plots in Fig. 3 demonstrate the con-
stancy of over a wide range of chloroform-

carbon tetrachloride mixture. Thus, is un-
affected by the presence of a non-polar solvent and
therefore is insensitive to the polarization of the
radical C:H4CCls, unlike the transfer constant
kxki which increases in the presence of n-hexane.
Because it is unlikely that and would be
equally affected by the polarization of the radical
CAEBCCh, this result suggests that both and
are themselves insensitive to the polarization of the
radical. It is reasonable, consequently, to assume
that k3 and ks also should be unaffected by the
polarization of the radicals CsHsCCls and CeH 12
CC13 the suggestion is im plicit that the observed
increase in transfer constants of the radicals
(C2H 4)nC Cls with increasing chain length is a result
of a decrease in the rate of addition to ethylene.
Such an attack upon an olefin is expected to be
favored by an electron deficiency at the radical
end of the chain.

Interpolated values of kk/kxand kikZor radia-
tion-initiated reactions at 70° are 051 and 0.18,
respectively, which lead to the value kX/k2=0.09.
Agreement with the value kX/k2 = 0.08 obtained
from the carbon tetrachloride-ethylene system
initiated by peroxide: at 70° is further evidence that
the chain reaction initiated by high energy radia-
tion is radical in nature.

Comment on G-Values.— The results shown indi-
cate that variation in temperature and control of
pressure can be employed not only to give preferred
product distribution but also to give absolute G-
values of product sufficiently large to be of tech-
nological importance if the products themselves
are useful.

Acknowledgments.— The authors are indebted
to Professor J. P. Kohn and Mr. J. Shim for the
determination of the phase equilibrium in the
chloroform-ethylene system, to Dr. G. F. Koltzen-
burg for preliminary work carried out in this field,
and to Mrs. G. D. Falconer for gas chromatographic
analysis.
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ISOSBESTIC POINTS
TEMPERATURE1

By J. R. Morrey

Hanford, Laboratories Operation, General Electric Company, Richland, Washington
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A study of the temperature dependence of fused-salt spectra has revealed that several systems produce isosbestic points.
As the temperature of a given sample is varied, the corresponding spectra often exhibit several wave lengths at which the

absorbance is temperature independent.

A phenomenological argument is presented to show that when this happens, one

and only one species contributes to the absorbance in the region of an isosbestic point and that this species does not change

concentration as a function of temperature because of equilibria involving other non-absorbing species.

It also is shown

that spectral changes must arise from a linear temperature dependence of the molar absorptivity at a given wave length.
These conclusions are in contradistinction to those made by consideration of isosbestic points occurring at constant tem-

perature.

Introduction

Isosbestic2 points often are observed in absorp-
tion spectra of solutions having a fixed concentra-
tion of metal ion but varying concentrations of a
given ligand. In such systems, the isothermally
measured isosbestic points are ascribed to, and
considered proof of, the presence of two, and only
two, spectrophotometrically distinguishable species.
Isosbestic points also have been observed in spectra
of pure molten salts (Fig. 1) and mixtures of molten
salts (Fig. 2) measured at different temperatures.
Temperature variation is not conducive to the
formation of conventional isosbestic points because
the concentration of the absorbing species changes
as the fluid expands and contracts.

It is the purpose of this paper to establish the
conditions which must exist in order for tempera-
ture-generated isosbestic points to arise. As a
prelude to this undertaking, the isothermal system
w ill be considered, since, to the author’s knowledge,
its treatment has not been formalized elsewhere.

Discussion

Constant Temperature.— If temperature is not
varied, the total absorbance at any wave length

due to the concentrations of various species
(Ch C2mmmCn) is given by
A(X,Ci) = L E ei(\)Ci 1)

i=1

where «i is the molar absorptivity of the ith species
and L is the path length, hereafter assumed to be
unity. However, it is important to distinguish the
species which are inter-convertible, i.e., related
through the law of mass action, from those which
are not. To make this distinction, eq. 1 can be re-
written

n m
A(\,CHDi) = V £i(X)Ci + E eiWHj (2)
i=1 J—1

where the various species Ci are mutually dependent
but independent of the various species D If the
total concentration of absorbing materials in the

(1) General Electric Co., Richland, Washington. This work was
performed under contract no. AT(45-1)-1350 for the U. S. Atomic
Energy Commission.

(2) The words "isobestic” and “isosbestic” appear in the literature
with about the same frequency. “lsosbestic” is used in this paper
because it derives from the Greek (a/Seo-rgoros) meaning “serving to
extinguish.”

In this latter case, their existence proves that two and only two absorbing species are variables.

system remains invariant, the concentration of the
group of dependent species C\ must remain con-
stant and each species D} remains constant

Co= E Ci 3)

and

Di = D03
n

Substituting CO — Y1 Cifor Ciin (2) produces
i=2

A(\,Ci,Dj) = el(X)Co+ I£_ 2[«i(X) -

m
<a(X)ICi + yE= i 4(X)Dj

At the isosbestic points, XO the total absorbance
remains invariant as the relative concentrations
of the interdependent species change; thus, with
variation of Ci

dA(Xc,Ci,2)i)
dCi i=2

_dCi
Qi o+

. dDj
E 10 i @
By definition, d/)j/dCx = 0 and dCi/dCi 5 O;
thus for the equality (4) to hold, the coefficients
eiXo) — e€i(X<0 must all be zero; otherwise, the
probability of the sum being zero is negligible.
The same argument holds for each of the other
species.

If, in eq. 4, n = 2, then = & However, if n
exceeds 2, the probability of {n — 1) equations

tiXe) = ei(xg

is remote. This becomes evident through con-
sideration of three spectra of components Ci = A,
C2= B,and C3= Cin Fig. 3. If B and C cross A
somewhere between Xi and X2 the probability of
each crossing A in the interval (X2— Xi) can be de-
fined as unity. The probability that C will cross

(3 The concentrations Z3 could represent a series of interdependent
concentrations but have been chosen to be independent since such a
choice does not result in a loss of generality.
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Fig. 1.—Pure molten (C;Hs);NUOy(NO;); at various temperatures: (1) T = 110°; (2) T = 145°; (3) T = 175°.
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Fig. 2—UCL in KAIC) solvent at various temperatures.

A within the increment 8\; from the crossing of A
and B then is given by

O\t OA;

P=x =5
6Ai 2 — A
2

For 8 such crossings, where S represents the num-
ber of isosbestic points on a spectrum, it follows
that the probability would be

S8\
P=1 ————
>\n - >\n-l
and would become negligible if 8\; — 0. Therefore
it follows that the existence of isosbestic points is

strong evidence of only two changing absorbing,
species, especially if several such points exist.
Furthermore, it is easily shown that all intersec-
tions of two spectra are isosbestic points if these
spectra arise from two solutions, a and b, containing
only two absorbing species in different ratios con-
strained by the condition expressed in eq. 3

A*(A\C3) = CoaN) + [e(h) — aM)]C®* + K
and

Ab(A,Ci) = Coel(k) + [620\) == €1()\)]Czb + K

where

K =Y ¢0D;
=1

J
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At the points of intersection, A'd = Ab, thus
fe(X) - *i(A)] Ca= [2X) - el(\)]Czb

but since Ca ™ Cd, e2(X) — ei(X) must equal zero,
the condition which uniquely guarantees isosbestic
points.

Variable Temperature—-If temperature is also
variable, eq. 2 becomes

A(\,Ci,Djt) = +

i=
m

5

£1 ®
There may be two independent forms of tempera-
ture dependence for Ci, one due to volume expan-
sion, /(i), and the other due to the temperature de-
pendence of the equilibrium of Ci with its environ-

ment, Qi(f)

Ci(t) = Ci°f(tjgm (6)

The concentrations at a reference temperature are
represented by C\nand D,0  Since /(f) = 1/(1 +
at) where a is the coefficient of expansion, eq. 5
can be rewritten

A(\,Ci,Dht)

_iE: lei()(,t)Cl gi(t) +JEr ij(X,06j°

At an isosbestic point resulting from a temperature
change, the derivative of the absorbance with re-
spect to the temperature is zero

dAIKCmm A dei(Xc0
at _O_iE:I f'fl(O—dft ------- b
. dgi(t) . ‘o
ei(Xc,0 14 at apenh(@© Ci° +
dcjfXcj
9 _ij) ei(Ac,t)y D? (7)
31 di 1+

Again the coefficients of C(] and Dj° must be zero
in order for eq. 7 to hold with any degree of proba-
bility. They therefore give rise to two differential
equations, the solutions of which are either trivial,
when

\ f n \
= «(Xo<) = €j(Xot) = 0 (8)

T dt di
or are
fi(Ko,t)gm = eiQXoffifi°(l + at) 9)
and
ij(Xo0 = «°(Xc)(l + at) (10)

Thus (n + m) equations of the form (8), (9), or
(10) must hold at every isosbestic point and
Sin + m) such equations must hold for a given
spectrum. Since there is no implicit relationship
between the absorptivity of a species and its

IsosBESTic Points Generated by Variation in Temperature
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Figure 3.

equilibrium with other species, the probability of
the existence of n X S equations 9 and m X S
equations 10 is negligible if n, m, or S is greater
than 1 and e, €, and (\ are functions of t The
only way that two or more species can exist is for
eq. 8 to hold for all but one species and eq. 9 or
10 to hold for the remaining species. Furthermore,
if this species is an ith species, it is improbable
that S relations

ei*(X)ffio(l + at)

will exist for one species unless either e or A\ is
temperature independent. If e is temperature in-
dependent, then

ti(\c,t)gm =

g-m = gi°(l + at)

This, however, would result in an unchanged spec-
trum, i.e., completely independent of temperature,
since a is not a function of X Moreover, if the
temperature dependence of d\ were 1/(1 + (it
where a ™ ft, then independent spectra would re-
sult with no points of intersection. It therefore
follows that temperature-induced isosbestic points
arise only if g\ = (/(’; i.e., there can be no change in
the concentration of the species absorbing at the
isosbestic point due to being in chemical equilibrium
with a non-absorbing species. In addition, the
temperature dependence of a must be of the form

€iX,t) = «/(I + h{\)t) (12)

Since the ith species must not be in equilibrium
with any other species, by definition it becomes a
jth species. It therefore is concluded that only a
jth species can contribute to the absorbance at an
isosbestic point. Isosbestic points thus will occur
wherever h(\) ~ a.

Attempts to Correct Spectra for Liquid Expansion.
—If one attempts to correct the concentration term
of the absorbance for expansion of the fluid, isos-
bestic points generated by temperature change do
not vanish but, as shown by the following argument,
they merely shift.

At an isosbestic point made by two spectra ob-
tained at temperatures k and i2 the relationship

ei(Xc,ii)Cli(h) — tiM )C m )
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Fig. 4—An examp%$59£2gwe f%?gagnzx()() for the region

is valid. An attempt to correct Ci(t9 to Ci(k) by-
multiplying C;(k) by (1 + at2/{1 + ah) results
in the inequality

u(KtoCi(foO T *i(Xeia) ™-7-"" Ci(t3 (12)
thus destroying the isosbestic point at X0. How-
ever, to a good approximation, a new isosbestic
point Xc' will occur in the vicinity of Xc. That the
value of h(\d) at the new isosbestic point is zero
can be obtained from eq. 12 after removing the in-
equality by replacing X0by Xc' and substituting eqg.
6 and 11 into it, keeping in mind that g-(t) is now
unity. However, if the expansion coefficient is not
known accurately and an assumed value y is used
in the corrective term for concentration, i.e.,
Ci(i2-((1 + yk)/(@ + yti)), eq. 13 results

(AT fexchh) _ (LT h(\H2(I T 782
@+ aii) 1+ alA(l + vyii

By solving for h(K"), expanding, and simplifying
terms eq. 14 is obtained

a—y

fc(Xo') . o
@+ yii) T 1T aii)yti

N K

K % (14)

1+
As indicated above, when an accurate correction is
made then a = y and the new isosbestic point oc-
curs where A(XC) is not dependent upon f2 but is
zero; even when a ~ vy, unless yt2is very large,
A(Xc) is only slightly dependent upon U Thus
the temptation to conclude that isosbestic points
in spectra corrected to a common concentration
prove the existence of two species must be avoided.
It is to be noted from eq. 14 and results.below that
as 7 increases, h(\c¢") continually decreases. From
the nature of the function A(X), it will become ob-
vious that paired isosbestic points will shift closer
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together as h(Xc') decreases, finally coinciding when
h(\a) is equal to the minimum value of h(\).

Properties of the Temperature Broadening
Function.—The function h(\) might be termed the
temperature broadening function and generally
will be a minimum (a negative value) at or near
the absorption peak, depending on whether there is
a shift in the peak with temperature. If the transi-
tion probability is temperature independent, the
area under the absorption peak should remain con-
stant. To ensure this, the function h(\) must be-
come positive on both sides of the wave length of
maximum absorbance. Isosbestic points thus will
occur whenever h(\) equals a and often will occur in
pairs on each side of the peak. This is observed
in Fig. 1and 2.

Figure 4 shows h(\) averaged from three inde-
pendently obtained values of h(\) according to the
equation

AX,f)(I T <) —AAfm)(I T atm)

Y AXIM (1 + atmtn — T(X,Tn)(I + od/)t,B

obtained by simultaneous solution of the equations

/1T h(\)tn\

A(\,tn) = Cji%, .
V 1+ air. /
and
T
A(X,U = Ci%i0
\ 1T dma)

In each case, the average deviation of h(\) was
within the precision of the individual measure-
ments, indicating that /i(X) is not in itself a func-
tion of i. Using the curve for h(\) and comparing
with h(\e") from eq. 13, one can predict where the
new intersections will be if curves 2 and 3 in Fig. 4a
are multiplied by factors 1 T 79/(I T yU) and
1 T yti)/(1 T yk), respectively. It is clear from
Table | that, within experimental accuracy, isos-
bestic points are not destroyed by such operations,
unless y is large enough to separate the curves com-
pletely.

Table |

The Shift of Isosbestic Points by Linear Temperature

Correction

Assumed Spectral Crossing
emp. eoeff. designation A(Xc) wave length
(7) M N X 10> of curves, A.

10-5 1 2 0 405 6095

1 3 405 6095

2 3 405 6095

0- 4 1 2 287 6091

1 3 285 6091

2 3 283 6091

10-3 1 2 210 6073

1 3 261 0074

2 3 - 250 6075

10-% 1 2 - 115 6024

1 3 - 13 6030

2 3 075 6037

Summary.—If an absorbing sample produces
several isosbestic points as temperature is varied,
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these conclusions can be drawn with con-
siderable confidence: 1. Only one species con-i
tributes to the absorbance at a given isosbestic
point. 2. The equilibrium of this species is not
appreciably affected by temperature changes. 3.
The only manner in which isosbestic points can be
generated is for the absorptivity of one species at a
given wave length to be linearly dependent on tem- i
perature, at least to a good approximation.4 4.
Multiplication of a family of absorption spectra
generated at temperatures th t2 t3 . . . tn by the
corresponding factor (1 + -~yin)/(l + yU), to a good
approximation, only shifts and does not destroy
the isosbestic points which have resulted in the

inal generation. i

or I-,
f}?ﬁfeddf%r hrf)lfcr 8”‘ CSmce the fOEeé’%gf’ ggrcv(\)/%§|
dmapap rentitled “1s0s e5|c omts ] chem. soc.,

Q\It is possible that e|(X) - e (X)G)(p in the approximation
of h(\)

t <<1, it would thus assume the form given in eq. 11.
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Introduction

Controlled potential coulometric electrolysis, a
technique for studying electrode reactions, is
mainly used for the determination of n, the num-
ber of faradays per mole of electroactive substance
consumed, and for the production of macro amounts
of electrolysis products. When secondary chemi-
cal reactions occur, non-integral n-values are
sometimes found, and by examination of the
variation of n with such variables as concentration
and stirring rate, information about the mechanism
of the electrode reaction can be obtained. In a
previous communicationl the effects of secondary
chemical reactions between the product of the
primary electrode reaction and the original electro-
active species, or secondary reactions leading to the
regeneration of the electroactive species, were dis-
cussed. This paper discusses cases in which the
product of the primary electrode reaction undergoes
reactions leading to the occurrence of additional
electrode reactions, and the effect of these secondary
electrode reactions upon n, and upon the variation
of the electrolysis current with time. The use of
controlled potential coulometric data for the de-
termination of the number of electrons involved in
the electrode reactions, for the elucidation of the
over-all mechanism of the electrode reaction, and

(1) D. H. Geske and A. J. Bard, J. Phys. Chem, 63, 1057 (1959).

for the estimation of the rate constants of the inter-
vening chemical reactions, is described.

Classification.— The four general cases are classi-
fied according to the behavior of the reaction
intermediate, R. The primary electrode reaction
is represented as

Ct ne~—>R
where C is the electroactive material and R is the
soluble primary product of the electrode reaction.
In the reactions below, A, B, P, R2 Y, and Z
represent electrolytically inert materials and the
applied potential is such that all electrode reactions
occur without activation polarization.

Case I. R' Undergoes a Single Secondary
Pseudo-first Order Reaction and an Electrode
Reaction.—

R R '
R'+ Z—»P
R

+

ne~—>Y

Case Il. R' Undergoes a Single Second-order
Reaction and an Electrode Reaction.—

RIiIR '
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2R' — mR2
R' + ne~—>Y
Case IlIl. R Undergoes Parallel Pseudo-first

Order Secondary Reactions, One of Which Pro-
duces an Electroactive Species.—

R+ Z—wR'+ B
R+ A—>P

R'" £+ ne~—>Y

Case IV. R Undergoes Parallel Secondary
Reactions ; a Second-order Reaction and a Pseudo-
first Order Reaction Which Produces an Electro-
active Species.—

R+ Z—=mR'+ A

2R "~ R2

R' + ne~—>Y

Variations of these cases, two of which are dis-
cussed later, can be treated by suitable modifi-
cation of the procedure outlined below.

Mathematical Treatment

General Considerations.—The assumptions and
conditions of this treatment are the same as those
previously described.1 The current, i, taken as a
positive quantity, is related to the rate of consump-
tion of C and the rate of the production of Y by

i — —\FV [d(C)/df] electrode reaction +
nZV[d(Y)/dt] electrode reaction (1)

where F is the faraday, V is the total volume of the
solution, and (C) and (Y) are the concentrations of
species C and Y, respectively. The rates of con-
centration change under limiting current conditions
are

[d(C)/df] elec. rxn. = —p(C) (2)

P(R") ©)

where p is a constant, depending upon the prevailing
mass transfer conditions, electrode area, solution
volume and cell geometry,land is assumed to be the
same for both electrode reactions. Combination of
(1), (2), and (3) yields

[d(F)/df] elec. rxn. =

i = niFVp(C) + nFVp(R") 4)

The apparent number of electrons per mole of
electroactive materials, napp, is determined experi-
mentally, and is defined as

fo i dt
nepp = FV[(Ci) - (<?)] ®)

where (Ci) is the initial concentration of C. The
notation n°gp refers to evaluation of wepp at the
completion of the electrolysis, where (C) approaches
zero
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X : *dt = o_

FV(Ci) FN ©

where N is the number of moles of C, and Q is the
amount of electricity consumed in coulombs.

Since C is only involved in the primary electrode
reaction, the equation

(C) = (Ci)c-p (7)
holds in all cases.

Case |.—The intermediate R changes to R’
before undergoing the competing reactions
ki
R'"+ Z—>P (8)
R'+ n2-—>Y 9)

The production of R "is assumed to be rapid enough
so that the rate of this reaction does not enter into
the over-all kinetics of the reaction. When K\ is
either very large or very small, integral values of
n°apP are obtained. For k, ~ 0, the reaction is
composed of two succeeding electrode reactions,
and n°app = nx + r& while when fai is large, n°gp
For the purposes of this discussion Z is
assumed present in large excess, so that (8) is a

~ «i-

pseudo-first order reaction, with ki = Ki(2).
The system is described by the equation
d{R’)/di = p(C) - h'(R") - p(R") (10)

Solving (7) and (10), the value of R" as a function of
time is obtained

(R = fh (Ce~p 1 - e~h") (11)
Combining (4) and (11) the variation of i with time
is obtained

i = FpV(COe~pt ni + n2hl (i erk') (12
The log current vs. time plots in Fig. 1 indicate that
the observed deviation from linearity is only slight.
Integration of eq. 12 with respect to time, and
introduction into (6) yields

weapp — Ni + «,[1/(1 + x)] (13)

where X = W/p. Variation of n°gppwith X shown
in Fig. 2, indicates that non-integral values of
wapP will be obtained for a range of X of 10~2 to
102 For this reaction scheme, n\w is independent
of changes in (Ci).

The modification of Case I, where the production
of R' is kinetically controlled

h

R —mR' (14)

with no competitive secondary reaction, may be
treated in a similar manner. The equations de-
scribing the system are

d(R)/dt

p(C) -
h(R) -

h(R)
P(R")

(15)

d(R")/dt (16)
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Solving (7), (15), and (16) yields

(mv) = [(h - p)te~pt -
—)2
e~P 4+ eI (17

and

i = pF7(CO (i 3 +

(L) 2

m - p)fe~pi- e-p+ (18)

Variations of log i with f for several values of h is
shown in Fig. 3. Under all conditions n°ggp = nt

+ M-
Case Il.—The intermediate R changes to R'
before undergoing the competing reactions
h
2R’ R, (19)
R'+ n2—>Y (20)

The limits of n°gpp for very large and very small
fci's are the same as in Case I. The production of
' is given by

d(R")/dt = p(C) - p(R’) -

Combining (21) with (7), a second degree equation
in (R") and t which cannot be solved in closed form
is obtained. This equation also results as a special
case of the reaction scheme in case IV, and results
of the numerical solution of this equation will be
discussed in that section.

Case IlIl.—R reacts in two parallel chemical
reactions, and an electroactive substance is produced
in one of these

h(R'Y (21)

fd
R+ Z—"=R'+ B (22)
ki
R+ A—>P (23)
R/ + ne~—>Y (24)

This treatment assumes Z and A are present in
large excess, so that reactions 22 and 23 are pseudo-
first order reactions, with kx =kx(Z) and k/ =
k2(A). When the ratio of W/KV is large, n°app is
essentially nx -f n2 while when fc//k2 is small,
napp B nx  The system is described by the equa-
tions

d(fl)y/df = p(C) - (25)
d{R")/dt = h'(R) ~ p(R") (26)

Combining (25) and (7) and solving for (R) yields

W + h")(R)

p(CO

- ~T)
R wi fre —p
Substituting (27) and (26), and solving for (R"),
gives
fc/p(Ci)
(R =

W+ fet - p)2

pt [6-Cfc'+h'-p)* + (fcp + k2 - p)t - 1] (28)

Secondary Reactions in Controlled Potential Coulometry
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and, from (4)

iioki'
i = pFV(C)erM nx+ P -X
ki + 2 - p)2
[e-(h’'+k’- Pt + (ki, + ki, _ p)t _ jj

(29)

The variation of current with time for several

values of kx and kV is shown in Fig. 4. Combina-
tion of (29) and (6) yields
n°apP = ni + n2[1/(1 + X] (30)

where X' = f2/fc/. Equation 30 is the same form
as (13), and variation of nfigpp with X' can be ob-
served from Fig. 2, if Xis replaced by X'

Case IV.—R reacts in two parallel chemical
reactions, one a second-order reaction and the other
a pseudo-first order reaction generating an electro-
active species.
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TIME, Seconds  xic3.

Iateog ot VCas%E |Og|vsld at d|ffelreE1 \Saluei Bf koaIcu-

«l=Th=
ki
R+ Z—>R'"+ B (31)
ki
2R R2 (32)
R'+ nZ2- Y (33)
The system is described by the equations
d(R)/dt = p(C) - W(R) - kXRy (34)
d(R")/dt - W(R) - p(fl") (35)

where W = k\(2Z), Z being assumed present in large
excess. Combination of (24) and (7) yields

d(R)7dt = -p(Clle~vt - Ki(R) - (36)

It was not possible to obtain a closed-form solution
of eq. 36. Numerical solutions were obtained with
the aid of a CDC 1604 computer employing a
program based on the Adams-Moulton and Runge-
Kutta methods. The values of (R) as a function
of time for several values of fc/ and k2are shown in
Fig. 5. Combination of (4), (6), and (7) yields

h(Ry

wWapp — N\ (RHdt

-yf;, Gd ©

@37

and solving (35)

I
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Fig. 5.—Case v Al akt|/onfe01;, n)d \glth t at different

The values of (R)dt were obtained by graphical

integration of (R) vs. time plots, and values of
n°ap for different values of ki and k2are shown in
Fig. 6. Although the behavior of (R) with time is
different for the same value of the ratio W/k2
for different individual values of A:/ and k2 (compare
curves 1and 3, Fig. 5). the area under curves of the
same ki/k2 when multiplied by ki'/(Ci), are the
same, so that the curves in Fig. 6 depend only upon
the ratio of the rate constants.

The variation of the current with time was cal-
culated for several values of fc/ and k2 by solving
eq. 35 for (R"), using values of (R) obtained from
the numerical solution of (36), and introducing
them into (4). The current-time curves in Fig. 7
depend upon the individual values of A/ and k2
rather than their ratio.
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Discussion

The rate constants for the secondary chemical
reactions in the preceding schemes can be deter-
mined from (1) the behavior of the electrolysis
current with time, (2) the variation of n°app with
p and (C'), and (3) the relative quantities of prod-
ucts formed. The current-time behavior in general
does not give sufficient information to allow the
prediction of reaction mechanisms or the estimation
of rate constants. In all cases the current decays
to background level, and the slight curvature of
log i—t curves, although indicative of kinetic com-
plications, is not significant enough to allow
differentiation between the cases. Moreover, curva-
ture of log i-t curves may result in even simple
electrode reactions if the potential of the electrode
is not maintained at the mass-transfer limiting
region. However current-time curves do allow
differentiation between these cases and catalytic
reactionsl (reactions involving the regeneration
of the original electroactive substance by a chemical
reaction following the electrode reaction), in which
case the current decays to a constant value larger
than the background current.

Differentiation among the four cases under
study here can be most easily accomplished by
observing the variation of n°gp with (C'i), p, and
solvent. In case 1, n@pp is independent of (C'i),
but varies with p. Incaselll, n°appis independent
of both (Ci) and p. Cases Il and IV are indicated
when n°gpp is dependent upon both (CO and p.
Differentiation between these two cases may some-
times be accomplished by changing the solvent or
supporting electrolyte (the usual reactants in the
secondary chemical reaction), since case 1V involves
reaction with a second substance while case Il does
not. Variation of n°gp with temperature will
sometimes be a useful diagnostic aid.2 The analy-
sis of products obtained in controlled potential
coulometry is certainly an important aid for deduc-
ing reaction mechanisms. Quantitative analysis
of these products should lead to reinforcement of
the n°gp data. In some cases this data alone may
be useful in estimating rate constants, especially
when n°app data is difficult to obtain, (e.g., when an
appreciable background current is present).

The range of rate constants accessible for evalua-
tion by these methods depends upon the particular
case. Taking p to be adjustable between 10-1
and 10-4 sec.-1, then for case I, h' in the range of
1 to 10-6 sec.-1 will lead to non-integral values of
n°app. For case Il, the range of khis between 10-1
and 10-7 sec.-1, for usual concentrations. For
cases I11 and 1V only a ratio of rate constants can
be obtained. This ratio may be between 10-2
and 102for case Ill, and between 10-4 and 1 (de-
pending upon (CO) for case IV. For very large
rate constants, the theoretical model may not
apply, even if the ratio of rate constants may still
appear in the accessible range, since most of the
chemical reaction will occur very close to the elec-
trode surface and the homogeneous concentration
of intermediate assumed in this treatment will not
be obtained. Although qualitatively similar re-
sults will be observed in such cases, the calculated

(2) J. S. Mayell and A. J. Bard, to be submitted for publication.
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numerical value of h'/h may be significantly in
error.

Examples of reaction schemes illustrated by the
preceding cases will often be found in electrode
reactions of organic substances. Frequently the
product of the electrode reaction is a free radical
which may couple with another radical, react with
the solvent, or undergo further electrode reactions.
Although the electroreduction of the potassium
salt of 2-carboxybenzaldehyde (1) has not been
studied by controlled potential coulometry, the
products of the electrode reaction are said to be
hydrodiphthalyl (I1) and phthalide (111).34 A

3) V. M. Rodionow and V. V. Levchenko, J. Gen. Chem USSR,
6, 1563 (1936).
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possible reaction mechanism leading to these
products and corresponding to case Il involves the
reactions

H H
I 3
0=0 0=0
r + & - (39)
X COOH ¢ N cooH
n
(40)
H H
|
GXv "
(i
H
|C—OH ) E_OH
¥ le U COOH' (42)
COOH .
H
¢—0H
( Y " H+: H 20
\xX)OH
0 (43)
0O 6
1
O
(HI)

The electrooxidation of hydrazine at a platinum
electrode, recently discussed by Karp and Meites,66

(4) M. J. Allen,

London, 1958, p. 71.
(5) S. Karp, M.S. Thesis, Polytechnic Institute of Brooklyn, 1960.
(6) S. Karp and L. Meites, J, Am. Chem. Soc., 84, 906 (1962).

Organic Electrode Processes,” Chapman and Hall,
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is related to case Il. The mechanism proposed by
these authors for dilute sulfuric acid solutions is
essentially

NH4- 26— NH3++ H+  (44)

NH3+ A nh2+ H+ (45)
fi

1*(2N,H, — »nh 3+ HN3J (46)

/(HNs - le - H+ + VN2 (47)

NH2 — 26> N2+ 2H+ (48)
The previous treatment of case Il requires modifi-
cation before application to this reaction scheme
because of reaction 47. The treatment is very simi-
lar to that given previously and the result is7

negp = ni + n2+ — f (R dt (49

where nh n2 and n3are the number of electrons
involved in (44), (47), and (48), respectively. The
values of the integral in (49) are the same as those
determined numerically in case IV. The results
for the variation of n.°gpp with (Ci) for the case of
hydrazine (ni = 2, n2= 1/2,ns = 2) is shown in
Fig. 8, with the experimental points given by Karp
and Meites.66 The proposed mechanism does fit
the expected coulometric behavior and vyields a
value of p/ki of about 10~3

This work was prompted by results obtained in
the electroreduction of benzyidimethylanilinium
bromide.2 On the basis of controlled potential
coulometry as well as polarographic and other data,
the following mechanism, corresponding to case
1V, was proposed

CH3 +
CHBCH2-N—CeH5+ le
CH3
ch3
CsHsCIK- -(- CeHsN: (50)
OHa

(7) J. S. Mayell, Ph.D. Thesis, The University of Texas, 1962.
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M
CEHECH2 + HD (or CHLN) — >

CEHBCH3+ OH- (or CHXN-) (51)

CHXCH2 + CEHECH2 - X
CEHROHXHZXH6 (52)
le —>

- (or CHZN-)

OH- (or CHZXN-) +
(53)

Some experimental points obtained during the
controlled potential coulometric reduction of
benzyldimethylanilinium bromide are plotted in
Fig. 6, and indicate a ratio of rate constants for
reactions 51 and 52 of about 10“3 Details of this
work will be presented elsewhere.2

Because controlled potential coulometry allows
the unequivocal determination of nCGapp, independent
of estimations of diffusion coefficients, electrode
areas, and transfer coefficients, it is a valuable
adjunct to other electrochemical methods in the
determination of mechanisms of electrode reactions.
Often, to be sure, several possible reaction schemes
will lead to the same over-all behavior, and in these
cases, actual observation of the reaction inter-
mediates by such techniques as electron para-
magnetic resonance spectroscopy and visible or
ultraviolet spectrophotometry is necessarjL
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Introduction

In the gas3 and liquid4 phases, S03 has been
shown, by spectroscopic studies, to be an equi-
librium mixture of monomer and trimer. Liquid
SO3 freezes at 16.8° to an ice-like solid (y-S03
which has been shown by X-ray diffraction studies5
to be entirely trimeric. There are two other solid
modifications of S03 a- and /3-SO? which are high
polymers. a-S03 is an amorphous appearing
solid and /3-S03consists of needle-like crystals.

Crystals of f3S03occur only when small quanti-
ties of water are present in samples of SO3 One
may assume that these crystals consist of poly-
sulfuric acid molecules and several investigators
through the years have proposed that /3-S03is a
hydrate,6*8which amounts to the same thing.

Smits and Schoenmaker9 found the vapor pres-
sure of mixtures of liquid and /3-S03to be the same

(1) This research was partially supported by the Air Force Office
of Scientific Research of the Air Research and Development Command.

(2) Eastman Kodak Company Fellow, 1959-1960. Based in part
on a thesis submitted by Jack H. Colwell in partial fulfillment of the
requirements for the Ph.D. degree at the University of Washington,
19((3?%). R. W. Lovejoy, J. H. Colwell, D. F. Eggers, Jr., and G. D.
Halsey, Jr., J. Chem Phys., 36, 612 (1962).

(@) H. Gerding and W. J. Nijveld, rec. trav. dhirm, 59, 1206 (1940).

(5) R. Westrik and C. H. Gillavry, ibid., 60, 794 (1941).

(6) R. Weber, Pogg. Ann. 135§ 313 (1876); Ber. ceut. chem Ges,
19, 3185 (1886).

é A. Berthoud, Helv. Chim Acta. 5, 513 (1922).

E} V. R- Grau and W. A. Roth, Z anorg. allgem Chem, ].88 123
(1930).

(9) A. Smits and P. Schoenmaker, J. Chem Soc., 125, 2554 (1924).
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as that of pure liquid S03 Furthermore, theyD
found that by careful distillation, the liquid could
be removed from such samples, which left the |3
S03 apparently unaffected. The vapor pressure
of this form was lower than that of liquid SOs,
but above 31° the /3-S03slowdy melted to a liquid
having the same vapor pressure as pure liquid
S03 From this observation it was concluded that
~-S03was a more stable form below 31°, and that
water acted only as a catalyst for the transforma-
tion from liquid to /3-S03

In the present study, the vapor pressures of
liquid, 8-, and y-S03were redetermined; the vapor-
ization process of /3-S03was studied; and the vapor
pressures and melting points of the H2-S03
system from 80 to 99.9 mole % S03 were deter-
mined systematically.

Experlmental
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(10) A. Smits and P. Schoenmeker, ibid., 1108 (1926).
(11) J. H. Colwell, Ph.D. Thesis, University of Washington, 1961.
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Results

(.D

The vapor pressures of liquid and 7-SO3were de-
termined between 0 and 45° on a number of
samples of pure liquid S03 and also samples con-
sisting of mixtures of liquid and BSO3 All the
samples had identical vapor pressures within ex-
perimental error, confirming the observation of
Smits and Schoenmaker that the vapor pressures
of such samples are independent of the presence
of /3-SOs. The measured vapor pressures of liquid
S03obey the relation

log PmMm = 6.6570 - 0.1549 X IO’T-1-

0.33165 X 106T~2 (1)
and those of solid 7-SO3

log Pnm = 12.2346 - 2.9160 X 103T~1 (2)

The melting point of 7-SO3was observed at 16.86
+ 0.02°. The heat of vaporization of liquid S03
calculated from eq. 1 is AHv = 11.18 kcal./mole,
and that of solid 7-SO3 calculated from eq. 2 is
AHv — 13.45 kcal./mole; thus the heat of fusion
AHf = 2.27 kcal./mole.

By careful distillation of the liquid from systems
containing liquid and /3-S03 samples of /?-S03were
obtained. The vapor pressures of samples obtained
in this way were identical with those observed by
Smits and Schoenmaker near 30° but were slightly
smaller at lower temperatures. The observed
vapor pressures of solid /3-S03 are represented by
the equation

log Pmm= 125615 - 3.0401 X 10*“3Lt 1 (3)

The /3-S03 curve intersects that of liquid S03at
30.54°. It was observed that the samples of
BSO3above this temperature had the same vapor
pressure as liquid SO03 and that liquid began con-
densing on the walls of the container, but the sam-
ples were not maintained at these temperatures
long enough to observe whether complete fusion
occurred. The heat of vaporization given by eq.
3 is AHv = 1391 kcal./mole, while that given by
eq. 1for liquid S03at 30.54° is AH = 10.70 kcal./
mole, so the heat of fusion of B-S03is AHi = 3.21
kcal./mole.

It was found that by slowly condensing the vapor
from systems containing only /3S03 liquid S03
could be obtained which showed no evidence of /3-
formation upon stancing. Although the crystals
of 0-SO3became noticeably smaller, the equilibrium
vapor pressure did not change. Upon continuing
this process, crystals of /3-S03 eventually began
forming in the distillate, but the equilibrium vapor
pressure in the original system did not begin to de-
crease until the crystals had nearly disappeared.
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The investigation of the HD-S03 system from
80 to 99.9 mole % SO03revealed that all samples
could be solidified to crystals similar in appearance
to those of BSO3 Melting points of these crystals
increased with S03 concentration from 155 to
30.5°, but the vapor pressures of the crystals were
independent of concentration and identical with that
of B-S08 The vapor pressures of the liquid sam-
ples, on the other hand, increased with increasing
S03 concentration and approached that of liquid
SO3 asymptotically with the 99.9 mole % sample
being indistinguishable from liquid S03 Vapor
pressures of several liquid samples and all solid
samples are plotted in Fig. 2, together with the
vapor pressures of liquid, /3-, and 7-SO3 The
melting points of the HD -S 0 3samples, as given in
Table 1, were determined by the intercept of the
liguid and solid vapor pressure curves.

Table |

Melting Points of H20-SO3 Samples
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A liquid containing 99.9 mole % SO03completely
solidified when held at 29° and, upon cooling, its
vapor pressure followed that of the solidus curve.
However, after standing for several weeks at 20°,
the sample underwent syneresis; approximately
one-third of the sample was again liquid and the
vapor pressure in the system was equal to that of
liguid S08 Upon further cooling, the liquid froze
at 16.8° to form solid SO3 The stable crystalline
phase appeared identical with the crystals of /3-S03
which grow from the vapor. With approximately
one-third of this sample being pure liquid S03 the
concentration of S03 in the crystalline phase is
slightly greater than 99.8 mole %. The fact that
the over-all concentration of the other samples
used was less than the concentration of the stable
crystalline phase of this sample explains why no
phase separation was observed in any of the other
samples, even though several of them also had been
allowed to stand for extended periods at 20°.

Vapor pressure measurements in the H2D-SOs
system could be reproduced, independent of
whether a specified temperature was achieved from
higher or lower temperatures, but 20-30 min.
normally was required for the solid samples to
reach equilibrium after a change of temperature.
Upon heating solid samples 2 and 3° above their
melting points, a period of several days was re-
quired for complete fusion to occur. A similar
period was required to recrystallize a sample of the
liquid which had been cooled below the melting
point by the same amount. Since the melting and
crystallization processes were very slow, the vapor
pressure could be measured as the transitions were
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Fig. 2—Vapor preswg&_%y%dplgga ISS0s 7-S05 and

taking place. The vapor pressure of a solid sample
heated above its melting point followed the solidus
curve. As melting progressed, the vapor pressure
decreased, eventually equaling that of the liquid
sample as the last of the solid disappeared. The
reverse occurred when a liquid sample was cooled
below the melting point. The vapor pressure was
initially that of the supercooled liquid but slowly
dropped to that of the solid as crystallization
progressed. The initial change observed upon
heating a solid sample above its melting point was
the appearance of a considerable amount of liquid,
much of this liquid resulting from the condensation
of vapor on the walls of the container. The re-
maining solid slowly disappeared either by de-
composing as before or by dissolving in the liquid
phase. When a liquid sample was cooled below
its melting point, it acquired, initially, a gelatinous
appearance, resulting from a network of extremely
fine, needle-like crystals throughout the liquid.
In stirred samples, these crystals collected on the
stirrer, forming an amorphous-appearing solid.
The transformation then slowly continued with
needle-like crystals growing from this solid, the
remaining liquid ultimately being consumed by
this latter process.

The crystals of /3-S03have been shown by X-ray
diffraction studies2to consist of linear polymers of
SO3 linked such that a —O—S—0O—S— spiral is
formed along the needle axis. Open chain poly-
mers of this type would not be expected to form
solely from S03 for some other molecular species
would be required to facilitate chain termination.
The linear polymers, therefore, must be polysulfuric
acid molecules.

Liquid samples of the H2 -S 0 3system of 70 mole

(12) R. Westrik and C. H. MacGillavry, Acta Cryst, 7, 764 (1954).
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% S03 have been shownl3# to consist of HS04
H25207, higher polysulfuric acids, plus a consider-
able amount of monomeric S03 Higher concen-
trations of SO03should produce polysulfuric acids of
still higher molecular weight, as well as a larger
amount of free S03 The asymptotic approach of
the vapor pressures of the liquid samples, with in-
creasing S03 concentration, to that of pure S03
indicates that these samples may be considered
solutions of polysulfuric acids in liquid S03 From

(13) R. J. Gillespie, J. Chem Soc., 2516 (1950).
(14) D. J. Millen, ibid., 2589 (1950).
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this it may be inferred that the original crystalliza-
tion observed, as these samples are cooled, is a
separation from solution of the higher molecular
weight polysulfuric acids. Since the H2-S03
samples completely solidify at a given temperature,
the process must involve not only a separation of
the poly-acids from solution but a consumption of
the free S03as well. This could occur either by an
incorporation of free S03into a gel-like structure of
the polymers as they are formed or by an increase
in the degree of polymerization of the poly-acids
in the crystalline phase.

THE PROPERTIES OF «-SULFUR TRIOXIDE1

By J. H. Colwell2and G. D. Halsey, Jr.

Department of Chemistry, University of Washington, Seattle 5, Washington
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Introduction

«-S03 the amorphous, high polymer form of S03
is found only when SO03vapor is first condensed on
a surface cooled below —80° and then warmed to
room temperature. The resulting sample consists
of a mixture of liquid and «-S03 Smits and
Schoenmaker3 studied the vapor pressures of
samples of a-S03formed by repeated condensations
of SO3vapor with liquid air. After pumping on the
samples for some time to remove the remaining
liquid S03 very low pressures were observed which
then increased slowly. The rate of this pressure
change was observed at 30, 40, and 50° and was
found to decrease steadily with time. The pres-
sure curves were extrapolated to infinite time and
the limiting value called the “equilibrium vapor
pressure” of «-S03 These limiting pressures were
much lower than the vapor pressures of liquid or
/3-S0 3 so that «-S03was considered to be the stable
form of S03 It was observed, however, that the
pressure above these samples was not reversible;
when it was increased above the limiting value it
showed no tendency to decrease.

In the present study, attempts to reproduce the
rates of pressure increase curves as determined by
Smits and Schoenmaker were not successful.
The results of this work indicate that «-S03is
unstable with respect to liquid S03 at room tem-
perature. Further, it was discovered that an ir-
reversible transition occurred during the warming
of samples of SO3vapor condensed on cold surfaces.
The heat of this transition was measured, using a
specially designed ice calorimeter.

(1) This research was partially supported by the Air Force Office
of Scientific Research of the Air Research and Development Command.

(2) Eastman Kodak Co. Fellow, 1959-1960. Based in part on a
thesis submitted by Jack H. Colwell in partial fulfiliment of the re-
quirements for the Ph.D. degree at the University of Washington,

1961.
(3) A. Smits and P. Schoenmaker, J. Chem Soc., 1108 (1926).
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(4) J. 1l. Colwell and G. D. Halsey, Jr., 3. Phys. Chem.,
(1962).
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Comparison of Qbserved and Calculated |ntegral
Heats of Copper between —183.0 and 0°
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Results and Discussion

Although a number of samples of a-S03were pre-
pared during the present study, none was found
which had a limiting pressure as observed by Smits
and Schoenmaker. In all cases, the samples
exhibited a very low initial pressure, which then
increased slowly. However, the rate of pressure
change, although it originally decreased, eventually
began to increase. The pressure of the samples
continued to increase until liquid S03 began to
condense in the system. Upon standing for several
months, the samples of a-S0 3 completely decom-
posed to liquid S03 An example of this pressure
behavior is given in Fig. 2, together with the results

(5) W. F. Giaugue and F. F. Meads, J. Am. Chem Soc.,, 63, 1897
(1941).
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of Smits and Schoenmaker, at the same tempera-
ture.

Because of the slow rate of the pressure change
above these samples, it was found that a sample
being observed at 30° could be heated rapidly
to 40° and returned to 30° with no observable
pressure increase occurring between the initial
and final determinations at 30°. However, the
amount of vapor in the system, determined from
the known volume and the pressures at the two
temperatures, was as much as 12% greater at the
higher temperature, indicating that there is a con-
densed phase in reversiole equilibrium with the
vapor phase. This is believed to be physically
adsorbed vapor on the surface of the solid, for, if
one considers the a-S03to be undergoing a spon-
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taneous decomposition to monomeric SO3 the
adsorption of a large quantity of vapor on the
surface of the a-S03would account for the shape
of the pressure curves observed in this work.

In measuring the rate of temperature increase
of samples of S03formed by condensing the vapor
at liquid nitrogen temperatures, a sharp increase
in the rate always was observed at —65 + 3°,
indicating the evolution of a large quantity of
heat. When the samples were recooled, there was
no heat evolved during warming.

The heat of this transition, obtained as the dif-
ference in the heat required to warm reacted and
unreacted samples from the boiling point of liquid
oxygen to the ice point, are given in Table II.
The tube used for sample 1 did not have a nozzle
on the lower end of the connecting tube (see 13,
Fig. 1) and some of the sample condensed on the
walls of the tube above the level of the coolant.
This portion of the sample probably was warm
enough to react so that the subsequent measure-
ments of the heat of reaction gave low values.
Samples 2 and 3 gave reasonably constant values,
but did vary slightly, depending upon how far
the nozzle of the sample tube was below the level
of the coolant. The value of 2500 cal./mole of
S03 can be taken as a lower limit of the heat
evolved in this transition.

Table Il

Heat of T ransition in Condensed Vapor Samples of S03

Sample Vol. of sample Heat of transition at
no. (cc. at 20°) —183° (cal./mole of SOa)
1 0.910 797
2029
2070
2 0.980 2361
2251
2313
2443
3 0.968 2363
2407
2397

It is possible that this is a glass transition as is
observed in several solids formed by the deposition
of vapor on a cold surface, but the heat of the

J. H. Colwell and G. D. Halsey, Jr.
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transition is larger than normally is observed for
this type of phenomenon.6 In the present case,
the transition probably is the result of a chemical
reaction. SO03 vapor consists almost entirely of
monomeric S03 so that the solid formed by con-
densing the vapor on a cold surface also should be
composed of monomeric SO3 Such a solid would
be metastable, for solid ©-S03 which forms under
equilibrium conditions, is composed entirely of the
trimeric ring compound, S39.7 Upon warming
a low temperature deposit, a spontaneous reaction
would take place between adjacent SO03molecules.
The rapid formation of bonds in the solid could
lead to long chain polymers, as well as trimers,
and thus account for the high polymer, a-S03
always found in samples treated in this manner.

The heat of this reaction should not depend
greatly on whether a trimer or a long chain polymer
is formed, so that the heat of reaction should be
comparable to the heat of trimerization in the
gas phase, estimated to be —10 kcal./mole S038
The discrepancy between this value and the ob-
served heat of transition could result from the rapid
deposition of the samples (~0.5 g./cm.2 hr.), so
that the temperature of part of the sample may
have exceeded the transition temperature.9 That
this was the case is indicated by the observation
that only ~ 10% of these samples consisted of
a-S03 whereas, under other conditions, samples
have been formed which consisted almost entirely
of a-S03

Because of the dynamic equilibrium between
monomer and trimer which is known to exist in
liguid S03 at room temperature,X one would
expect long linear polymers of S03 to undergo
random degradation. The identification of a-S03
wdth long chain polymers formed in the solid
state reaction thus is consistent with the sponta-
neous decomposition of a-S03 to the liquid, ob-
served in this study.

(6) J. A. Pryde and G. O. Jones, Nature, 170, 685 (1952).

(7) R. Westrik and C. H. MacGillavry, Rec. trav. chim, 59, 1206
(1940).

(8 R. H. Lovejoy, J. H. Colwell, D. F. Eggers, Jr., and G. D.
Halsey, Jr., J. Crem Phys., in press.

(9) R. H. Beaumont, H. Chihara, and J. A. Morrison, ibid., 34,
1457 (1961).

(10) H. Gerding and W. J. Nijveld, Rec. trav. chim, 59, 1206 (1940).



Nov., 1962

THE ELECTRIC MOMENTS OF ORGANIC PEROXIDES.

Electric Moments of Peresters

2185

I1l. PERESTERS1

By Frank D. Verderame and John G. Miller

Department of Chemistry, University of Pennsylvania, Philadelphia 4, Pennsylvania

Received April 28, 1962

in accord wit
e acyl group pro

SKew CO

ura 10N d
15 tWIS

shows

Introduction

Paper | of this series2 reported the electric mo-
ments of some dialkyl peroxides, alkyl hydroper-
oxides, and diacyl peroxides. The moments were
explained by a fixed spatial arrangement of the
C-0O-0-C group, the azimuthal angle formed by
rotating the C-0 bonds about the 0-0 bond
being between 100 and 125°. In paper Il on
peracids3 the corresponding C-O-O-H azimuthal
angle was found to be much less (70°) due to intra-
molecular hydrogen bonding for which reliable
evidence was cited. These conclusions were in
agreement with the widely accepted model for
hydrogen peroxide proposed by Penney and Suther-
land.4

More recently, X-ray studies of single crystals
of hydrogen peroxide dihydrate6 and infrared
measurements of hydrogen peroxide6 and of alkyl
hydroperoxides7have further confirmed that model.
The same type of fixed skew arrangement of the
C-S-S-C group in disulfides accounts for their
dipole moments.8-10

Establishment of the Penney-Sutherland struc-

ture for the 6-0 part of the organic peroxide
molecules permits more certain interpretation of
the dipole moments with respect to other parts of
these molecules. For example, one may now con-
sider the rotation of an organic group about the
bond attaching it to the peroxy grouping. The
i-butyl peresters reported here are useful reference
substances for such purposes because with them one
has to consider only the rotation of the acyl group,
rotation of the i-butyl group having no effect upon
the moment. Treatment of the diacyl peroxides2

(1) A report of work done under contract with the U. S. Department
of Agriculture and authorized by the Research and Marketing Act of
1945. The contract is supervised by the Eastern Utilization Research
Service. This work was presented at the Delaware Valley Regional
Meeting of the American Chemical Society, Philadelphia, Pa., January
25, 1962.

(2) W. Lobunez, J. R. Rittenhouse, and J. G. Miller, J. Am. Chem
Soc, 80, 3505 (1958).

(3) J. R. Rittenhouse, W. Lobunez, D. Swern, and J. G. Miller,
ibid., 80, 4850 (1958).

(4) W. G. Penney and G. B. B. M. Sutherland, Trans. Faraday Soc.,
30, 898 (1934); J. Chem Phys., 2, 492 (1934).

(5) 1. Olovsson and D. H. Templeton, Acta Chem Scand., 14, 1325

1950).
( (5))R. L. Redington, W. B. Olson, and P. C. Cross, Office of Naval
Research Contract N8 onr-477 (19), Tech. Rept. Il (August 31, 1961).

(7) M. A. Kovner, A. V. Karyakin, and A. P. Efimov, Opt. i Spek-
iroskopiya, 8 (No. 1), 64 (1960).

(8) C. C. Woodrow, M. Carmack, and J. G. Miller, J. Chem Phys.,
19, 951 (1951).

(9) M. T. Rogers and T. W. Campbell, J. Am. Chem Soc., 74, 4742
(1952).

(10) V. N. Vasil'eva and E. N. Guryanova, Zh. Fiz. Khim,, 33, 1976
(1959).
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was complicated by the simultaneous rotation of
two groups and with the peracids3the effect of acyl
group rotation was submerged by the effect of
chelation with the OH hydrogen.

This paper presents the first systematic measure-
ment and analysis of the dipole moments of per-
esters. The values obtained earlier for diacyl
peroxides and peracids are reconsidered in view
of the findings for the peresters.

Results and Discussion

The results of the measurements are shown in
Table 1 which gives the dipole moments, », calcu-
lated by the Halverstadt and KumlerIl method
from the dielectric constant, density, and refrac-
tive index data. The symbols used in the table
are as defined earlier.2 For the calculated molar
refractions, the atomic refraction of the peroxidic
oxygenl2was taken as 2.19 cc. mole-1.

The mean of the moment values for the five
aliphatic peresters is 2.94 D. with a mean deviation
of +0.04 D. Structural interpretation of this
result can be based upon the diagram

cl R

" 0%0
0

The molecular moment, as a function of the bond
moments, bond angles, and azimuthal angles ©
and 45 will obey the same general formula as
developed for the peracids,3 with H replaced by
R', the ¢-butyl group. In that formula, we assume

o

|

planarity for the C-C-0 group and measure ®in a
clockwise direction looking along the C-0 axis
from C to O for measurement of rotation of the
acyl group out of the plane containing the 0-0
axis. The other dihedral angle, 45 is measured in
a clockwise direction looking along the 0-0 axis
from right to left for rotation of the O-O-R' plane
out of the C-0-0 plane. The reference diagram
shows arand 4>both at zero.

If we take the bond angles and bond moments
the same as taken earlier for diacyl peroxides,2
peracids.3 dialkylperoxides,29 and alkyl hydro-
peroxides,29 but with the C-0 moment equal to
0.73 D. inthe acyl group, eq. 1results.

(11) 1. F. Halverstadt and W. D. Kumler, J. Am. Chem Soc., 64,
2988 (1942).

(12) N. Milas, D. M. Surgenor, and L. H. Perry, ibid, 68, 1617
(1946).
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Table |
Summary of the Dilute Solution Values of the Dipole Moments of (-Butyl Peresters at 30°
M Ud
Perester (solvent) €0 a Do R ndo 7 r» Obsd.  Theor.
Perpelargonate (benzene) 2.2626 3.8157 1.1520 -0.0218 2.23405 -0.2165 244.27 36.26 66.45 2.98
Perpelargonate benzene) 2.2626 3.7318 240.57 66.45 2.94
Percaprate (benzene 2.2624 3.6035 1.1516 - .0113 2.23410 - .1689 249.98 73.33 71.09 2.96
Percaprate (penzene 2.2630 3.5431 1.1518 - .0145 2.23410 - .1954 246.97 71.80 2.95
Percaprate (benzene 2.2629 3.5719 1.1521 - 02143 223412 - 2050 246.87 70.84 2.96
Periaurate (benzene 2.2621 3.0849 1.1520 - 01166 2.23414 - 1967 251.88 80.22 80.30 2.92
Periaurate (benzene 2.2640 2.9133 1.1518 - .0158 2.23430 - .2113 24257 79.12 2.85
Periaurate (n-hexane) 1.8740 21237 1.5364 4201 1.87690 1512 246.30 81.42 2.86
Permyristate (benzene)  2.2628 2.6084 1.1516 00294 223440 - .19C9 25124 89.56 89.54 2.84
Permyristate (benzene)  2.2628 2679 255.27 2.87
Perm)fns,tate DeNzene) 2.2627 2.8238 1.1520 - 00125 2.23445 - 1714 263.80 90.87 2.93
Perpdlmitate (benzene) 22626 2.6843 1.1519 00082 2.23411 - 1616 279.72 99.98 98.77 2.99
Perpalmitate (benzene) 22633 26896 1.1521 - .0074 223390 - 2191 279.44 95.72 3.02
Perpalm!tate benzene) 22627 26067 1.1520 - .008 223411 - .1576 27421 99.56 2.95
PerBaImltate ra-Nexane) 18758 1.9479 15365 - 4248 18767 1553 278.95 97.84 3.00
Perbenzoate (Denzene) = 2.2627 53317 1.1516 - 1781  2.23438 25291 55.12 53.24 3.14
Perbenzoate(»-hexane) 18716 33775 15368 — .5764 243.75 3.09
For the aliphatic peresters, the Penney-Suther-
land model and also steric hindrance, as observed
with Fisher-Taylor-Hirschfelder models, eliminate
the structures in which 0 is less than 100°. The
remaining structures are put in three groups indi-
cated in Fig. 1 by the areas 1, 2, and 3. Each of
these three areas may be regarded as representing
a single structure undergoing simultaneous change
of $&and w within depicted limits, i.e., a librating
molecule. Thus, for area 1, defined by € = 100
160°, ® = 140-165°, we would have the librating
molecule of average moment {, given by the
following equation which assumes equal probabili-
ties of all the forms encompassed by its limits
(52=1 I LLKtn*b/ I (. coodfl)
J 100 J 140 I J 100 J“140 v
This average moment is found to be 2.97 D.,
showing the validity of this interpretation. Simi-
$(Degrees) larly, area 2, with 4= 145-165° and ® = 30-150°,
. . . _ gives ju = 2.93, and area 3, with o= 100-150° and
Fig. 1—Combinations Ofd'\fﬁnlg pforwhich « = 294 £ 52730.45° has/l = 2.93.

n- = (-0.2550 - 0.2550 cos 0 + 2.259!) cos )2 +
(2.2599 sin @ + 0.9852 sin 4~ + (0.5208 —
0.9517 cos & (1)

"The change from 0.62 to 0.73 for the C () mo-
ment in the acyl group seemed appropriate in view
of the experience of others with esters and acids.13

Equation 1 gives iuas a function of 4and c>and
was used to find the simultaneous values of <€and
® which correspond to the observed value of f,
i.e, 294 + 0.04. A Univac 90 solid state computer
was readily programmed for aid in these calcula-
tions. The results are shown in Fig. 1 for 2° ©
intervals. Omitted from the figure is the equiva-
lent set of w4 solutions which would have been
obtained by taking the mirror-images of the set
shown.

(13) C. P. Smyth, “Dielectric Behavior and Structure,”
Hill Book Co., INnC., New York, N. Y., 1955, p. 306.

McGraw-

Of these three structures, we may dismiss the
second one on two counts. First, the mean value
of 4 about which the vibrations take place, 155°.
seems much too large compared to the values found
for other peroxides. Second, the range of @ values,
30-150°, is highly improbable in view of the reso-
nance expected for peresters.

R O R O
oL R s !
\Ol_o/ \O+ﬂo

Such resonance would call for @ values near 0
or 180°, due to the double bond character it gives
to the C-0 link. In ordinary carboxylic acids
and their esters this resonance is large, contribu-
tions of form Il causing a shortening of the C-0
bond lengthX from its normal value, 1.46 + 0.04
A. to 1.36 + 0.04 A. Resonance energies due to

(14) P. W. Allen and L. E. Sutton, Acta CrysL, 3, 346 (1950).

R,
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the same contributions are approximately 30, 15,
and 20 kcal. mole-1 for anhydrides, acids, and
esters, as determined from heats of combustion.18
The persistence of this resonance in going to the
peroxide analogs is shown by the infrared absorp-
tion maxima due to the C=0 and C-0 stretching
frequencies. This has been demonstrated for
esters and peresters,16177 acids and peracids,B
and anhydrides and diacyl peroxides.1619

Such resonance would involve overlap of the p
orbital of the acyl carbon atom with the p orbital
of the adjacent peroxy-oxygen atom. Although
the resonance energy will be at a maximum when
the acyl group is completely coplanar with the
C-0-0 group, i.e., when wis 0 or 180°, such perfect
coplanarity is not required for the resonance to
exist. Deward has shown that the resonance
energy will vary as cos @ or cos2 . While this
would eliminate the second structure, it would
make the other two plausible. The cause of the
twisting of the acyl group out of the C-0-0 plane
is not evident, although it may be due to electro-
static interaction of the carbonyl and ¢-butoxyl
dipoles attended by effects due to the size of the
alkyl groups. While librations about higher values
of « (140-165°) would meet lower repulsion
between those dipoles, the long alkyl chains (It)
would meet steric interference with the ¢-butyl
group. For this reason, we favor the structure in
which the oscillating twist is centered about values
of © in the neighborhood of 35°. In general,
dipole moment values indicate that in ordinary
esters the carbonyl and alkoxyl groups are cis to
each other.2l It also is interesting that electron
diffraction studies1314 have shown @ values of 25-
40° for methyl formate and methyl acetate.

We may now consider the moment of i-butyl
perbenzoate. That moment, 3.12 * 0.04 D,
is accounted for by adding to the bond moments
of the aliphatic peresters a resonance moment due
to contributions from an additional resonance form
that exists for ¢-butyl perbenzoate

@)

0O
11

When this additional moment is taken equal to

(15) G. W. Wheland, “Resonance in Organic Chemistry,” John
Wiley and Sons, Inc., New York, N. Y., 1955, pp. 99-100.

(16) W. H. T. Davison, J. Chem. Soc., 2456 (1951).

(17) Private communication from Dr. Leonard S. Silbert.

(18) M. Davies and O. Thomas, Discussions Faraday Soc., 9, 335

(1950).

(19) L. J. Bellamy, B. R. Connelly, A. R. Philpotts, and R. L.
Williams, Z. Elektrochem., 64, 563 (1960).

(20) M. J. S. Dewar, J. Am. Chem. Soc., 74, 3349 (1952); see also,
L. L. Ingraham in “Steric Effects in Organic Chemistry,” M. S.
Newman, ed., John Wiley and Sons, Inc., New York, N. Y., 1956, pp.
479-522.

(21) G. W. Wheland, ref. 15, p. 235; R. J. B. Marsden and L. E.
Sutton, J. Chem. Soc., 1383 (1936).
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0.4 D. and located along the line of centers of the
carbonyl oxygen atom and the benzene ring, with
its negative end toward the oxygen atom, then the
molecular moment is given by the same combina-
tions of 4and M as shown in Fig. 1. The existence
of such a resonance moment also is apparent in
ethyl benzoate,2which has a dipole moment about
0.15 D. higher than the ethyl esters of *he saturated
aliphatic carboxylic acids. Furthermore, the molar
refractions (Table 11) of the pure substancesZz
show that optical exaltation in (-butyl perbenzoate
is markedly higher than in the aliphatic peresters.
This also can be explained in terms of enhanced
delocalization, indicated by structure I11.

Table n
The Molar Refraction of ;-Butyl Peresters Meas-

ured for the Pure Liquids23
MRd
Perester Obsd. Caled. Exaltation
Perpelargonate 66.70 66.45 0.25
Percaprate 7137 71.09 28
Periaurate 80.65 80.30 35
Permyristate 89.96 89.54 42
Perbenzoate 54.86 53.24 1.62
Perbenzoate2 54.84 53.24 1.60

In summary, the dipole moment values for all
of the ¢-butyl peresters studied here indicate that
those esters have the Penney-Sutherland structure
with restricted oscillation of the acyl groups out of
plane with the peroxy grouping.

Following this analysis of the data for the per-
esters, the dipole moment values already pub-
lished239 for alkyl peroxides, alkyl hydroperoxides,
peracids, and diacyl peroxides were treated in the
same detailed manner. No essential change re-
sulted from these analyses. It should be noted,
however, that in the peracids and diacyl peroxides
oscillations of the acyl groups from strict coplanar-
ity with the peroxy oxygen atoms are indicated.
Concerning the diacyl peroxides, the interesting
earlier finding2of opposition of the carbonyl group
directions was confirmed. Bellamy and his co-
workers® recently have come to the same conclu-
sion from consideration of the relative intensities
of the infrared absorption doublets caused by the
carbonyl groups of the diacyl peroxides.
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(22) C. S. Copeland and M. W. Rigs, J. Am. Chem. Soc., 73, 3584
(1951).

(23) L. S. Silbert and D. Swern, ibid., 81, 2334 (1959). The first
row of data for i-butyl perbenzoate in Table Il were kindly determined
for us by Dr. Silbert.
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Table ”l
Characterizing Properties of the (-Bijtyl Peresters and Intermediates in their Preparation
Acyl Available
Methyl ester chloride oxygen
Acyl B.p., °C. B.p., °C. Recrystn. Final t-Butyl perester (% O
group (mm.) nZd (mm.) temOp., °C. Egg;‘;ds{)f purificn. 1 Zfé]§3 0 8783 tggorj)
Laurle 139-141(15) 14301  145(18 -4 . : :
Lauriex () 9 RecrYst 14337 3784 99.5
Pelargonies 30-32°  Distill _ 1.4273 8868 99.7
Capric 114 (15) 14235 53(L5)  -45 Florisil, alumina ~ 1.4297 8832 99.7
Capric® Recryst. 14293 8833 100.3
Myristlc 153155 (10) 14346 144 (15)  -45 ReCryst. 14313 81 1000
MYFIS'[IC Recryst. 1.4368 81 1000
Palmitic 194 (12) 14355  137(0.3)  -45 Recryst. 99.6
(1i3d) .. .
Palmitic Florisil, alumina 99.2
e il s Siler Bt e ot B LS il Bt of et
i 10eres erl\f%[)gleben /Dr. | d 3. Silber. . Pelargonyl chloride supplied by Dr. L. S. Slbert. - Bailing point of perester
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(24) L. S. Silbertand D. Swern, Anal. Chem, 30, 385 (1958).
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Introduction

The radiolysis of pure cyclohexane has been
studied extensively because of its interest as a model
compound, having only two types of chemical
bonds. (Cf. recent papers by Freemanl and by
Dyne and Stone2 for references to earlier work.)
It also has been employed repeatedly as one com-
ponent of the reactant mixture in energy transfer
studies.3-5 Alkyl iodides have given especially

(1) G. R. Freeman, J. Crem Phys., 33, 71 (1960).

(2 P.J.Dyneand J. A. Stone, Can. J. Chem, 39, 2381 (1961).

(3) L, J. Forrestal and W. H. Hamill, J. Am. Chem Soc,, 83, 1535
(1961).

(4) P. J. Dyne and \Y. M. Jenkinson, Can. J. Chem, 39, 2163
(1961).
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interesting results in such studies because they
react with both electrons and hydrogen atoms.s67
Previous studies of the radiolysis of cyclohexane-
alkyl iodide mixtures have been concerned with the
production of radioactive alkyl iodides6 or gaseous
products.87 Although the production of iodine
in the radiolysis of such mixtures has been men-
tioned briefly,7 no iodine yields were reported.
In the experiments described here, ~-values were
obtained for the production of 12in the radiolysis
of methyl iodide-cyclohexane and ethyl iodide-

(5) M. Burton, J. Chang, S. Lipsky, and M. P. Reddy, Radiation
Res., 8, 203 (1958).

(6) R. R. Williams, Jr., and W. H. Hamill, ibid., 1, 158 (1954).

(7) R. H. Schuler, J. Phys, Chem, 61, 1472 (1957).
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cyclohexane solutions, over the concentration range
0-95% cyclohexane by volume in each case.
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Results

Graphs of Ame* for iodine in methyl iodide-
cyclohexane and ethyl iodide-cyclohexane solu-
tions are shown in Fig. 1. Extinction coefficients
in the pure solvents were found to be 1277 for
CH3, 1295 for CHA, and 940 for cyclo-CéHi2
in good agreement with earlier values.1011 Several
experiments on the mixed solvent systems gave
graphs of extinction coefficients vs. mole fraction
alkyl iodide-cyclohexane which deviated from an
assumed linear interpolation by less than experi-
mental error; extinction coefficients used in cal-
culating (7-values were obtained from the linear
relationship.

Initial experiments to determine 12 production
vs. dose in methyl iodide-cyclohexane solutions
gave very irreproducible results, especially for solu-
tions with compositions in the vicinity of 80%
cyclohexane, 20% methyl iodide by volume. How-
ever, it appears that this irreproducibility was
caused by a little residual moisture, since more
careful drying on the vacuum line cleared up the
difficulty. It can be seen from Fig. 2 that graphs
of iodine concentration vs. dose were essentially
linear for all of the methyl iodide-cyclohexane solu-
tions studied. The corresponding graph for the
ethyl iodide-cyclohexane system looked very
similar, and is not shown. lodine production
was linear with dose in that case also. The slopes
of the various lines were converted into (7-values

(8" R. J. Hanrahan, Intern. J. Appl. Radiation Isotopes, 13, 254
1962).

( 9) )A. O. Allen, “The Radiation Chemistry of Water and Aqueous
Solutions,” D. Van Nostrand Co., Princeton, New Jersey, 1961, p. 21.

(10) E. O. Hornig and J. E. Willard, J. Am. Ckem Soc., 79, 2429

(1957).

(11) E. N. Weber, P. F. Forsyth, and R. H. Schuler, Radiation Res.,
3, 68 (1955).
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for iodine production, and the resulting values
are shown as a function of reactant concentration
in Fig. 3.

Discussion

It can be seen from Fig. 3 that G(12) is a smooth
function of concentration (given in terms of
electron % cyclohexane) for both of the alkyl
iodide-cyclohexane systems studied, varying from
a maximum value for the pure alkyl iodide to zero
when the alkyl iodide is diluted with 93 to 100 elec-
tron % cyclohexane. Although the curves of Fig.
3 are similar to those which would result if iodine
were produced directly from the alkyl iodide in
proportion to its concentration, with the cyclo-
hexane acting only as a diluent, such cannot be the
case because free radicals from cyclohexane would
certainly react with iodine from the alkyl iodide.
It then becomes necessary to determine whether
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Electron % cyclohexane.
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the situation could be explained by assuming that
the primary yields from the alkyl iodide and from
cyclohexane are proportional to the fraction of the
energy absorbed by each (given presumably by its
respective electron fraction), followed by inter-
action of radicals from both compounds with
iodine.

In considering possible mechanisms, the case of
methyl iodide-cyclohexane will be discussed in
detail because it has been investigated previously
by Forrestal and Hamill,3and also because of com-
plications arising in the radiolysis mechanism of
other iodides. It has been shown previously1213
that the observed yield of 12 in irradiated alkyl
iodides represents the excess of |e production
over alkyl radical production in spurs (the dif-
ference corresponding to the production of stable
hydrocarbons), plus an added component due to
the reaction of thermal free radicals with HI.
In general, the role of HI must be considered in
detail, but in the particular case of CH3, the

(12) R. J. Hanrahan and J. E. Willard, Am. Chem Soc., 79, 2434
(1957).

(13) H. Av Gillis, R. R. Williams, Jr., and W; Hi .Hamill, ibids 83» 17
a 96L)*
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HI1 yield is so low that it may be ignored to a good
approximation. Then assuming that the various
yields are directly proportional to the electron
% of the parent compound (Fig. 4), the total
iodine yield (in equivalents) would decrease
linearly from its value of 7.7 in pure methyl iodide
and the radical yield would decrease from 5.3,1214
both going to zero at 0% methyl iodide. At the
same time, the free radical yield from cyclohexane
would increase from zero to its value of 5.6 for
pure cyclohexane,B5and the total radical yield from
the two compounds would follow a linear interpo-
lation between 5.3 and 5.6. In Fig. 4 a graph
constructed on this basis is shown, and it can be
seen that the total free radical yield should exceed
the iodine yield, so that no net iodine could be
produced, for all solutions richer in cyclohexane
than about 30 electron %. The experimental
results in Fig. 3 show that net iodine production
persists until methyl iodide is diluted with 93
electron % cyclohexane.

In a recent paper, Forrestal and Hamill3 pre-
sented considerable data on methyl iodide-cyclo-
hexane and related systems, and reviewed earlier
work. They measured CH4 and H?2 yields as a
function of CH3 concentration, both with added
HI and 12 and also measured HI and cyclohexene
with I2present as a scavenger. Water was used to
prevent HI from back-reacting. They concluded
that hydrogen arises from cyclohexane in three
ways: an ionic mechanism giving molecular H2 a
hot atom abstraction reaction, and a thermal
radical abstraction reaction. The latter both are
assumed to result from initially excited cyclo-

hexanelr
CgFli2 > C6H]9+ -(- e~ (2)
CeHL2* + e- — p CEHI!** 2
CEHI2Z** —> H2+ olefin )
cHR— N CeH12~* 4
CEHI2* —~ CeHir + H. (5)
H- + CHR2—> H2+ C&8Hn- (6a)
H-+ M —> H-+ M (6b)

H* + CeHi2- > H2+ CeHn-  (7)

Reaction 7 has an appreciable activation energy
and is subject to competition if other hydrogen

atom scavengers are present. With 12 HI, and
CH3 reactions 8 -10 can occur
H- + 12—> HI + |- (8)

(14) R. J. Hanrahan, Ph.D. Thesis, University of Wisconsin, 1957,
available from University Microfilms, Ann Arbor, Michigan.

(15) Based on iodine scavenging work in this Laboratory by W. C.
Blasky, and ref. 16.

(16) R. W. Fessenden and R. H. Schuler, J. Am. Chem Soc., 79,
273 (1957).

(17) The asterisk designations on excited states are those of For-
restal and Hamill, ref. 3. A further excited state, designated with
one asterisk by Forrestal and Hamill, is postulated by them to be
produced with G = 0.75 and to transfer energy either to HI or GHal
causing them to dissociate. It is postulated to deactivate with no net
effect in pure cyclohexane.
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H- + HI —> Ho + I- 9)

H- + CH3 —> HI + CH3 (10)
A portion of reaction 10 may give methane by a
diffusion controlled reaction between HI and CH3e.

If CH3 is the H- atom scavenger present in
highest concentration, then reaction 10 is the
predominant fate of the H eatoms. The fate of
the resulting CH3 radicals, and of cyclohexyl or
other radicals present, depends on what other
scavengers are present. If 12is the other scaven-
ger, whether added initially or produced by radioly-
sis, these reactions occur

C&Hu- + 12—> CeHnl + I- (11a)
CH3T 12— CH3 T I- (lib)
and if HI is the other scavenger besides CH3
CrHu' - HI — = Celli2T 1- (12a)
CH3 + HI —*mCll4+ |- (12b)

In all cases | *=atoms combine to form 12

Forrestal and Hamill found that their results
with 0.1 electron % or less added CH3 could be
explained by competitive hydrogen atom scaveng-
ing—reactions 7 and 10. They found that the
decrease in Cf(HJ is balanced by an increase in
(?(HI1) as would be predicted from the reactions
postulated. As the CH3 concentration is in-
creased into the 1-10% range, however, the H-
atom yield remains constant but the molecular
112 yield drops and is matched by an increase in
(7(CHS)—measured by converting it to CH4
with HI. They postulate that this behavior is
due to an interference in the ionic mechanism
for production of molecular hydrogen, reaction
sequence (1,2,3) above, due to dissociative electron
capture by CH3

e- + CH3 —> 1“ + CH3 (13)
The iodide ion presumably is neutralized without
giving any further effect.

The present results concerning 12 production are
not incompatible with the above reaction scheme.
However, no combination of reactions 1 through
13 gives a net production of 12 Most sequences
of reactions which can be derived from (1-13) are
neutral in 12 over-all, and the hot atom sequence
(5,6a) must consume 12 The yield of cyclohexyl
radicals from this source is given as 2 X 0.85 =
1.7 for pure cyclohexane, and if, as argued by
Forrestal and Hamill, no energy transfer from the
parent excited state occurs, the yield in a solution
containing 7 electron % methyl iodide could be
taken as 093 X 1.7 = 1.6. Since this value is
nearly 60% of the net iodine atom production rate
in pure methyl iodide, it is clear that methyl iodide
must be decomposing with high efficiency to give
a break even point in iodine concentration at 7
electron % methyl iodide.

The most satisfactory proposal to date for ex-
plaining 12 production in the radiolysis of pure
CH3 is the ion-molecule mechanism proposed on
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the basis of mass spectroscopic evidence by Gillis’
Williams, and Hamill13

CH,I+ + CHI — » (CH3,I+ + I- (14)
Upon neutralization of the product ion there results
a “pocket” containing two methyl radicals and
two iodine atoms which can undergo diffusion
controlled recombination, giving a net yield of
CH6 and 12 We now postulate that the rather
efficient production of 12 in dilute solutions in
cyclohexane is due to this same mechanism, re-
action 14 and its consequences, and that it is able
to occur under these circumstances with consider-
able efficiency because of charge transfer from
cyclohexane

CHi2+ -FCH3I — C&HR2+ CH3+ (15)
Between 10 and 100 electron % methyl iodide, the
residual free radical production from cyclohexane
would fall to zero, and the efficiency of reaction 14
would approach its value in pure methyl iodide.

Although Forrestal and Hamill considered the
charge exchange reaction (15) and found it com-
patible with their data, they preferred to postulate
that the effects observed in the 0.1-10 electron %
CH3 range were to be attributed to the electron
capture process, reaction 13. The present results
seem to require that the charge exchange process
(15) definitely occurs to account for net iodine
production, but do not exclude the possibility
that electron capture is occurring also. The most
likely situation, suggested also by Forrestal and
Hamill, is that electron capture and charge ex-
change both develop in the 0.1- 10% concentration
range, and tend to promote each other.

The situation regarding the alkyl radical-
iodine balance in ethyl iodide must be similar to
the methyl iodide case discussed above. How-
ever, an examination of the corresponding plot
of G(h) vs. concentration (Fig. 3) shows two regions
of markedly different slope. Furthermore, the
iodine yield apparently extrapolates to zero only
at 0% of ethyl iodide. It is reasonable to assume
that these differences are due to differences in the
decomposition mechanism of methyl iodide as
compared with other alkyl iodides. In the case of
methyl iodide, the key step leading to net 12
production must be a bimolecular step, either hot
radical or ion-molecule. Although such processes
are possible and presumably also occur for ethyl
iodide and the higher iodides, in these cases it is
possible to get a unimolecular production of HI
(either by a true molecular elimination, or by a
caged radical-1- atom reaction) which ultimately
can lead to net I2formation. Thus the persistence
of iodine production to lower concentrations of
ethyl than of methyl iodide, observed in the pres-
ent work, may be correlated with the much higher
guantum yields obtained for ethyl than for methyl
iodide in various photochemical experiments.

As noted in the Introduction, the measurements
of 12 production reported here are related to some
earlier experiments of Schuler,7 in which it was
found that dilute solutions of methyl or ethyl
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iodide in cyclohexane produce methane and C2
hydrocarbons by chain reactions under radiolysis,
but that the chains do not develop in the presence
of iodine, whether added initially or produced
during radiolysis. In the case of methyl iodide at
2 mole %, the chain reaction occurred uninhibited,
but it was quenched by 6 mole %. In the case
of ethyl iodide, on the other hand, as little as 0.3
mole % dropped the yield of the chain process
drastically. Converting from mole % to electron
%, these results imply that net iodine production
occurs with ca. 8 electron % or more methyl
iodide, and with as little as 0.4 electron % ethyl
iodide in cyclohexane, in good agreement with

THE SECONDARY DEUTERIUM

ISOTOPE EFFECT

Ralph E. Weston, Jr., and Stanley Seltzer Voi. 66

the present work. It should be noted that all
of the experiments reported here were conducted
with alkyl iodide concentrations sufficiently high
to prevent the chain reaction.
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Introduction

Within the past few years, several investigations
of secondary «-deuterium Kinetic isotope effects
have been made.2 Such an effect is defined as the
effect of deuterium substitution on the rate of a
reaction of the type

RR'C(H or D)X — » RR'C(H or D) + X

The observed effects have been attributed to a
change in the hybridization of the carbon atom (to
which the deuterium is bonded) from sp3 (tetra-
hedral) to sp2 (trigonal) in going from the ground
state to the transition state.3 On the basis of the
vibrational frequencies of stable molecules (such
as aldehydes and alkenes) in which the carbon-
hydrogen bond is sp2in nature, a large decrease in
one of the C-H bending frequencies is expected,
and this will produce a normal isotope effect. It
was our expectation that a similar isotope effect
would be found in a reaction producing methyl
radicals, and that the magnitude of this effect might
give some information about the vibrational fre-
qguencies or configuration of the methyl radical.

The reaction chosen for this study was the pyroly-
sis of dimethylmercury in the presence of excess
cyclopentane. Both the kinetics of this reaction
and the C13 isotope effect have been previously

(1) Research performed under the auspices of the U. S. Atomic
Energy Commission.

(2) For a recent review, cf. R. E. Weston, Jr., Ann. Rev. Nuclear
Set., 11, 439 (1961).

(3) Other interpretations of secondary a-deuterium effects have been

presented by: (a) M. Wolfsberg, S. Seltzer, and R. S. Freund, private
communication; (b) L. S. Bartell, J. Am. Chem Soc., 83, 3567 (1961).

studied by Russell and Bernstein.4 The mech-
anism proposed by these authors on the basis of
their Kinetic results is

Hg(CH32—> HgCH3+ CH3 (1)
@

CH3+ Hg(CH,)2—> CH4+ CHJIgCH, (3)

HgCHs— » Tig + CHS

Clls + CAHD—m>ClJ4+ CEH9 4)
CH3+ Hg(CH32—> CH6+ HgCHs 5)

CH3+ CH3—~™ C#FI6 (6)
CHHYCH2—> HgCHa + CH2 (7)
CH2+ CHD—> CHR (8)
C5119 — > Products (©)]

In the presence of a ten- to twentyfold excess of
cyclopentane, it can be shown that reactions 3, 5,
6, 7, and 8 are negligible.4 The rate expression
becomes simply

-d[Hg(CH,),]/df = d[CH4]/2ck = [c;[Hg(CH32
so that the rate-determining step is the unimolecu-
lar decomposition of dimethylmercury. It is not
possible to decide, on the basis of the Kinetic results,
whether step 2 is distinct from step 1, or whether

4) M. E. Russell and R. B. Bernstein, J. Chem Phys., 30, 607, 613

(1959).
Kkinetics.

These papers contain references to earlier literature on the
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both carbon-mercury bonds are broken simul-
taneously.

One can measure the isotope effect in step 1 by
allowing a mixture of two isotopic species of di-
methylmercury to pyrolyze competitively, and then
comparing the isotopic composition of the methane
produced with that of the original dimethylmercury.

Experimental
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(5) H. Gilman and R. E. Brown, J. Am Chem Soc., 52, 3314
(1930).

(6) H. S. Gutowsky, J. Chem Phys., 17, 128 (1949). )

(7) G. H. Miller, G. O. Pritchard, and M. Weston, Rev. Sci. Instr.,

30, 948 (1959).
(8) R. E. Weston, Jr., J. Chem Phys., 26, 975 (1957).

Secondary Deuterium Isotope Effect in Pyrolysis of Dimethylmercury

it u
ol fes%' i

el i
e

acuun- out

2193

@R
Ly
Miog: sw tlg étﬁ pOIWary m?a'«i % e
achon vessel (ﬁ de ato comp the u(gae
waesasreeJnovreﬁi and_wel e arter een, de-
ercur |tws%o N th Fh ouI e|n gr}to
6 rea |on vesse an quan yrecovere fte s

of th
In

|s
% etlc run the fro eofcyclo entn d
imet 3/ ercury sec evaporate o
co Y ezeo Was . arme
é) waer UJ| t e he ca | ry|n ke
al fréts eh%urte\év [e hea efectrica o pre et onden-

t‘re [l h%n%{htr
i ﬁgePh . thh@ )
ectrometrltt anagsgepoa( d ngn- onde)n(s)acﬁeure's {ﬁm
[‘E%%' lg 4 he rt% Icciev% i
gl v e
cai #Hm?a{ AREHAAE fore °éph‘ in all isotope effrt exper
@entrsémg/ rgg n 0 th)e¥ r&o er aﬁﬁva%eﬂ f’gu %
&?he doosa ﬁ Ta Vet
tgs it &%fd%%%m ol
e analysis By this procedure, of a
G e b i g

f
%h 1% tpet”"”‘e”“ kol %%f Ry drogsn o 28, §9f
From >ida ’fn E
constan weeca ated onthebasls thg %u
ofmet[ane produced an eorlgma amoun imet
uﬁ\sna %sls B%];f%pr% fon- v%la&e g du flﬂrorh3 the I%hetlc
vaqor ract Ies

?? Cé(d%)(in ane roétangaﬁeaiaml% norr]e\clo%roﬂporencé%‘

gap da dd nt%n reactlon were chromato
L L f o e
Was pretgared etrl a an ewotopccg pog |<0
o b e R
H 100 mePLream of\ﬁ Srogne a g H] en
o In a stream of oXygen at the same emperature

%hddlme {Jaylmércur wasjec\alrarle o
88}2\ |ths 3 g

i aawan

i e‘r%sr oal i as%\%? ﬂed
onie e s e Wh
ﬁ £ cur
o h a ey |s anc
COpuEr OXI e copper OXI
(9) A. E. Heron and H. N. Wilson in “Comprehensive Analytical
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Co., New York, N. Y., 1959, pp. 244-245.
(10) K. E. Wilzbach and W. Y. Sykes, Science* 12Q, 494 (1954).
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(12) Kindly donated by Hr. 1). R. Christman
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(13) V. H. Dibeler an
(1951).

Ralph E. Weston', ,Ir., and Stanley Seltzer

Voi. 66

IR0 U pele d e g
L e i U
ﬁ?%%f (Q’IIB Xz?g et aﬁe d@wﬁ@gé% %wﬁsrcu dy T

%ﬁ PBO razing e prepare
ahg & X afetﬂ h’@d mma

ﬁlecomagﬁ%apngs purif tied b ypassrngr roug

mrxure ofnrirral drth g%gerc and cg pegfbar(%

sam es o t | re Us to% er erth

; amoun 0 azom Ela%ee %/arle%‘f)%"ethe% E%nd

E?e;/latlo run reaction |me
W ﬂ]e SS afl 91 5(}9 e gim Tﬁ 8
L Tnairar%areaeras L

on o1 ¢0
3|m| I’tO se 0,’ U IC

|ono aural imet V\yp
%9” eh Breury traction romea run was

WaS OUHH ev as & SCrl J a U er"htmn}
o hr’&”ca i
i r;arﬁgo L il it hc aﬁh; 5
%@wéf% r‘furd/nghg 0 sLer hJl \3? i E&ﬁg A

e : 'erg“orreo /or“@*h ) ai%'@%s%ﬂ“

gﬂl’lsq‘\
o e’h il oy Qér ”erhmr i

%gf ﬂY) rYHs dre én}m;
} %r %%na @ %B]&%

exhrbnpex lhrew
%g an th
g(?ﬁq garé ass e ti) 4‘33? n%n
HE me cur)a Eécover 498
orrp na mrx %r

reac lon’mix ure

was Identica wr tﬁat o? he
6se  eX
doe

e
rrr[rent in |cate { at excha Noe of meth‘yi|
I’OU Race un er norm ex erimen
ange abh i ass Spec-
fometer may have SR At y metallic SUFfaces
Experimental Results

Observations on the Kinetics and Mechanism of
the Cyclopentane-Inhibited Pyrolysis of Dimethyl-
mercury. 1 Reaction Products.— In general, our
findings confirm those of Russell and Bernstein,4
as well as those of McNesby and Gordon18Pon the
reactions of the cyclopentyl radical.

At the low values of Q (molar ratio of dimethyl-
mercury to cyclopentane) used in this work, the
only measurable hydrocarbon product from di-
methylmercury is methane. This is formed by the

(14) R. L. Hinman, J. Am. Chem. Soc., 73, 1645 (1956).

(15) R. Renaud and L. C. Leitch, Can. J Chem.. 32, 545 (1954).

(16) C. Steel and A. F. Trotman-Dickenson, J. Chem. Soc., 975
(1959).

(17) E. E. Bevege, R. Renaud, and L. C. Leitch, Can. J. Chem., 31,
1259 (1953).

(18) J. R. McNesby and A. S. Gordon, J. Am. Chem. Soc., 79, 825,
4593 (1957).

(19) A. S. Gordon, S. R. Smith, and J. R. McNesby, ibid., 81, 5059
(1959).
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abstraction of a hydrogen atom from cyclopentane
by a methyl radical produced by rupture of the
Hg-C bond in dimethylmercury.

In confirmation of this, a few analyses by vapor
phase chromatography were made of the non-
volatile reaction products which remained in the
trap when it was warmed to room temperature.
From the ratio of dimethylmercury to cyclopentane
in the product mixture, together with this ratio for
the reactant mixture (Q), one can calculate the
amount of methane produced. Within experi-
mental error, this agrees with the amount measured
manometrically. Three very small peaks
0.1%) were observed in the higher molecular
weight region, with approximate boiling points
65-80°, but were not identified.

Further confirmation was given by two experi-
ments in which essentially pure (CD3Z2Hg (>99
atom % D) was pyrolyzed in the presence of normal
cyclopentane (Q = 0.06, 366°). Mass spectra of
the hydrogen-methane mixtures from these runs
were compared with spectra of pure CD3H (Yolk
Radiochemical Co.) by means of a Consolidated
Model 21-103 mass spectrometer. Within ex-
perimental error, no HD or IF was found in the
hydrogen. This is in agreement with the experi-
mental results of McNesby and Gordon, who
studied the photolysis and pyrolysis of acetone-
d6é mixed with cyclopentane. The hydrogen pro-
duced during the pyrolysis of dimethylmercury
evidently comes from the cyclopentyl radical by
means of a mechanism which does not produce
hydrogen atoms. The ratio H2CH4 was found
to increase with pyrolysis temperature (cf. Table
1). This observation and (approximately) the
value of the ratio at a given temperature are in
agreement with the results of McNesby and Gordon.
The ratio also decreased appreciably (Table 1),
when Q was increased from 0.05 to 0.15, which is to
be expected if there is a competition for methyl
radicals between cyclopentane and dimethyl-
mercury.

The methane produced in the pyrolysis of (CD32
Hg with cyclo-C8HD was found to be 97.5%
CD3H, 2.2% CH4 and <0.3% CD4 The amount
of CH4 is greater than that which could be pro-
duced from the (CIL32Hg present as an isotopic
impurity, and must be a product of the cyclo-
pentyl radical decomposition, although McNesby
and Gordon did not report this fact.

The low ratio of CD4C D 3H shows that hydrogen
abstraction from dimethylmercury is negligible
when Q~0.05.

In a few runs (Q = 0.05, 366°) the more volatile
reaction products collected in the trap at —196°
were examined mass spectrometrically. The trap
was warmed to a temperature between —110
and —130°, and the fraction volatile at this tem-
perature was Toepler-pumped off. The amounts
of products relative to the amount of CH4 were:
CZH4, 0.48-0.95; CHE 0.080-0.123; C3HEG 0.012-
0.048; all higher fractions were <0.001 except
CHI The product composition was found to
be relatively irreproducible. Ethylene and pro-
pylene have been shown to be products of the

Secondary Deuterium lIsotope Effect in Pyrolysis of Dimethylmercury
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cyclopentyl radical decomposition according to the
scheme

CH3 + CHD CH4+ CH9

CHO CH4+ CHE6

CH6 + CHD CH6+ CHYS

2CHG6 CceHD

Since this is a chain reaction, and since allyl
radicals may react in other ways, it is perhaps not
surprising that relative amounts of methane, ethyl-
ene, and propylene should fluctuate from run to
run. The large amount of ethylene relative to
propylene shows that hydrogen abstraction by the
allyl radical is a rather unfavorable reaction at 366°.

2. Rate Constants.—In the course of making
preliminary runs, as well as during the actual iso-
tope effect experiments, a large number of rate
constants for the cyclopentane-inhibited pyrolysis
of dimethylmercury were determined. Also, in
those experiments with 2% (CD32Hg present, the
gross rate is unchanged, in view of the small isotope
effect (see below).

Because the range of Q and total pressure in our
work is rather limited, we have corrected the ob-
served rate constants to Q = 0 and P~ = 0 by
using the dependence on these parameters found
by Russell and Bernstein. The corrected rate
constants thus obtained are given in Table 1.
After roughly ten or so runs, rate constants were
extremely reproducible, and did not change over
a period of a few months. Hence we feel that
any surface effects have been eliminated.

The rate constants we obtained in the tempera-
ture range 303-366° are compared with the value
obtained by Russell and Bernstein of ki = 5.0 X
106 exp(—57,900/12T) sec.-1 in Fig. 1. With the
exception of the single experiment at 303°, our data
lie on a straight line when log ki is plotted against
T~\ The agreement with the results of Russell
and Bernstein is extremely good at 366°, where
most of our runs were made. At lower tempera-
tures, the constants we obtained are somewhat
smaller than theirs, and the activation energy we
obtain (again disregarding the point at 303°) is
61.2 kcal./mole. The difference of 3.3 kcal./mole
is not considered significant, because there appears
to have been a drift in the thermocouple calibration
during our experiments. An error of 2° at either
end of the range would produce the observed dis-
crepancy.

Whether or not the discrepancy in activation
energy is real has little effect on considerations of
the mechanism, since in either case it is equal to
or slightly greater than the bond dissociation energy
for both C-Hg bonds. Russell and Bernstein have
cited this fact as evidence that there is a simulta-
neous bond rupture rather than a stepwise one. This
is not a necessary conclusion, however. A more
serious objection to our higher value of the acti-
vation energy is that it leads to an abnormally high
pre-exponential factor in  of 7 X 10%sec.-1.

Cattanach and Longd recently have criticized

(20) J. Cattaloach and L. H* Long, Trans. Faraday Soc., 56, 1286

(1960)»
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Table |
Rate Constants for Pyrolysis of Dimethylmercery in the Presence of Cyclopentane
Pressure.6 No. of
T, °C. 10°0° mm % Ib rus 10Fosd sec- 1 10%cor
303 9.82 600 4.4 1 0.0787 0.0804
326 9.82 606-630 4.7 £ 0.2 5 0.307 + 0.001 0.313 + 0.001
346 5.15-5.75 585-610 5.8d 3 156 + 0.02 161 + 0.02
346" 6.55 559 5.8J 1 1.62 1.67
347 9.82 626-646 58+ 1.1 3 1.70 + 0.03 1.74 £ 0.03
366 4.56 680 10 O1 1 755 7.80
4.86 614 °a» 1 7.43 7.69
5.00 597 13.9 1 7.80 8.07
5.32 439-640 107 + 1.1 8 7.62 + 0.24 7.50 + 0.24
5.52 613 10.2 1 7.70 7.95
5.65 539-655 10.7 £1.1 5 781 + 021 7.66 + 0.21
6.06 636 10.04 1 7 03 7.20
6.30 604-659 9.4-12.2 2 7.68 + 0.42 7.45 + 0.42
6.34 582 10.0* 1 7.80 8.04
8.91 420-586 8.1+ 05 6 8.10 + 0.26 7.87 + 0.26
150 648 677 55+ 0.9 6 821 +0.12 7.82 £0.12
oad 1 7.58 7.80

e

« Dimethylmercu

Fi g i thedaﬂxf%( fihdai
steing F eek efimental” points™ are
num ers 0 runsa a given em e

the results obtained by Russell and Bernstein,
citing the fact that hydrogen has been shown to
affect the rate of decomposition of dimethyl-
mercury. This criticism is not well founded. The
effect of hydrogen arises from a chain mechanism
proceeding by the reactions

Cll, + I, —>CIR + H
Il + (CH3Hg —> CH4+ Hg + CH3

The rate constant for hydrogen abstraction by
methyl radicals from molecular hydrogen is about

. 770 4 10 sec.-1
?EG 6. Csl-lﬂ@0 q‘ taf<pre%s5ursee.C - Rate constant corrected t0 o = Oand » -+ = 0.« Assumed.

the same as that for abstraction from cyclopen-
tane,2Lso that the relative rates will be proportional
to the relative concentrations. In our experiments
and those of Russell and Bernstein, the amount of
hydrogen produced from cyclopentane was roughly
a thousandfold less than the amount of cyclopen-
tane present, so that the production of hydrogen
atoms should be negligible. To test this fact,
we carried out pyrolyses at 370° in which the initial
reaction mixture contained 10-20 times as much
hydrogen as that produced during the normal
course of reaction. The rate constants obtained
in these runs were at most 7% larger than those
for comparable runs with no added hydrogen (this
difference is about twice the mean error in rate con-
stants). Therefore, the reaction of methyl radi-
cals with hydrogen is negligible under the usual
conditions of our experiments.

Carbon-13 Isotope Effect.—Russell and Bern-
stein found that the C13 isotope effect in this
reaction is appreciably lowered if there is a chain
mechanism involved. The addition of cyclopen-
tane tends to eliminate this chain mechanism.
As a check on the absence of this chain reaction in
our work, we redetermined the C13 isotope effect
in a few experiments. The results are presented
in Table Il. The ratio of rate constants, ku/ku,
is obtained from the formula2

kve>/kn = log (1 - /ftxf/#ao)/log 1 - /) (2)

in which Rao is the C13C 12 ratio of the original
dimethylmercury and Rxf is the corresponding
ratio for the methane which has been produced at
the fraction of reaction/.

The observed value of k~/ku must be corrected
to Q = 0and P~I = 0. The dependence on these
parameters found by Russell and Bernstein gives
a corrected value of i.0412 + 0.0007, which may be

(21) E. W. R. Steacie, “Atomic and Free Radical Reactions,”
Reinhold Publ. Corp., New York, N. Y., 1954, pp. 500, 527.

(22) From rearrangement of eq. V. 23, J. Bigeleisen and M. Wolfs-
berg, Advan. Crem Phys,, 1, 15 (1958).
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Table Il

Cu lIsotope Effect in the Cyclopentane-Inhibited
PF’yrolysis of DimethylImercury at 366°
1 mm !

10Q kn/kn
5.32 651 0.1209 0.0093778 1.0386
5.32 636 1267 .0093860 1.0377
5.32 640 1611 .0093775 1.0395
5.32 640 .1618 .0093788 1.0393
5.32 623 1722 .0093935 1.0378

1.0386 + 0.0007
(CH3Hg: /tao = 0.0097167
° Relative to tank coo.

compared with their value of 1.0343 at 360°.
However, the actual agreement is better than this,
since in treating the mass spectrometric results
they did not correct for O abundance and spec-
trometer resolution. Neglect of these factors would
lower our value to about 1.038, which is in good
agreement.

The C22enrichment of dimethylmercury relative
to tank C 02was only about 3%, compared to the 7%
found by Russell and Bernstein.

Deuterium Isotope Effect.—The observed rela-
tive rates of reaction of dimethylmcrcury-de and
normal dimethylmercury are given in Table Il1I.
The rate constants k# and kn refer to

CH,HgCHg— » CH3+ HgCH, or 2CH3+ Hg
and

kd
CD3HgCD3—» CD3+ HgCD3or 2CD3+ Hg

The ratio ko/ku is obtained from the equation
corresponding to eq. 2. Since each CD3 radical
abstracts a hydrogen atom from cyclopentane to
form CD3, the value to be used for Rao is three-

Tabte Il
Deuterium [sotope Effect in the Cyclopentane-
I nhibited Pyrolysis of Dimethylmercury at 366°
10 P mm / Rxt

565 60 0170 167 1080
59 1276 1647 1.064
635 1402 1661  1.075
649 1435 1658 1073
6%  A73H 1661 1078

Original dimethylmercury ra, = 1.554  1.074 £0.004
891 5% 01224 1674  1.083
D56 1362 1646 1.064
e 1609 1627  1.092
420 1636 1646  1.065

Original dimethylmercuryr o= 1.554  1.066 £0.008
150 6% 00629 1671 1085
648 0688 1670  1.085
o7/  06% 1637  1.062
663 1129 1664  1.083
068 1141 1639 1066
6% 1554 1634  1.064

Original dimethylmercury Rso= 1538 1.074 + 0.010

Mean of 15 runs = 1.072 + 0.009.

Secondary Deuterium Isotope Effect in Pyrolysis of Dimethylmercury
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fourths of the atom per cent of deuterium obtained
upon analysis of the original dimethylmercury.

The small size of this isotope effect, together
with the experimental error in RXf and R&of about
1%, made it seem useless to search for the depend-
enceon Q, P, orT.

Discussion

Deuterium Isotope Effect—The most striking
experimental fact is the inverse deuterium isotope
effect, which corresponds to a difference in free
energy of activation (AAF*) of —15 + 2 cal./
mole/D atom. This effect must somehow be re-
conciled with a normal carbon isotope effect.

One possible way of explaining these results is
to postulate a rapid exchange of methyl radicals
with dimethylmercury, and a rate of abstraction
of hydrogen from cyclopentane which is slower than
the exchange but more rapid than the decomposi-
tion of dimethylmercury. The observed isotope
effect for this kinetic scheme depends on the ratio of
rate constants for hydrogen abstraction from cyclo-
pentane and the equilibrium constants for the ex-
change reaction. However, the results of the ex-
periments with mixtures of azomethane-d6 and
dimethylmercury, and of dimcthyimercury-d6 and
dimethylmercury indicate that this exchange is non-
existent under the experimental conditions.

From the arguments given in the next section
about the reaction coordinate and its contribution
to the temperature-incependent factor of the
carbon isotope effect, it appears that; this term will
produce a normal deuterium isotope effect. There-
fore, the abnormal contribution must come from
an increase of the zero-point energy difference be-
tween deuterium and protium compounds in the
transition state compared to this difference in the
ground state. At the same time, to fit the normal
carbon isotope effect, the vibrational frequencies
which change must be relatively insensitive to
carbon isotope substitution. The type of vibration
which most obviously fits this latter criterion is a
C-H stretching mode, which would produce the
observed deuterium effect if it were increased in
frequency in the transition state.

In fact, there is evidence for an increase in the
C-H stretching frequency when the bonding to the
carbon atom charges from sp3ao sp2 The C-H
bond in ethylene is about 0.017 A. shorter than that
in ethane,2 while that of the methyl radical? is
about 0.013 A. shorter than the bond in methane.
The decrease in bond length will lead to an increase
in the stretching force constant, which can be esti-
mated from Badger’s rule or one o: its variants to
be about 0.37 X 105dynes/cm. This in turn leads
to an increase in the vibrational frequency of about
100 cm.-1, which is in good agreement with ob-
served values for ethaneXand ethylene.®

The possibility that there is a contribution to
secondary isotope effects from this source has been

(23) C. C. Costain and B. P. Stoicheff, 3. chem. Phys., 30, 777
(1959).

(24) G. Herzberg, Proc Roy. Soc. (London), A262, 291 (1961).

(25) G. E. Hansen and D. M. Dennison, J. Chem. Phys., 20, 313
(1952).

(26) G. Herzberg, “Infrared and Raman Spectra of Polyatomic
Molecules/' D. Van Nostrand Co., Inc., New York, N. Y., 1945, p. 326.
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mentioned by Llewellyn, Robertson, and ScottZ
in connection with solvolysis reactions of methyl-
%o esters; however, they attributed the inverse
isotope effects which they found (AAF* = —6
to —32 cal./mole/D atom) to the increase of a
bending force constant in the transition state.
The out-of-plane CH3 vibration is expected to be
affected by the presence of the entering and leaving
groups, and if these groups are sufficiently close
to the central carbon atom, there may actually be
an increase in the bending frequency. Robertson
and co-workers have calculated the frequencies
for a transition state model which is a planar CH3
group, and have found that the out-of-plane bend-
ing frequency would have to be increased to 2565
cm.-1 to account for the observed isotope effect.
(There appears to be a numerical error on page
232 of ref. 27: the value of v2* should be 2229
cm.-1). This estimate is probably high, because
the model used for the transition state permits a
decrease in other frequencies, and because the
calculated frequency shift accounts for the sum
of the observed effect and a larger estimated
“thermodynamic” effect of opposite sign. It is
possible that the bending frequency need increase
only to about 1400-1900 cm.-1 to account for the
experimental facts.

There is independent evidence that the original
estimate of the bending frequency increase is
high. Carbon isotope effects have been determined
in a related group of Sn2 reactions of methyl-C14
iodide by Bender and Hoeg,B who find normal
carbon-14 isotope effects of 9-14%. Effects of this
magnitude can be predicted for a transition state
model in which a C-1 stretching vibration has been
lost. The contribution to be expected from the
increase in bending force constant postulated by
Robertson, et al., would be, for carbon-14, about
4% in the inverse direction, which would then make
it difficult to account for the magnitude of the ob-
served Cu effect. For this reason, it seems very
possible that in the methyl-d3 ester solvolysis re-
actions the out-of-plane bending mode is influenced
by the surrounding groups, but not to the extent
originally suggested. Simultaneously, part of the
effect may be caused by an increase in the C-H
stretching frequencies.

In the pyrolysis of dimothylmercury it is neces-
sary to assume an effect which will prevent the
bending frequencies from decreasing appreciably
in the transition state, while permitting the change
toward sp2 hybridization to produce an increase
in the stretching frequencies. This may simply
be caused by the proximity of the departing methyl
group to the rest of the molecule in the transition
state, or may be somehow related to the size and
number of electrons of the mercury atom, which
would be expected to lead to large non-bonded
interactions.

_Frequencies for (CH32Hg, (CD32Hg, and tran-
sition state models have been calculated from the
F and G matrices given by Gutowsky.6 The tran-
sition state was assumed to differ from the normal
(27) J. A. Llewellyn, R. E. Robertson, and J. M. W. Scott, (}r\ J.
, 38, 222 (1960)

(28) M. L. Bender and D. F. Hoeg, 3. AM GEM S, 7, 5649

(1957).

Ralph E. Weston, Jr., and Stanley Seltzer
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molecule in the following way: (1) the C-H bond
was 0.02 A. shorter; (2) the C-H stretching force
constants were increased by 0.37 X 108dynes/cm.;
(3) either the symmetric or antisymmetric methyl-
mercury stretching frequency was made to become
zero by setting the appropriate stretching force
constant equal to zero. The methyl-mercury
stretch of opposite symmetry was assumed to re-
main constant.

The results of these calculations for the normal
molecules and the transition state with the sym-
metric stretch set equal to zero are shown in Table
IV. Since the reaction coordinate corresponds to
a symmetric stretching motion, this is equivalent
to the assumption cf simultaneous bond rupture.
The deuterium compound is symmetrically labeled,
so that the relation between the observed rate ratio
and the ratio of rate constants for bond rupture is
identical for either simultaneous or stepwise bond
breaking (unlike the case of the C13 effect). For
stepwise bond rupture, the pattern of frequency
shifts will be comparable to those of Table 1Y, but
it is reasonable to assume that the C-H stretching
frequencies of only one methyl group will be af-
fected.

Tabte IV

Calculated VIBRATrONAL FREQUENCIES (iN CM.-1)

Normal Molecules and Transition States"”

Vibration DMM DMM-ds TS. T.S.-dt
viial) 2959.7 2178.8 3070.2 2256.4
~(al) 1181.4 949.4 1149.5 878.9

511.8 444.2 0 0
Free rotation

Vsis:t) 2959.8 2179.1 3071.7 2260.9
n(a2") 1204.9 969.0 1205.0 969.3
"7(a2") 549.1 482.3 549.1 482.4

(e 29212 21719  3037.4  2257.9
"ii(e") 1475.5 1081.0 1475.5 1081.2
‘o) 787.2 578.2 786.5 577.4
"n(e’) 156.2 143.6 156.3 143.9
"ike™) 2920.5 2170.1 3036.5 2256.2
"0 ") 1443.4 1057.7 14435 1057.8
"ole”) 701.3 512.4 700.8 511.8

“Vibrations with e' and c¢" symmetry are doubly de-
generate.

It is evident that only the C-H stretching fre-
quencies and the A/ frequencies are influential,
so that the ratio of rate constants is given by®

An vsv* ® vm (1 - /2]
— . mmmmmm S mmmmmmmmemme ex il i
VI (21 0 G —e un) P foee W
. *bDr (1 - "
¢ exp [(tiH* - wip=y21 (3
=iri* (1 - e-"1B®)

where the sum over the i’s includes the A / frequen-
cies and the C-11 stretching frequencies of the other
symmetry classes, and the sum over the/s includes
these same frequencies except for v* (the reaction
coordinate). The frequency ratios for the stretch-
ing frequencies very nearly cancel out (these vibra-
tions are quite independent, of all others), and the

(29) cf., for example, ref. 22, eq. (11.25).
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ratios belonging to class A/ can be shown to cancel
according to the Teller-Redlich product rule. The
total contribution from the 1 — e~uterms is 0.934,
most of which comes from the reaction coordinate.
The difference in zero-point energies is larger in the
transition state by 77 cm.“1 so that at 639°K.
the total effect is 1.11 for the ratio kD/kH. Hence
this model for the transition state gives a predicted
isotope effect slightly greater than that observed;
this could be adjusted to give better agreement by
slight changes in the bending and stretching fre-
guencies.

Carbon-13 Isotope Effect.—The kinetics of the
carbon isotope effect are slightly more complicated
than those of the deuterium effect because the
molecule is not labeled symmetrically. In the
case of simultaneous bond rupture, the observed
effect is related to the reactions

H HgCIH3— » Hg + 2C1H3 ku
HXIHgCIH3— » Hg + CIH3+ CIH3 [IB
HX HgCIH3—> Pig + 2C1H3 fD

by the expression kn/kK =

kiA/'kia at the tracer level.4
The simplest approach to a theoretical estimate

of the rate constant ratio is by use of the equationd®

Aoal(&ib + &id) =

kn/kn = O12CIBY012°0T3 (i12*1/ i13+,1)

3r—6 3n—7

1+ S GUIH)AUI — G(Uj*)AUj*
i=1 3

@

in which the o's are symmetry numbers, F is
the frequency along the reaction coordinate, and
the last term has its usual significance. The sym-
metry number term is only a statistical correction
which makes no contribution to the observed ratio.
The value of the second term depends on the re-
action coordinate, but is not particularly sensitive
to its choice. The upper limit is given by the
three-mass form of the Slater equation,3L which is
essentially the equation for the symmetric stretch-
ing frequency of a linear C-Hg-C system. A more
probable reaction coordinate is a symmetrical one in
which the methyl groups move as rigid units, cor-
responding to the “molecular fragment” coordi-
nate.® This is very nearly the vibrational mode
vi of the normal molecule. The frequency ratio
may be estimated by taking the square root of that
obtained for the doubly-substituted molecule ob-
tained with the F and G matrices of Gutowsky.
The results of these three approaches are

Slater coordinate 1.020
Molecular fragment 1.016
Normal mode™.s 1.015

The evaluation of the temperature-dependent,
term requires a more detailed model, and the most
consistent approach is to use the same model
as that used for the estimate of the deuterium iso-
tope effect. As in the case of the deuterium cal-

(30) Reference 22, eq. (11.21).

(31) J. Bigeleisen and M. Wolfsberg, J. Crem Phys., 21, 1972

(1953); 22, 1264 (1954).
(32) M. Wolfsberg, ibid., 33, 21 (1960).
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dilations, only the A/ vibrations and the C-H
stretching vibrations need be considered. The
isotopic shifts in these frequencies for a doubly-
labeled molecule are given in Table V, and the shifts
for a singly-labeled molecule are assumed to be
one-half as large. It will be seen that the C-H
stretching frequencies make no contribution be-
cause of their low sensitivity to the carbon mass.
Both w and I3 contribute slightly and the total
effect in the temperature-dependent term is 1.0025,
whieh when combined with the temperature-in-
dependent term gives a calculated ratio of 1.018
to 1.022 for ku/kiz.

Table V
Frequency Shifts (in cm.-1) for (C1H32Hg Relative to
(C1H3Hg
Normal molecule Transition state
Vibration "(CIY) Ap XC12 Ap
Ai(ai') 2959.7 9.2 3070.2 9.4
ds(ai’) 1181.4 12.0 11495 7.7
~a,") 511.8 14.5 0 0
ré(a2") 2959.8 9.3 3071.7 9.5
\s(e") 2921.2 11.7 3037.4 12.1
nie") 2920.5 11.5 3036.8 12.1
In the case of stepwise bond rupture, the rate-
determining steps are4
HX12HgCIH3- HgCIH3+ CIH3 a
HXIHYCIH3- -» HgCIH3 + CIH3 tas
HX1HgCIH3- -» HgCIH3+ CIH3 K\¢
H31HgCIH3- HgCIH3+ CIH3 kiD

At the tracer level, kn/kn = fw/(fclB + hc) =
(fciAfciB)/[I + (fcicAiB)j, so that the observed
isotope effect is a combination of an intramolecular
effect (/cicA ib) and an intermolecular effect (kia/
fciB). Each rate constant ratio is given by an ex-
pression analogous to eq. 4. In the expression for
kiA/kiB a factor of two is introduced by the sym-
metry number term: this is just a statistical factor
which makes the isotope effect disappear in the
classical limit. The ratio of frequencies for the
reaction coordinate may be estimated by the
methods discussed previously with the following
results

. 1A/1B 1C/1B 12/13
Slater coordinate 2(1.038 1.038  1.019
Molecular fragment, ~ 2(1.030)  1.030  1.015
Normal mode". 2(1.012 1000  1.012

It becomes apparent that as far as the tempera-
ture-independent. term is concerned, there is no
significant, difference between the two alternate
bond-breaking processes.

In this case, one need only consider the C-H
stretching vibrations and the vibrations of class
AZ', which shift in a pattern identical with that
of the shifts of the A/ vibrations in the simul-
taneous bond-rupture model. The intramolecular
effect will reduce the over-all temperature-depen-
dent contribution to one-half the value for the
simultaneous bond-breaking model, so that the
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total effect will be a ratio of 1.013 to 1.020 for
ku/Zhz. Unfortunately, the carbon isotope effect

does not help one decide whether the carbon-
mercury bonds are broken simultaneously or not.
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hydrogen isotopes in the photochemical liberation
of hydrogen from aqueous ionic solutions was
carried out by Farkas and Farkas.1 The purpose
of their work was the investigation of the isotope
separation in a homogeneous system. In the ir-
radiation of 0.05 M ferrous sulfate solutions in
0.05 N HZO04 isotope separation factors of 3.8-
4.8 were obtained depending on the deuterium con-
tent of the solutions.1

The use of hydrogen isotope effects in photo-
chemistry and radiation chemistry2 permits the
study of primary photochemical radical formation
processes by the technique of competitive reactions.
In previous work34 on the photochemistry of the
ferrous ion in aqueous solution, the mechanism of
H atom formation and the oxidation mechanism
by atomic hydrogen were investigated. In the
present work we attempt to apply the isotope
separation technique to obtain further informa-
tion on the dissociation of the photoexcited ferrous
ion in aqueous solution and the reactivity of H
atoms.

Experimental
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||) A. Farkas and L. Farkas, Trans. Faraday Soc., 34, 1120 (1938).

(2) J. Jortner and G. Stein, Intern. J. Appl. Radiation Isotopes, 7, 198
(1960).

(3) J. Jortner and 3. Stein, J. Phys. Chem, 66, 1258 (1962).

(4) J. Jortner and 3. Stein, ibid., 66, 1264 (1962).

Eﬁ:gHgg resgu'rre]ra\l\{as et analytsns \k;ere carne ou{ at fie

experlmen{ ﬁ%%fnls were geproﬁumbie within

Results

Ferrous Sulfate-H2S 04 Solutions.—The experi-
ments were carried out in solutions of relatively
low deuterium content (D/H)i ~ 02. We
measured the isotope separation factor defined by

3 = (D/H), X (H/D), 0

where 1land g refer to the liquid and the gas, and
D and Il are in moles.

The dependence 0: the isotope separation factor
on the irradiation time t (at constant light in-
tensity) and sulfuric acid concentration was in-
vestigated. The results are presented in Table 1.

+5%.

Table |

Isotope Separation in the Photochemistry of the

Ferrous lon

[H2s01L, [Fe2+q 109[Fo» ],
N mole 1-1 t, mn mole 1 S

0.78 0.10 20 4.0
.78 .10 33 4.0
.78 .20 36 3.9
.70 .10 60 4.0 4.2
.031 .10 a7 4.0
.0074 .10 60 4.1
.0065 10 130 1.10 4.0
.0032 .10 140 1.10 3.8
.0009 .10 150 0.35 3.7

These results indicate that within the experi-
mental error the isotope separation factor is inde-
pendent of the concentration of the ferric ion
during irradiation. These results also indicate
that the isotope separation factor is independent
of the acid concentration in the region 0.8-0.01
N. In this region the rate of primary radical
formation is pH dependent.4

Isotope Separation in KF Solutions.—At low
acid concentration (pH > 2) the accuracy of the
isotopic analysis was reduced because of the low
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gas yields obtained under irradiation. Therefore
additional experiments were carried out in 0.1
M KF solutions. The increase of the photo-
chemical yield in the presence of the fluoride ion is
due to two factors.

(@) There is a reduction of the inner filter ef-
fect3 of the ferric ion. The molar extinction co-
efficient of the ferric ion in 0.8 N H2S04 at 2536
A. is reduced from e = 2800 to 600 1 mole-1
cm.-1 by the addition of 0.1 M KF. The molar
absorption coefficient of the ferrous ion is un-
affected.

(b) The ferric-fluoride ion pair is stable to
reduction by H atoms,5 compared to the re-
activity of FestOH_ ion pairs present in sulfuric
acid solution at high pH .45

The experimental results presented in Table 11
indicate that the pH effect on the separation factor
is rather small. A slight decrease is observed at
high pH, within the range of experimental error.

Table |l
Isotope Separation in HZ%M Solutions Containing
01 M KF, [FeZ+]O = 01 M
[HsSO.1, N pH* S
0.78 4.2
18 3.9
09 2.8 3.9
044 38 3T
*The PH was. measured in identical solutions prepared
from ordinary water.

The Effect of Methanol on Isotope Separation.—
In an attempt to determine the isotope separation
factor in the primary radical formation process, a
series of experiments was carried out in solutions
containing ferrous sulfate, methanol, and 0.8 N
sulfuric acid. In this system the atomic hydrogen
formed oxidizes ferrous ion34

Fe2+ + li + H+ —”" Fe8++ H2 (1)

or the organic solute67

CH®H + H—> CH,OH + H, (2

as in the radiation chemical investigation of this
system.67 The radical CH20I1l thus formed may
react by dimerization and disproportionation

2CHDIl —> CHD + CHDH (3)
2CH*OH — > (CH,0H)2 (4

In the presence of the ferric ion CII21i will act
as areducing agent

CHOH + Fe3+—>aFe2+ + CHD + 11+ (5)

At high [CIIDH]/[Fe?2+] ratio the hydrogen atoms
formed will react preferably in reaction 2 and the
ferric ion formed will be reduced again according
to reaction 5. Table Il presents the experimental
results.

The formation of formaldehyde was confirmed

(5) T. Rigg, G. Stein, and J. Weis3, Proc. Roy. Soc. (Condon), A211,
375 (1952).

(6) J. H. Baxendale and G. Hughes, Z phyaik Chem (Frankfurt),

14, 306 (1958).
(7) J. H. Baxendale and G. Hughes, ibid., 14, 323 (1958).
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Table 11l

Isotope Separation in the Photochemistry of F92+ lon

in the Presence of Methanol

[HZ0i] = 0.78 n
[Fe2+la [cmoHjo, 10»[Fe>+]t,
nole nmole t nole
l.-* l.-i min.  L.-i W i \H /g s
0.10 0 33 4.0 0.220 0.052 4.2
.10 0.26 52 1.05 .254 .055 4.6
.10 0.55 50 0.75 .240 .050 5.0
.20 118 51 .85 .240 047 5.1
.10 1.25 47 .40 241 .047 5.2
.05 1.22 49 A1 241 .045 55
025  1.20 47 .04 .235 .038 6.2
by determination with chromotropic acid. The
decrease of the yield of Fe3+ with increasing

ratio [CH3II1]/[Fe2+] is due to the competition
between reactions 1 and 2. Under conditions of
high [CHOH]/[Fe2+] ratio (~50) the limiting
value of 6.2 + 0.3 was obtained for the isotope
separation factor. Under these conditions the
yield of Fe3+ is only 1% of the yield obtained in
the absence of methanol. Hence H atoms react
almost entirely by reaction 2, and the oxidation
reaction (1) may be neglected. The very low value
of Fe3+ obtained implies that the value of S is a
limiting one in view of the nearly total scavenging
of H atoms by methanol.

Discussion

The contributions of the following steps to the
isotope separation have to be considered: (a)
primary radical formation; (b) interaction of H
and D atoms with the solvent; (c) oxidation of
ferrous ion by H and D atoms; and (d) reduction of
the ferric ion by Il and D atoms.

The secondary process b probably does not con-
tribute to the isotope separation in our case. The'
exchange reactions with water and H+ ions are
relatively slow. Farkas and Farkas,lusing kinetic
data from gaseous phase experiments, claimed that
for the exchange reaction of deuterium atom and
water the activation energy is of the order of 16
kcal./mole. Friedman and Zeltman8 found for
this reaction in aqueous solution at pH 2 a
rate constant of 2 sec.-1.

Radiation chemical9 and photochemical4 evi-
dence indicates that the reduction of Fe3+ by H
atoms is negligible at low pH, the rate of reduction
increasing with increasing pH. No isotope effect
was observed in this reaction.6 Thus reaction d
does not contribute to the isotope separations.
This conclusion is consistent with the independence
of the isotope separation factor of the irradiation
time and of the extent of photochemical oxidation.
The separation factors presented in Tables I and
Il include (a) the contribution of the primary 1l
and D atom formation, and (c) a subsequent con-
tribution rising from the oxidation reaction of the
ferrous ion by H and D atoms. The experimental
results in the presence of methanol allow the
separate determination of the two factors.

The rate of introduction into the bulk of the H

(8) H. L. Friedman and A. H. Zeltman, J. Chem Phys., 28, 878
(1958).
(9) A. O. Allen and W. G. Rothschild, Radiation Res., 7, 591 (1957).
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and D atoms, produced from the excited state of
the ion, will be represented schematically by the
reactions

kpu
D + Fe8+

P)
H + Fe3+

&H

ApHand kpd represent the rate constants for radical
production at constant light intensity. These
guantities consist of the quantum yields for atom
production (as defined in ref. 3 and 4) multiplied
by the light intensity absorbed by the ferrous ion.
These constants include a contribution for the
preferential solvation of the light absorbing ferrous
ion, and of the H+ ion which acts as a scavenger4
transferring radicals into the bulk.

The exchange of the atoms thus produced with
the solvent is neglected, and only scavenging re-
actions have to be considered. The oxidation of
the ferrous ion will be presented in the form

koxn
------- > H2+ Fe3+

------- ~NHD + Fe3+
koxn

(1)

D + Fe2+—

fcoXD

— > D2+ Fe3+

Assuming that these rate constants are independent
of the nature of the attacking atom, /cqxii and koxn
represent the rate constants for the oxidation of
the ferrous ion depending on whether H or D is
detached.

The atoms produced from the excited state of
the ion may alternatively react with methanol

H + CH30H —> H2+ CHDH
D + CH30H —w-HD + CHXOH

()

As reaction 2' leads in both cases to a rupture of a
C-H bond, the isotope effect in this reaction is
negligible.

At high scavenger concentration and at low pH,
second-order recombination of H and D atoms may
be neglected. From this reaction scheme

fe[CH,OH][H] + fcoxH - IF)[H][Fe2+]

at
= Kk2[CH30OH] [D] + AoxDIF[H][Fe2+] +
*oxh(l - IF)[D][Fe2+] (I1)
o = [coxDIFD][Fe2+]
where
IF =

Joshua Jortner and Gabriel Stein
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The steady state concentrations of the H and D
radicals are presented by

H] =
1 - 1P)fc,H
fQ[CHOH] + {Aoxh(l - IF) + rcoxaTr) [FE2+4]
()]
O] =
WkpD

f2[CHOH] + jfcoxHfl - IF) + koxoW] [Fe2+]

The experimentally determined quantity is
H\ =
D/g

2[HZ + [HD]

(1)
2[D2 + [HD]

which at low deuterium content of the solution is
reduced to

2[HZ] :
1+ [HD] (v
In the integration of eq. Il the contribution of the
inner filter effect3 should be taken into account.
However, as the right hand side of eq. IV' is only
dependent on the ratio of amounts of the hydro-
gen isotopes produced, the contribution of the inner
filter effect cancels out.

Usingeq. 11, 111, and 1V', we obtain
= 1+
kj [CHQH
j[CHRH] 9
koxn[Fe2+]

f[CHOH] kpu IF
28oxh[Fe2+] ApH 1 -

IF IROD  Apd)
IF+ 2 \k™n + Knj

V)

Applying this equation to some limiting cases, the
isotope separation factors in the primary radical
production process, and in the oxidation reaction,
can be obtained. Under limiting conditions when
most of the radicals produced react with the organic
scavenger, the separation factor observed is solely
determined by the isotope separation in the
primary process. This condition will be fulfilled
when [CHOH]/[Fe2+] >> 1 Then we get

Defining the separation factor Sp in the primary
process for the introduction of H and D atoms into
the bulk by

SP=n Vil
ko (Vi)
and using the definition of IF we readily get
{(H/D), - 1j
p 5 (V1)
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Application of the experimental results obtained
under these limiting conditions (Table I11) leads
to the value Sp= 2.9 + 0.3.

The isotope separation factor for the oxidation
of ferrous ion by H and D atoms will be defined by

Sox = ~
M)XD

(1X)

This value can be obtained from the experimental
results obtained for ferrous ion--H2S04 solutions in
the absence of methanol when sufficient Fe2+
is present for total scavenging of the atoms. Set-
ting [CH3OH] = 0, the following expression is
obtained for consecutive isotope separation at rela-
tively low deuterium content

(E) =14.2( - EI 1
\DA W koxp | fcpD
fcoXH kpS
21 - W) 1
(X)
W 1
Sox

Using the experimental results in the absence of
methanol and the value of Sp previously obtained
fromeq. X wegetSox = 5+ 0.5.

The separation factors presented in Table 111
depend on the concentration ratio [CH3OH]/
[Fe2+]. The gradual increase of the isotope sepa-
ration factors with the increase of this ratio results
from the competition between the scavenging
reactions 1 and 2. The dependence of the isotope
separation factors on the concentration ratio
[CH3O H]/[Fe2+] could be interpreted adequately
by eq. V using the values of Spand Sox previously
obtained and setting /&/coxh = 0.15. The com-
parison between the calculated data and the ex-
perimental results is presented in Fig. 1. The rate
constants ratio which was found to yield best
agreement with the experimental results is in good
agreement with the value of 0.17 obtained in ordi-
nary water at pH 167 in acid solutions irradiated
with ionizing radiations.

In our previous work/14 on the photochemistry
of Fe2+ ions it was shown that the mechanism of
radical introduction into the bulk involves two
distinct mechanisms: (a) a pH dependent process
involving essentially electron scavenging by the
H+aq ion, and (b) a residual pH independent yield
involving dissociative electron capture by a solvent
molecule in the solvation layer of the excited ion.
The H (or D) atom thus formed diffuses into the
bulk.

At pH 0.4, the contributions of these two re-
action paths to the total quantum yield are about
equal.34 In both these reactions roughly the same
intramolecular isotope effect is expected.2

The primary photochemical isotope separation
factor Sp obtained in the present work is identical
within the experimental range of error with the
separation factor in the primary production of H
and D atoms in the radiolysis of aqueous solutions,,
Sa = 2.7 = 0.1 obtained at low D content.1011

(10) F. Fiquet Fayard, J. dim phys, 57, 467 (1960).
(11) C. Lifshitz, Ph.D. Thesis, Jerusalem, 1961.
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[CH3 OH ]/[Fe2*].

Zgge o the | otope sepa at{on fac or

lon ra |o
eﬂﬁ d fom e, (ﬁ I-Qh &tehfo

Spis equal to the separation factor in the radiation
chemistry of agqueous solutions1213where H atoms
are formed by the interaction of eagwith H +aq.

For the oxidation of Fe2+ ion by H atoms, the
separation factor Sox = 5 + 0.5 at low deuterium
content is obtained. Baxendale and Hughes7
derived a rate constants ratio of 2.4 between the
rate constants for the oxidation of the ferrous ion
in HD and DA. They considered this result as
evidence against the oxidation mechanism involving
the intermediate formation of the H2+ molecule ion.
The conclusions are not unambiguous,2 as an iso-
topic effect may be observed when the rates of an
electron transfer reaction are compared in H2D
and DD. However, the marked isotope effect ob-
served in the present work at low D content
definitely rules out the oxidation mechanism in-
volving H2+, since in the present case electron
transfer in a medium of constant composition does

—The de

I Cé,l rl/e

occur. From the valueloof
(H/D)h,o+= "gg
Sh+
(H/D)h,o

at low deuterium content, the isotope separation
factor for the oxidation reaction can be derived,
corrected for the preferential solvation of the hy-
droxonium ion. Denoting this corrected separation
factor by "$0x we set S'ox — Sox/Ss+ Using
the experimental value iSfix = 5 + 0.5 we getiS"ox
= 3, in fair agreement with the results of Baxendale
and Hughes. Investigations of the oxidation of
Fe2+ by H atoms externally generated or pro-
duced photochemically34 showed that this oxida-
tion mechanism may involve the formation of a
hydride intermediate4
(12) J. T. Allan and G. Scholes, NILI'B, 187, 218 (1960).

(13) G. Czapski and A. 0. Allen, J. Prys. e, 66, 262 (1962).
(14) G. Czapski, J. Jortner, and G. Stein, 00, 65, 956, 960 (1961).
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reteg+ H "™  FeH2+4 (6)
FeH2+aq + H+aq —> Fe8tag+ H2 (7)

The isotope effect in the oxidation reactions is
consistent with this reaction mechanism, as re-

Paul Delahay
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action 7 involves the rupture of an O-H bond in the
hydroxonium ion.
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A method, which is new to the writer’s knowledge,
recently was suggested in this Laboratory for the
study of fast adsorption processes at a metal-
electrolyte interfacel and for electroanalytical de-
terminations in the 10-610~7 M concentration
range.2 The method also can be applied to the
kinetic study of fast electrode processes. The
theory for the latter application is reported here,
and experimental results are given in part 11.8
The principle is as follows. The electrode being
studied is initially at equilibrium. The charge
density on the electrode is changed abruptly (per-
haps in 0.1-1 ;sec.) in such a way that the elec-
trochemical cell is essentially at open circuit once
charging is completed (part 113. The potential
departs from the equilibrium value as a result of the
change of charge density. The increment of charge
supplied to the electrode is consumed progressively
by the electrode reaction, and the potential drifts
back to its initial equilibrium value (unless there is a
permanent change of the electrode). The over-
voltage-time variations depend on the charge in-
crement, the double layer capacity, and the char-
acteristics of the electrode process. Study of elec-
trode kinetics from overvoltage-time curves there-
fore should be possible.

The expression “coulostatic method” was coined1
for this method when it is applied to adsorption
kinetics because the charge density on the electrode
remains constant during recording of potential-
time curves. Further, the instrument supplying a
known charge might be called a “coulostat” by
analogy with “potentiostat.” The charge density
varies in the study of electrode processes by this
3 %P&)élghay a,n§4’D’.\‘l(\)/IV.. r\ggh&;zg)\] Phys. rem, 66, 959 (1962);

(2) P. Delahay, im Ada,in press.

(3) P. Delahay anc A. Aramata, J , 66, 2208 (1962).
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method since the double layer is discharged until
the equilibrium potential is reached, and the expres-
sion “charge-step method” might be preferable for
application to electrode kinetics. However, there
hardly seems a need for two expressions.

The theory of the method will be developed for a
simple charge transfer reaction, O + ne = R, for
which O and It are soluble. Processes without dif-
fusion control will be considered first, and the effect
of diffusion will be analyzed afterward. It will be
assumed, as usual, that a large excess of supporting
electrolyte is present.

1

Control by the Charge Transfer Reaction
Overvoltage-Time Variations for the Linearized
Current-Overvoltage Characteristic—The incre-
ment of charge is

@A\ D

where g@; is the charge density at the equilibrium
potential for the electrode reaction O + ne = R
and gm is the charge density immediately after
charging. It is assumed that the charging time is
so short that leakage by the charge transfer reac-
tion can be neglected during charging. The over-
voltage 7{7 = E — Ee equilibrium potential) at
time t after charging is

vV =

(g = qd/cd

@
where qis the charge density at time tand Qlis the
differential capacity of the electrode. It is assumed
that variations of E are so small (J7L< 5 mv. ap-
proximately) that ca is constant. The case of a
variable double layer capacity is considered below.
The signs in eq. 2 are consistent with the definition,
j = E — Ee, and the dependence of qon E, namely
jyn"Oforg —g;”~0. The charge density qis
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g=gm+ f*1 dt ?3)
where 1 is the faradaic current density for discharge
of the double layer and the integral is equal to the
quantity of electricity used by the electrode reac-
tion at time t. The integral is preceded with a plus
sign, i.e.,, g ™~ gmfor7 ~ 0, in agreement with the
convention of regarding a net cathodic current as
positive and a net anodic current as negative. It
follows from eq. 1 to 3 that

V= [(gm- qd/Cd] + (l/c,) f ‘1 dt (4)
= it=0 + (l/cd) FQ7 dE
where
i?t=0 = Ag/cd (5)

is the overvoltage after chargingat t = 0.

The derivation of the solution of eq. 4, in which
A is supposed to be constant, requires the explicit
form of I as a function of ij. We consider first
the linearized I-rj characteristic in the absence
of mass transfer4

7 = 1AnF/RT)r, (6)

where 7a° is the apparent (i.e., not corrected for
the effect of the double layer) exchange current
density, and F, R, and T are as usual. Note that 7
~ 0 forj ~ 0and that eq. 6 holds well for [gl ~ 5
mV., approximately. The combination of eq. 4 and
6 and the solution of the resulting equation yield
the equation

v/vt=0 = exp [—(7&0cd (nF/RT)t] (7)

which is identical to the relationship for the volt-
age-time variations for discharge of a capacitor
across a constant resistance. The overvoltage de-
cays exponentially with time, and a plot of log K
against tis linear. 7&°is readily computed from the
slope of this plot, and the transfer coefficient is
deduced from the variations of 7&° with the concen-
trations of 0 and/or R (cf. ref. 4). The differential

nF
RT
. RT
G(v,0i) = nE
+
a*—a +
12

capacity G which is needed in the computation of
78 is obtained from independent measurements or,
more simply, from5eq. 5.

(4) (a) Foradetailed treatment see K. J. Vetter, “Elektrochemische
Kinetik,” Springer-Verlag, Berlin, 1961; (b) for a survey see P. Dela-
hay in “Advances in Electrochemistry and Electrochemical Engineer-
ing," Vol. 1, P. Delahay, Editor, Interscience Division, John Wiley
and Sons, Inc., New York, N. Y., 1961, pp. 233-318.

(5) Application of the coulostatic method to the determination of
cd when a fast electrode process occurs might be of interest in double
layer studies. The conventional bridge method fails under these con-
ditions because of the contribution of 7he capacitive component of the
faradaic impedance to the electrode capacity.
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Equation 7, which was derived on the assumption
of no mass transfer control, is useful because it is
generally possible and advisable, even for rather fast
reactions, to avoid correction for mass transfer (see
below). Experimental results substantiating the
validity of eq. 7 are given in part 11.3

Overvoltage-Time Variations for the Quadratic
and Cubic Approximations for the Current-Over-
voltage Characteristic—-The r-£ variations can be
derived for any value of v exceeding a few mv., but
then it may be necessary to take into account the
variations of Gl with potential (see below). We
shall assume @ constant and use the quadratic or
cubic approximation for the 7—# characteristic.
Thus

i = i0((F/RT)v+ (« - I/2(nF/RT)V\
al (V)c2- a+ 7tH(nF/RT)W 1
(8)

The quadratic or cubic approximation generally
suffices for [ < 10 to 20 mv. and [] < 20 to 40
mv., respectively. The solution of eq. 4 for the
quadratic approximation is

G(v,a) - <(t_o, «) = (h°/cdt  (9)
where
GM = (RT/nF) In[(l/T) -
(« - V)(nNF/RT)} (10)

It follows from eq. 9 that a plot of G(ri,a) against tis
linear. The parameters @J 7&°, and a can be deter-
mined from experimental y-t curves by plotting6
G(rj,a) for different values of a until a linear plot is
obtained. The intercept of this plot at t = 0 yields
Jt—0and Al (eq. 5), and 7&° then is readily computed.
All three parameters cd, 7a°, and a thus can be ob-
tained from a single rj-t curve. Determination of
72 for different concentrations of O and/or R
allows further verification of the self-consistency of
data.

The same procedure applies to the cubic approxi-
mation but G(rj,a) is now6

N1 1faF N2
2/ v+ 2 \Rt)

nF

RT
tan-

a2— a+ - jv (ID

5 N11

L 2- « + -

where the quantity a2—a + @ Ris always positive.

Overvoltage-Time Variations for a Double Layer
Capacity Varying with Potential.—In this case we
write

(COE(E - E.) -

(ci)B(F,, - Et) =

Ag+ f 7TdE (12

where (cOe and (c/jEe are the integral capacities of
the double layer at E and Eeg, respectively, and Ez

(6) A table of the function <?is available upon request.
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is the potential at the point of zero charge. It fol-
lows from eq. 12 that

f(dci/ciE)(E - E,) + Ci] (dE/dt) = 1 (13)
and
t= r (dcj/dE)(E - Et) + cidE |

J |

constant (14)

where | is expressed as a function of y = E — Ee
by7 eq. 8 or the complete J-77 characteristic.
The integration constant is determined by noting
that E = Etoatt = 0, where Et=0is such that

(O)Et 0CRt-=0 — E2) —
(ci)Ex(i7e — Ee) = Ag (15)

Solution of eq. 14 is obtained most conveniently
after introduction of o\ as a series expansion of E.
A linear or quadratic approximation for Ci(E) may
suffice.

Control by Diffusion and the Charge Transfer
Reaction

Current-Time and Overvoltage-Time Variations
for Small Overvoltages.—-Equation 4 will be solved
for the linearized Z—# characteristic and mass
transfer controlled by semi-infinite linear diffusion.
The current density in eq. 4 for overvoltages not
exceeding a few mv. is

I =V [(Co/Co0 -

(CRCR) - (nF/RT)y] (16)

10nFAqQ 1
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tion of flux, i.e.
Do(dCo/ax)x. 0+ Dn(aCn/ax)”~0= 0 (18)

The current density81, as derived by Laplace trans-
formation, is

T TnnF Ag 1 \aexP (fl2) erfc («»O \
aRTa a- b &eXp (bH) erfc (5f12)|

19)

where

a= [P+ (p«- 4VQ)al/2Vv (20)

b= [P- (P2- 4FQ)WA]/2V (21)

M = h°(nF/RT) (Ag/cd) (22)

N = nFDO
P = 1& [(1/C 0°D0ia) + (1/Cr°DrV0]Do (23)
Q = h°KnF)*/RT] [Do/cd] (24)

The function y — exp (X9 erfc (X) decreases con-
tinuously as Xincreases. One hasy — 1for X = 0
andy 0 for X . Att —O0one has (c/. eq. 2)

/t-o = -

I a(NF/RT)(Aglcd)  (25)

= -h°(NF/RT)Vt=0

as one would expect since transfer polarization has
notsetinatt = 0. One hasl —»0 for f-*m ».

The overvoltage is derived by integration of eq. 4
for the value of 1 given by eq. 19. Thus

exp(oX)erfc(of)1)] )
(26)

RT Gka —b |—(l/a) [1 — exp(aX)erfc(af'A)])

where the C and C° terms are the concentrations at
the electrode surface and in the bulk of solution,
respectively. No correction is made for the double
layer structure in the evaluation of the C terms.
(See, e.g., ref. 4b for a discussion of this point.)
The concentra-ions Co and Cr are functions of time
since steady state is not reached. It isassumed that
Co = Co" and Cr = Cr-° for x 0andt = 0.
Further, Co -» Co0Oand Cr Cre for x °° and
~ 0. Equation 16 is one of the boundary condi-
tions provided y is introduced from eq. 4 and | is
expressed in terms of the flux of O at x = 0.
Thus

nFDo
JCV _ Cr _ nF_Ag
Co0 Cr° RTCA
7\ @7
j (nFYDp rt /0Cqg\

( RTcd Jo\cW x=0

where DO is the diffusion coefficient of O. The
second boundary condition expressed the conserva-

(7)  The capacity correction is hardly necessary when eg. 6is applied

because Jif  &Mv. in that ease,

Since a > b and consequently exp (bH) erfc(bt13 >
exp (ad)erfc(aC/ld, the quantity between braces in
eq. 26 is always positive. Hence, y Y W=o for
Ag”™ 0, in agreement with the definition of (y =
E —Ee) and the dependence of gon E.  One verifies
tha&Deq. 26 yieldsy = 7toatt= Oandy = O for t

Condition for Pure Control by the Charge Trans-
fer Reaction.—It follows from eq. 19, 20, and 21
that there is essentially no control by diffusion when
ANQ » P2 i.e., when

nF 1 T1/ 1 1 \12
4 RT c¢TTa0> LnF VCo® P>oh + CR DE7 .
@7

The parameters a and b are imaginary when condi-
tion 27 is fulfilled, and eq. 26 reduces to eq. 7, as
one can readily ascertain.9 Condition 27 can be
expressed in terms o: the apparent standard rate

(8 The concentrations are easily derived but are not needed here.
(9) Note that

i
erf(iX) = ;%ZJO exp(z3dz
T

wherei —(—1) 1.
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constant /ca&® for the charge transfer reaction which
is related to 7& by

/& = nFkfi COl~a Or* (28)

If one assumes, to simplify matters, that Oo° =
Or0= 0° and Do = Dr = D, one deduces from
condition 27, after introduction of //d' from eq. 28,
the condition

ff < [(NF)*/RTKD/cAC® (29)

In principle, it is possible to avoid the complica-
tions due to mass transfer by selection of a suffi-
ciently high concentration 0° to satisfy condition
27 (or 29). This is to be expected since the quan-
tity of electricity Ag available for the charge trans-
fer reaction for a given i*0is fixed and the in-
fluence of mass transfer decreases when C° in-
creases. Increase in C°, however, causes y to de-
crease more rapidly with t (see eq. 7) because 7&°is
proportional to Cbl-“~ “ according to eq. 28.
Because of experimental limitations, one can pre-
scribe the condition, t > 10 6sec., which requires
Ag to be supplied in a time interval DAi < 10-7 sec.
Therefore, one has the additional condition (cf.

eq. 7)

(RT/nF) (1/7&)cd> 10-° sec. (30)

Combination of conditions 29 and 30 leads for the
usual orders of magnitude of c§ (20 /if- cm.-2),
D (10-6 cm.2sec.-1), and T (25°) to the condition

c > 2 X 10-6 (1/V) (31)

If one introduces in condition 30 the value C° = 2
X 10-6 (1/n2, which satisfies condition 31, one
concludes that k& should not exceed 0.2 to 0.8 cm.
sec.-1 under optimum conditions for t ~ 10-6 sec.,
if essentially pure charge transfer control is to prevail.
Equation 7 then can be applied, and the method is
very simple. Condition 27, if it is amply satisfied,
also should suffice when y exceeds a few mv., and
eq. 9 can be applied. (Condition 27 was derived
only for ] if 5mv.)

CouLosTATic Method for Kinetic Study of Fast Electrode Processes
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Correction for mass transfer by means of eq. 26
would allow the study of somewhat faster processes
than those corresponding to /& < 0.2 to 0.3 cm.
sec.-1, but such a correction appears cumbersome.
The linearization of the error function by series ex-
pansion for arguments which are small in compari-
son with unity is of little value because it requires
values of at'2and btl2 corresponding to rather low
7&° values for which mass transfer correction, at
any rate, is not necessary.

Condition for Pure Control by Diffusion.—One
concludes from eq. 19, 20, and 21 that there is pure
diffusion control when P2 4NQ, or

n /i + i 2 4nF
—e s (32)
\_rF\CoODo'/! CRDRIA RT cd7a

If one sets CoO0 —Cr° = C°, D0 = Dr =
sec.-1 and T = 25°, condition 32 becomes

fcef »

10-6 cm.

2 X 10yC® (33)

Conclusion

The coulostatic method has approximately the
same potentialities as the potentiostatic and single
pulse galvanostatic methods,11 and it allows the
determination of apparent standard rate constants
up to 0.2 to 0,3 cm. sec.-1. No mass transfer cor-
rection is necessary and, as will be shown in part
11, technique and interpretation of data compare
favorably with those for other relaxation methods
for fast electrode processes (cf. ref. 4b for review).
The method is, in fact, an interrupter technique2in
which the duration of electrolysis before current
interruption approaches zero.

arker’s priority of the
r| iofe of 1S metho TfWhI?HE i %r
ERESTIS pe EE art
Analytical Chemistry. [
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(11) For areview cf. ref. 4b.

(12) A. Hickling, TraB. Faraday Soc., S3, 1540 (1937). See earlier
references in this paper. The method has been highly perfected since

(10) Shorter times might be considered but experimental require- Hickling’s work.

ments are very stringent for an actual electrochemical cell.

(13) P. Delahay and W. H. Reinmuth, Anal. Chem., in press.
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The coulostatic method discussed in the preced-
ing paper2is applied to the discharge of Zn(ll) on
Zn-amalgam, and some points of methodology are
taken up.
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(1) Predoctoral student since 1960.

(2) P. Delahay, J. , 66, 2204 (1962).

(3) G. C. Barker, ‘‘Transactions of the Symposium on Electrode
Processes, Philadelphia, 1959, E. Yeager, Ed., John Wiley and Sons,
Inc., New York, N. Y., 1961, pp. 325-365.

(4) G. Schwarzenbaeh, ‘‘Complexometric Titrations,” translation
by H. Irving, Methuen and Co., London, 1957, p. 59.

(5) J. D. Ross, P. D. DeMars, and I. Shain, AEl. QM 28, 1768
(1956).

(6) The following arrangement also wes tested and now is being
investigated: the cell in series with a diode rectifier is connected to a
generator of square-wave pulses, and the voltage-time variations are
recorded with a cathode-ray oscilloscope. Charges can be supplied
to the cell in 0.1 to 1 usee, with this circuit, and possibly in shorter
times. A transistor also can be used: the square-wave pulse is ap-
plied between the base and emitter and the cell is in the emitter-collec-
tor circuit.
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Description and Discussion of Results

Determination of Kinetic Parameters.—Over-
voltage-time curves and plots of log [77Llagainst t are
given in Fig. 2 and 3, respectively, for cathodic
overvoltages, and results are summarized in Table
I. Thelog Mlvs. tplots are linear, in agreement with
eq. 7 of part I, and they intersect at the same 7t0

within experimental error. The differential ca-
pacity of the double layer was calculated from

cljm=0] = Ci7° (1)

where c\is the charging capacitor (Fig. 1) and Vois
the voltage to which this capacity was charged.
The resulting capacities (Table 1) agree well with

Table |
Data on the Disciiabge of an”) on Zn(Hg)o in 1M
T at 25°
czadl), Jevi v,
inm 1> ohmscmz H. cm “2 macmf2  cm. sec.~
0.5 9.35 16.4 1.37 0.0043
1 5.78 17.5 2.22 .0042
5 1.84 17.8 6.96 .0043
10 1.19 17.2 12.0 .0041
50 0.73 16.9
00041

at 56 a0 1603 x 10-2 mole I.-1. & Cell re5|stance 13 ohms

the values given by Grahame and Parsons.7
Values of /& were deduced from the log ] vs. t
plots (cf. eq. 7, part 1), and the apparent standard
rate constant ka® was computed from eq. 28, part
7) D. C. Grahame and R. Parsons, J. Am Gem S, 83, 1201

(1961). Dr. R. Parsons kindly supplied additional data not given in
the paper.
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T. The average value, k& = 4.i X 10-3 cm. sec.-1,

agrees with k& = 4 X 10-3 cm. sec.-1 deduced by
Randles and Somerton8 from faradaic impedance
measurements. Results of experiments for anodic
overvoltages were similar and yielded k&® = 4.2 X
10-3 cm. sec.-1. The transfer coefficient, as com-
puted from the slope of the log J&° vs. log Czn+
plot, was a = 0.30 both for cathodic and anodic
overvoltages.

One readily verifies that condition 27 in part |
for pure control by the charge transfer reaction is
fulfilled. This condition becomes here 3.4 X 109>
3.3 X 104forDZn « DZn ~ 10-Bcm.2sec.-1 and
the lowest Czn+. This concentration Czn+* cor-
responds to the worst possible case, and condition
27 thus is amply satisfied for all concentrations of
zinc ions.

Influence of the Cell Resistance,—The influence
of the cell resistance was analyzed for the equivalent

) J. E. B. Randles and K. W. Somerton, IIa'B. FHKB/SI'., 48 retained in eq. 5 because r must approach zero for re—) 0.

951 (1952).
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TIME (¢¢SEC.).
Fig. 3—Plot of the Iogggttg%}gigvgrvoltage vs. time for the

Fl(rl 4—E %mvalent cwcut of coulo%Iat and cell: .
hec olyte re sttancajl a%rgle fransier ][e3|st%
charging capacity d?feren capacity o ou ayer
circuit of Fig. 4. One has at any time for the
measured cell voltage9

V = lre+ I,rt 2)

where | is the total current for discharge of ca-
pacity c, If is the faradaic current passing through
the charge transfer resistance ri of the electrode being
studied (rf = (RT/nF)/7&°) and reis the electrolyte

resistance. One derives by standard circuit analysis
= (7% ) exp(ilr) (©)]
Ve

1
If = e lieeee [exp(i/r) —exp(—i/ncOl
re , , rfci

4)

withl0

r = —7a(rfCi + rec + rfc) +

ilt[(rtCi + rec + rtc)2 — 4recrfCi]'A (5)
where F° is the voltage across c at t = 0 before dis-

charge. Onehaslf = Oatt= 0, andh “m0for t—m

(9) We dispense with the convention for current and overvoltage
and set V> 0, | > 0, 2f > 0.

(10) Only the + sign before the expression between brackets is
This is not
the case when the — sign is kept.
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© (since r<0). Consequently,/f passes through a
maximum at a value of t which is readily derived.
The overvoltage V, which is measured, was com-
puted from eq. 2-4 for several values of re, and re-
sults are listed in Table Il. It is seen that the in-

T able ”

Calculated Overvoltage (in mv.) for Differf.nt Times
1"
and Cell Resistances for the Discharge of 10 Mm Zn
. ,
olims /¢sec. t, nsec.
1 2.5 5 10 20 40
0 0 4.28 3.96 345 266 156 0.54
13 0.0037 4.28 3.96 3.45 266 156 0.54
560 .16 22.2 3.96 345 266 156 054
1210 33 436 7.5 331 254 149 0.52
2710 28.3

" Other condmons except for ... are the same & for Table

fluence of the resistance is negligible when t»  «.
In practice, however, the large ohmic drop across
the cell for short times may saturate the amplifiers
of the cathode-ray oscilloscope. Recovery of the
oscilloscope amplifiers may be relatively sluggish,

A. Reisman, M. Berkenblit, and M. Witzen
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and the measured overvoltage is too high. This
effect can be quite pronounced and may lead to
serious error. For instance, the experimental ]
values at 10 /;sec. for Zn(ll) discharge under the
same conditions as above, except for insertion of a
resistance in series with the cell, were 2.75, 4.5,
6.5, and 20 mv. (cf. Table Il), respectively, for re
= 13, 560,1210, and 2710 ohms. This type of error
could be minimized by insertion of a filter network
between the cell and the cathode-ray oscilloscope.
More simply, a three-electrode cell could be used so
that only a fraction of the ohmic drop is applied to
the oscilloscope. Further, one should select the
smallest possible V° and the largest capacity c
which are compatible with the desired time con-
stant r.

Acknowledgment.—-This work was supported by
the Office of Naval Research. The authors are
indebted to Professor L. W. Morris of the Physics
Department, Louisiana State University, for sug-
gesting capacity discharge as a practical means of
devising a coulostat.
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Introduction

The first paper in this series dealing with some
aspects of the detailed chemistry of compound
semiconductors discussed direct synthesis of 11-V1
compounds from the elements at temperatures not
much in excess of the melting point of the higher
melting constituent.2 The present report is con-
cerned specifically with deviations from stoichiom-
etry in CdSe as a function of temperature, steady
state vaporization of this material at a given tem-
perature, phase equilibria in the system Cd-Se
under equilibrium pressures, and the solid solubility
limits of Cd and Se for a system under its equi-
librium pressure.

CdSe always has been observed as an “n” type
semiconductor, indicating that it tends to be
selenium deficient. Hines and Banks,3in studies
of CdSe, observed rather large conductivity changes
along a given crystal but could not relate these
conductivity differences numerically to varying
selenium vacancy counts. The only published

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

(2) A. Reisman and M. Berkenbllt , in press.

() D, Hine« and E. Banks, Prys 24, 391 (1956).
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work on the system Cd-Se dates back to work by
Chikashige and Hitosaka%bin 1917. The proposed
diagram appears to be a non-equilibrium one,
since the data for all compositions simultaneously
show thermal effects attributable to the meltings
of Cd and Se. Similar behavior has been described
in connection with the studies of the synthesis of
CdSe from equimolar mixtures of Cd and Se, and
an explanation, believed valid for all compositions,
has been presented.2

Experlmental Procedure
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(4) M. Chikashige and R. Hitosaka, MM all. 8.']., Lhiv. K}KIQ
2, 239 (1917).

(5) Seefor example: A. Reisman, Ph.D. Thesis, Univ. Mic. No. 58-
2876, Chem. Phys.; A. Reisman, . , 32, 1566 (1960); A.
Reisman and J. Mineo H'VS. Cham 64, 748 (1960); A. Reisman
and J. Karlak, J AmM SX, 80, 6500 (1958); F. Holtzberg,
A. Reisman, M. Berry, and M. Berkenblit, Ihd 79, 2039 (1957).
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Experimental Results

A. The System Cd-Se.—Samples were pre-
pared by inserting Cd and Se pellets, cleaned as
described in ref. 2, into the d.t.a. holders described
in the same reference. In order that the com-
position of the condensed phases not be influenced
to a great extent by selective volatilization from
the melts, attempts were made to restrict the
vapor space available over the samples. This
space was generally approximately 0.5 cc. above a
3-g. sample. The procedure followed was to heat
the reactants at 3°/niin. in the d.t.a. apparatus
past the reaction exotherm in the 900-1000°
temperature range and then through the liquidus.26
The samples then were taken through cooling cycles
followed by two or more heating and cooling cycles.
In general, these tended to supercool markedly in
the first cooling cycle, yielding unreliable liquidus
data. An approximate liquidus temperature then
was determined from this initial curve simply by
noting the peak temperature of the supercooled
crystallization. The sample then was reheated
to some 10- 20° past this approximate temperature
and taken through a second cooling cycle which
resulted in a smaller supercooling effect. This
process was repeated, from 5-10° above the ap-
proximate liquidus temperature determined in the
preceding cycle. Normally, the second or third
cooling curves gave no evidence of supercooling and
from this point liquidus points obtained from inter-

©) During the major portion of this study, the low temperature

synthesis of CdSe described in ref. 2 had not been developed and
sarmples were prepared via the technique described above. Toward
the completion of the work the low temperature synthesis wes employed
and duplicate runs on selected compositions were made, These gave
data in agreement with that already obtained™
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section of the base line with an extrapolated line
from the peak slope were reproducible to £3°.

During preliminary studies of the freezing point
of CdSe, using commercial material, the samples
wet the inside of t-hed.t.a. silicaampoules, indicating
a reaction between CdSe and silica. It was found
subsequently that CdO contamination was the cause
of the wetting, forming cadmium silicates which
bonded the selenide to the silica. In ad.t.a. sample
preparation starting with clean Cd and Se, it was
found that if the container were evacuated only
with a mechanical pump, wetting still occurred,
but that when a room temperature pressure of 1-3
X 10™6 mm. was attained, wetting could not be
detected.

Table I shows the results of the d.t.a. experiments
and Fig. 1 presents the proposed equilibrium
diagram based on these and other data. In the
system CdSe-Cd it is seen that the eutectic
temperature, 317°, lies only 3° below the melting
point of Cd metal, 320°, and that within experi-
mental limits the liquidus field for Cd is undetect-

able. The solubility of CdSe in Cd-rich melts
is negligible until approximately 900°, at which
Table |
Thermal Data fop. the System Cd'Se
Trans-
Mole % Mole % forma-
Cd Se Liquidas tion Solidus M.p., °C
0.0  100.0 215
0.5 99.5 885 212
1.0 99.0 991 214
2.0 98.0 989 213
3.0 97.0 990 214
5.0 96.0 989 212
10.0 90.0 990 214
15.0 85.0 994 213
20.0 80.0 992 215
225 77.5 995 215
25.0 75.0 992 213
27.5 72.5 987 215
30.0 70.0 992 213
32.5 67.5 1053 993 212
35.0 65.0 1062 993 213
37.5 62.5 1081 983 212
38.0 62.0 1094 990 213
40.0 60.0 1111 992 214
42.5 57.5 1148 987
45.0 55.0 1168 992 214
47.5 525 1213 992 212
50.0 50.0 1239
55.0 45.0 1189 317
60.0 40.0 1158 317
65.0 35.0 1151 316
70.0 30.0 1140 317
75.0 25.0 1124 319
80.0 20.0 1095 318
85.0 15.0 1079 316
90.0 10.0 1031 317
95.0 5.0 9“6 315
97.5 2.5 313
100.0 0.0 320

point the slope of the solubility curve decreases
appreciably. It is interesting to note that the
liguidus curve exhibits an inflection point indicating
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a tendency toward formation of a two liquid
system. Such behavior also was observed in the
system Cd-Te described by deNobel.7 The melt-
ing peak of CdSe at 1239° is very sharp, which
indicates little dissociation of the material in the
liquid phase, an unexpected behavior in view of
recent vapor phase data pointing to almost com-
plete dissociation of the selenide in the gas phase to
Cd and Se2species.89

Because of this apparently small amount of
liquid-phase dissociation of the compound, it would
be expected that the solubility of the selenide in
Cd-rich melts should be larger than it actually is.
The observed low solubility probably is due to an
appreciable degree of ordering of liquid phase Cd
species (indicated by the tendency toward un-
mixing) which excludes the selenide.

The solubility of Cd in the CdSe structure was
investigated as follows. Samples of CdSe were
synthesized with molar Cd/Se ratios of 1.005/1
to 1.05/1 in steps of 0.005/1. These were examined
with d.t.a. at a gain of 5 /xv./in. Distinct eutectic
meltings were observed in all samples having Cd/Se
ratios of 1.015/1 and higher. This peak abruptly
terminated in the 1.01/1 sample. If we assume
that there are no retrograde solubilities along the
three phase line CdSe s.s.-liquid-vapor in the
system CdSe-Cd which would place the solubility
limit higher, then this limit lies between 1.01/1 and
1.015/1. A similar series of samples was prepared
containing Se/Cd ratios of 1.002/1-1.005/1 in
steps 0f 0.001/1. When examined, first appearance
of a eutectic halt occurred in the 1.002/1 sample.
This places the Se solubility limit at between

(7) D. deNobel, Ph.D. Thesis, Univ. of Leiden, 1958.
(8) P. Goldfinger, M. Ackerman, and W. Jeunehomme, Tech. Rept.,
Univ. Libre Bruxelles, January, 1959.

(9) G. A. somorjai, *T. Phys. GEm, 65, 1059 (1961).
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1.000/1 and 1.002/ 1, which result was expected
in view of the n-type behavior of CdSe.

The liquid immiscibility hinted at in the CdSe-
Cd system does occur in fact in the system CdSe-
Se. The high pressures developed in the two liquid
region, owing to the presence of a liquid phase
comprised of almost pure Se, made it impossible
to determine its boundary due to shattering of the
containers. A d.t.a. sample containing 80 mole %
Se was heated to 1025° while being examined
telescopically. Its appearance initially was that
of an oil in water dispersion and finally showed reso-
lution into two distinct liquid layers.

The eutectic composition for this system ap-
proaches the pure component isopleth, and the
eutectic temperature is depressed only slightly
from the melting point of Se. Because Se tends to
solidify in the amorphous state,2 eutectic halts
could not be detected in cooling curves. Upon
heating solidified samples, the exotherm for the con-
version amorphous to crystalline selenium was ob-
served, followed subsequently by the eutectic melt-
ing. It is to be noted that Fig. 1is not an isobaric
section through the system Cd-Se, but a projection
on the temperature composition plane. Since the
pressures developed cannot be very large, Fig.
1 probably is a good approximation to the constant
pressure section at one atmosphere.

B. Non-stoichiometry in CdSe.—Somorjai’'s
equilibrium vapor pressure and dew point data for
CdSe indicate, within the limits of his experi-
mental techniques, that CdSe vaporizes con-
gruently. The existence of an appreciable range
of solid solubility of Cd in CdSe, on the other
hand, leads one to expect that within this range
of solid solution the selenium and cadmium each
will develop partial pressures, different from one
another, leading to incongruent vaporization. If
one considers the homogeneous condensed phase
equilibria, eq. 1-3, depicting disorder in CdSe
followed by development of partial pressures of
each of the components, it is evident that thermo-
dynamically the existence of a congruently vaporiz-
ing binary compound is improbable unless the equi-
librium constant for eq. 1is zero.

Cdse” Cd“ + Se“ (1)
Cd"* + Cdo (2)
2Se“ TIxSed 3

where the superscript a refers to the solid phase and
Bto the vapor phase.

G. Mandel, of this Laboratory, considering such
phenomena, has developed a theory leading to the
conclusion that under certain conditions it is
possible for an incongruently vaporizing binary
compound to achieve a single phase composition,
Ai + jB, and then continue to vaporize in steady-
state fashion with no further change in composition
of the condensed phase.l0 Extending these ideas
the authors, G. Cheroff, and G. Mandel (by dif-
ferent approaches) have derived an equation of the
form

(10) G. Mandel, to be published.
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Cd atoms
kSe~ AB/RT (4)
Se atoms

for the variation of Cd/Se ratio as a function of
temperature under steady-state vaporization con-
ditions. It has been assumed in deriving this
equation, in which the term AHse is related to
forming a mole of Se vacancies in the crystal, that
the number of cadmium vacancies is much smaller
than the number of selenium vacancies.

In the event that steady-state vaporization is not
attained prior to the formation of a second phase,
one would not expect, in general, that steady-state
vaporization would occur. This can be seen from
the following. The inability to develop a steady-
state composition in the solid solution will cause
the composition of the system to become richer in
the component exhibiting the lower evaporation
rate. When the three phase boundary is reached,
the solid solution will continue to volatilize selec-
tively, analogously to a hydrate decomposition,
with continued formation of the second phase
and continued composition variation of the con-
densed portion of the system.

When a commercially purchased sample of CdSe
was analyzed, it was found to contain 6% excess Se
by weight of the bulk. This material was sub-
jected to a vacuum bakeout at 640° in a long tube
and after 6 hr. the cooler portions of the tube were
examined. In the coldest portion a dark red
deposit of Se was detected, while closer to the
furnace a metallic belt of Cd had deposited. In
the hottest region a black deposit of CdSe was
formed. The sample then was placed in a clean
apparatus and the experiment was repeated. This
time the quantities of Se and Cd in the outer bands
were greatly reduced in size. Subsequent treat-
ments always gave qualitatively similar behavior
without any indication that the Se and Cd bands
would vanish completely. Examination of the
sample by the fluorescence method after each treat-
ment revealed a constant Cd/Se ratio. This ex-
periment indicated either that a steady-state single
phase vaporization had been effected, or that a less
probable steady state two condensed phase vapori-
zation had occurred. 1011

A series of 100-g. samples of CdSe, stoichiometric
within the limits of weighing error and the detect-
ability of the fluorescence technique, were synthe-
sized by the process described in ref. 2. These
were subjected to vacuum bakeout treatments in the
temperature interval 408-950° inclusive and two of
the samples were subjected to two different time
periods of bakeout to corroborate the less controlled
observation of steady-state vaporization discussed
above. These samples were analyzed with fluores-
cence analysis using as standards several of the
samples used in the Cd solubility studies. Data
for the latter are presented in the first two columns
of Table Il and in Fig. 2. It is seen that not
only is the precision level excellent, but that
variation of Cd K/J/Se K/3 count ratio with Cd/Se

(1 The occurrence of separate bands of Se and Cd is not conclu-

sive proof that vaporization was being effected from a two condensed
phase system, since one can postulate such an occurrence based on the
known dissociation of CdSe in the vapor phase.
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Fig. 2.—Variation of Cd Ej3/Se K/3 count ratio with variation
of Cd/Se molar ratio.

molar ratio is linear even in the composition region
known to consist of two condensed phases. Fluo-
rescence data for the end products resulting from
the vacuum heat treatments of initially stoichio-
metric CdSe are presented in the remainder of
Table Il. It is evident from the data at 510-
515 and 598-599° that steady-state vaporization
had indeed been achieved. It is equally evident,
however, that the variation of stoichiometry over
a temperature interval of some 540° is not within
the range expected from eq. 4. The data can be
explained by postulating that the incongruent
vaporization of CdSe results in the formation of a
liquid phase, composed of almost pure Cd, around
the particles of the CdSe solid solution. This
second phase having a large surface to volume ratio
evaporates rapidly, constraining the composition
along the three phase line, yielding what essentially
amounts to a steady-state vaporization without
great composition-temperature dependence. |If
the explanation is valid, it follows that the three
phase line shows retrograde solubility to the extent
of several thousand p.p.m.

The non-stoichiometry of CdSe and other related
compounds might be expected to show variations
with impurity content, depending upon the major
valence state of such impurities in the structure,
e.g.,, monovalent cation substitutions should result
in increased Se vacancy count at a given tempera-
ture. The non-stoichiometry of other [11-VI
compounds with and without impurity incorpora-
tion presently is being investigated and will be
reported on at a later date.

It should be noted, finally, that the results of
the above indicate how CdSe, containing unreacted
Cd or Se, or both, can be made of constant and
predictable composition. Whether such vacuum
bakeout procedures for attaining constant compo-
sition at a specified temperature are applicable to
other binary compound semiconductors is another
topic presently being explored.
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Tabte Il
Effect of Vacuum Heat Treatment on CdSe Stoichiometry
Heat Heat Final Cd/Se
Initial Cd/Se treatment treatment. molar ratio
weighed molar Initial Cd K/3Se K/J temp., time, min. at Wit. Final cd k#/se Kii from smooth
ratio count/sec. ratio'l °C. temp. loss, % count/sec. ratio curve of Fig.
1.00000 0.826 = 0.0016
1.00500 0.830 = .001
1.01000 0.834 =+ .001
1.02000 0.843 =+ .002
1.00000 0.826 408 405 0.64 0.832 + 0.001 1.007
1.00000 0.826 510 1425 1.05 830 dr .000 1.005
1.00000 0.826 515 1275 1.11 .831 = .001 1.006
1.00000 0.826 598 405 5.23 .835 + .001 1.011
1.00000 0.826 599 105 .835 = .000 1.011
1.00000 0.826 602 225 3.53 .836 = .001 1.012
1.00000 0.826 676 15 2.69 .827 = .000 1.013
1.00000 0.826 694 45 8.00 .835 = .001 lou 1l
1.00000 0.826 950 60 — 50 831 * .001 1.006

“ Tungsten target, 50 kv. 26 ma.
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COORDINATION KINETICS BY ION EXCHANGE
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Cation-exchange resin is used as a metal ion buffer to give very low but constant concentrations of metal ions in order to

control the rate of fast coordination reactions in the solution phase.

test two variations of the system.
be measured.

The rate of formation of nickel(11)-EDTA is used to

Particle diffusion rates limit the magnitude of the coordination rate constants which can
The fraction of resin in the hydrogen ion form compared to sodium ion form has an unexpectedly large effect

on the diffusion of nickel ion under conditions of low nickel loading where the coupled resin diffusion process should depend

largely on the self-diffusion constant of nickel ion.

Introduction

In this work an ion-exchange method designed
to permit the study of some fast coordination re-
actions is tested. A strong acid cation-exchange
resin (Dowex 50W) serves as a metal ion buffer
giving extremely low but reproducible and con-
stant concentrations of metal ion in the solution
phase in equilibrium with the resin phase. The
reacting ligand in the solution must be excluded
from the resin so that its coordination rate depends
on the equilibrium metal ion concentration.
The system has the advantage of greatly slowing
reactions but giving readily measurable concentra-
tions of product. The reaction of nickel ion with
ethylenediaminetetraacetic acid (EDTA) served
to calibrate the method because this formation
rate can be calculated from its measured dissocia-
tion rate2 and the stability constant for nickel-
EDTA.3 The particle diffusion rate of nickel ion

(1) Abstracted from the Ph.D. Thesis of B. A. Zabin, Purdue Uni-
versity, 1962.

(2) C. M. Cook, Jr., and F. A, Long, J Am Cem Sx, 8o, 33
(1958).

(3) G. Schwarzenbach, R. Gut, and C. Anderegg, lilv. Chim ACb,
37, 937 (1954).

limits~"the speed of the coordination reaction which
can be studied.

The resin in the sodium form is loaded with a
few per cent of nickel ion and a low concentration
of sodium ion is maintained in the solution. A
sufficient quantity of resin is used so that this load-
ing does not change significantly during the re-
action. Under these conditions the nickel ion con-
centration in the solution is expressed by eq. 1 and
can be adjusted readily from 10“7to 10~5M and
kept constant during a run.

AGNiMNaG:

J [NaR]2 n;
The reaction rate is second order
d[NiYT]/dE = foNIiYT [Ni+2][YT] 2)

where Y t and NiYx refer to the total acid forms of
the EDTA anion and the nickel complex, respec-
tively. Combining eq. 1 and 2 gives a pseudo
first-order reaction sc that a plot of —log [Yt]
against time gives a slope equal to /CNIYT[Ni+2]/
2.303. The [Ni+2] is determined experimentally
for different [Na+].
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In an alternative method the same reaction is
studied by loading the resin with low fractions of
zinc and nickel and zinc-EDTA is used in place of
free EDTA. The rapid equilibrium

ZnYT Zn+2+ YT ?3)

and the Zn+2equilibrium with the resin phase now
makes [Yt]small but constant so that eq. 2 becomes
pseudo zero order. The coordination reaction is
now so slow that diffusion in the resin phase does not
interfere. The reactions in eq. 3 must be much
faster than the coordination rate studied for the
zero-order system to be applicable.
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Results

The rate constants for the dissociation of nickel-
EDTA using the resin to displace the equilibrium
are compared in Table | with values calculated from
the radionickel exchange2at the same ionic strength.
In general, the agreement is excellent and where the
deviation occurs, the resin experiment gives the
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Table I

First-Order Rate Constants for the D issociation of
NiY t
[Ne#] = 00, 25.°
INiYe]initial This work Cook and Long2
Bu X 10» min. -1 min.-1
1.02 4.76 28 X10.2 45X 102
1.03 h.34 0.19 0.20
1.40 2.12 0.81 0.74
stallt by a far more direct route. In any ease.

the resin certainly does not catalyze the reaction
despite the fact that the resin phase acidity is
greater than 1 M and NiYT dissociation in 1 M
H+ is almost instantaneous. Thus, NiYT docs
not enter the resin phase in its dissociation and by
the principle of microscopic reversibility, the forma-
tion of NiYT should not occur in the resin phase.
Further evidence that EDTA reaction in the resin
phase is not appreciable is seen in Fig. 1, where in-
creased concentrations of EDTA in the solution
phase do not result in increased rate constants.

The second-order rate constants calculated
from the observed first-order formation of nickel-
EDTA are shown in Fig. 1as afunction of the initial
EDTA concentration and pH. Despite the fact
that the individual rate plots did not show sig-

(5) R. M. Rush and J. H. Yoe, Arel. G EM, 26, 1345 (1954).
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nificaRt diffusion interference, Fig. 1 indicates
that the diffusion problem still persists at higher
pH and higher initial EDTA concentrations where
the diffusion rate cannot quite maintain the equi-
librium nickel ion concentration because of the in-
creased coordination rate. The correct value
for ¢(NiYTis taken as the extrapolation to zero initial
EDTA. Decreasing the quantity of resin also de-
creased the apparent rate constant. The stirring
rate of 400-500 r.p.m. should result in a film of
constant thickness surrounding the resin beads
and minimize film diffusion.6 Reducing the stir-
ring rate to only 75 r.p.m. would have increased
greatly any contribution of film diffusion, but as
seen in Fig. 1, this had no effect. Increasing the
resin cross-linking did cause considerable reduction
of the apparent rate constants, so particle diffusion
appears to be the source of interference in the
kinetic studies. It is convenient to define the
initial rate of mass transfer in terms of the moles of
nickel transferred per meq. resin phase per min.
to the solution phase. In Fig. 2 the per cent devia-
tion of the apparent rate constant from the ex-
trapolated value is plotted against the initial rate
of mass transfer. The X 8 resin shows much more
deviation than the X2 resin at the same pH, il-
lustrating the crosslinking effect on particle dif-
fusion. At pH 4.0 and 4.5, the limitation of
particle diffusion in maintaining the desired equi-

(6 M. Tetelbaum and H. P. Gregor, J. Phys. Chem, ss, 1156 (1954).
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librium nickel concentration is the same. How-
ever, at lower pH, as the fraction of resin in the
hydrogen form begins to be appreciable, the
particle diffusion rate of nickel appears to increase
and causes less deviation in the kinetic study for
the same mass transfer rate.

A rate of mass transfer at pH 3 was estimated
for copper ion. The copper coordination reaction
with EDTA is much faster than the nickel reaction
and the rate of transfer from the resin phase prob-
ably is not coordination controlled. Using the
same resin and solution conditions copper ion re-
acted with 2 X 10“4M EDTA in 30 sec., giving an
average rate of mass transfer of 1 X 10 mole
Cu+2per meq. resin per min. This is greater than
the initial rate of mass transfer for nickel, which
is controlled by bcth diffusion and coordination,
but if it represents the limiting rate for nickel
diffusion it could cause the deviations observed
at low pH.

The extrapolated values for /IniYt are plotted in
Fig. 3 as the measured constants and are compared
to those calculated from the dissociation rate con-
stants and the stability constant for nickel-EDTA.
The agreement is within the accuracy of the
calculated constants except at higher pH, where in
one case diffusion limits the accuracy of the ion-
exchange method and in the other case the con-
tribution of other terms in the radionickel exchange2
could easily lead to high values for the formation
rate constant. The comparison is made for ionic
strengths of 0.02 to C.03 in both cases.

The results of the zero-order ion-exchange system
for the same reaction but at a higher ionic strength
(0.10) are shown ir_ Fig. 4. In this system, dif-
fusion is not a problem because the coordination
rate is much slower and the larger rate constants
at higher pH values can be measured accurately.
The relative change of the rate constant with
pH follows the results found for the first-order
exchange system given in the lower curve in Fig. 3.
The constants used for the calculations include the
values for the stability constant7 of ZnY~2 the
acid dissociation constant3for ZnHY -, and the acid
dissociation constants3 of EDTA corrected for
temperature.8 The equilibrium [Zn+2] and [Ni+2]
were greater than 10 times that used for the first-
order runs and therefore were determined with
greater precision. The curve in Fig. 4 can be
resolved into the individual rate constants for Ni+2
with H2Y ~2and HY-3 in the same manner used
by Tanaka and Sakuma.9 Table Il compares
their data at 0° and their treatment of the data of
Cook and Long2at 25.0° with our data. The agree-
ment is satisfactory, considering the accuracy of
the various stability constants that must be used
in the calculations. The curve in Fig. 4 has several
points for reactions run in 0.10 M NaOAc using
the observed equilibrium nickel and correcting for
zinc acetate. The NiOAc+ ion appears to react
at the same rate as the aquo Ni+2ion. This isin
disagreement with the results of Tanaka and

(7) C. N. Reilley, J. Am em Sx, 78, 5513 (195

(8 M. J. L. Tillotsora and L. A. K. Sfcaveley, J S, 3613
(1958) .

(9) N. Tanaka and Y. Sakuma, BUJ dem S \HH'I, 32, 578

(1959) .



Nov., 1962

Sakuma,9who find that the acetate species reacts
somewhat faster.
Table | |

Second-Order Rate Constants for the Reaction of

Ni.2 WTHEDTA, » MOLE: MIN_;

. X 10-1 Xm|0-7 b Temp"
This work 12, 11 0.10 25 0
Tanakaand | 482 182 10 X0

Sakuma I 0.06 . 0o

Discussion

The dissociation study of metal complexes using
ion exchange resin should prove to be a valuable
approach to the measurement of the dissociation
rates of EDTA and other coordination complexes
where so frequently the equilibrium cannot be
shifted by other means without catalyzing the rate.

The first-order and zero-order ion-exchange
formation rate studies of nickel-EDTA are shown
to give accurate rate constants within the limita-
tions set by particle diffusion. The first-order ion
exchange method can readily measure rate con-
stants about 100 times larger than can be measured
by direct conventional mixing techniques. The
ion-exchange method is limited to negatively
charged complexes of moderate stability. The
zero-order ion exchange method should be capable
of extending this by another factor of 10 to 100.
The greatest source of error in the first-order system
is obtaining an accurate and reproducible measure-
ment of the equilibrium metal concentration. In
this case 10-20% error was encountered for the
very low nickel concentrations. This was reduced
to about 5% error in the zero-order system, which
had a higher nickel concentration. The main
source of error for the absolute values obtained in
the latter system is the accuracy of the several
stability constants which must be used in the cal-
culations. Cumulative errors of 0.1 pK unit are
possible, giving 25% error in the rate constant.
The general applicability of the zero-order system
is limited by the requirements of the second co-
ordination system relative to the desired reaction
rate.

The diffusion interference should be reduced by
operating at lower temperatures. The activation
energy for the diffusion of small ions through the
resin is about the same as that through water.D
On the other hand, the activation energy for many
coordination reactions is much higher. Thus, at
lower temperatures the coordination rate would be
decreased relative to the diffusion rate.

The effect of the solution pH on the particle
diffusion of nickel ion in the resin is seen in Fig. 1
and 2. Table Il summarizes this effect in terms
of the per cent resin in the hydrogen form and the
slight swelling of the resin which can be expected.1l
The dissociation rate data in Table I and the
formation rate data in Fig. 3 show no contribution
of EDTA reaction within the resin, so this cannot
account for the particle diffusion pH dependence.

(10) G. E. Boyd and B. A. Soldano, J. Am Tem S, 1, s091

(1953).

(11) o.p. Bonner, J Pys. Grem, 59, 719 (1955).
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Table ”l

The Effect of pH on Particle Diffusion

Dowex 50W-X2, 0.02 v Na+

Initial rate of mass

pH % RH Swelling, % transferQ

45 0.1 1.1 X 10+
3.2 2.6 +0 5 1.8 X 107
2.5 13 4.6 X 10-

° With 10% or less deviati'm ofcoordmatlon rate constant.

Table 111 indicates that relatively small percentages
of hydrogen ion in the resin can double and quad-
ruple the diffusion rate of nickel ion even when
there is only 2% nickel loading in the resin. This
is given in terms of the initial rate of mass transfer
which essentially normalizes the differences in
coordination rate as the pH changes. The slight
swelling of resin cannot account for these large
changes. The mobility of hydrogen ion in solu-
tion is six times that of sodium ion and this factor
may carry over to the resin phase. However,
Helfferich’'s calculations®2 indicate that the rate
of particle diffusion in a divalent-monovalent
coupled diffusion at low divalent metal ion loading
is due largely to the divalent metal ion diffusion
rate and is almost independent of the monovalent
counterion diffusion. In the present case the

(12) M. S. Plasset, F. Helfferick, and J. N. Franklin, J. Grem Phys.
29 1064 (1958).
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coupled diffusion constantsfor Ni+2N a+and Ni+2
H+ will be essentially identical because of the low
nickel concentration in the resin. Thus, there
should be little difference between the rates of
mass transfer for hydrogen or sodium forms, but
a large effect is observed. Hydrolysis of nickel
ion is not important in solution at these pH values
and the resin phase has a much higher acidity
than the solution phase, so this cannot be the cause
of the diffusion effect. These data suggest that
nickel ion transfer is not a simple diffusion con-
trolled process but that the nickel at the sulfonic
acid sites may be activated by hydrogen ion.
It has been well established that the transfer of
other cations in the sulfonate resin phase is dif-
fusion controlled.’l8 However, nickel might be an
exception because of its sluggish reaction. For

(13) G. E. Boyd and B. A. Soldano, J Am Gem Sx, 15, s107

(1953).
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example, nickel ion is slower to react with sulfate
ion than many other metals, but this would mean
that the hydrated ion must lose coordinated water
at some resin sites.¥4 If this is the case similar
effects might be found with other metal ions which
have sluggish coordination reactions and this
deserves further investigation.

Coordination control in the elution of metal
ions from resins can be an asset in the separation of
metal ions in ion exchange processes, giving a
kinetic separation factor in addition to an equi-
librium factor.
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(14) M. Eigen, in S. Kirschner, Ed., “
of Coordination Compounds,”
1961, pp. 371-378.
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TRANSFER FREE ENERGIES FOR SOME UNIVALENT CHLORIDES
FROM HD TO DD FROM MEASUREMENTS OF ION
EXCHANGE MEMBRANE POTENTIALS

By J. Greysonl

International Business Machines Corporation, Thomas J. Watson Research Center, Yorktown Heights, New York
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The cells AgIAgCI] MCI (ai) II MCI (a2|AgCl|Ag with ILrepresenting a cation exchange membrane and M representing
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Because of the property of permselectivity which
ion exchange membranes possess they may be
used as reversible electrodes23in systems for which
no other reversible electrodes can be prepared or
in systems in which the reactivity of ordinary
electrodes may interfere with the measurement.

They are therefore suited to investigations of cells
of the type

AgjAgCIl MCI, «1 [MClI,
solv. A solv. B

AgCllIAg (D

where || is a cation exchange membrane, M is
any cation of interest and solvents A and B arc any
solvents of interest. Such membrane cells are
similar to the amalgam cells

Ag AgCIIMCI (aAHgMCI (ai) AgClIAg
solv. A M solv. B

Q)

which have been studied by Akerlof4and others to
obtain information about the process of transfer of
salt from solvent A to B. In both types of cells
the potential is given by

(1) Research Center,
California.

(20 Disoussions S, No. 21 (1956).
am

(3) G. Scatchard, J. Aﬁn S, 75, 2883 (1953).
@ G. Akerlof, ibid, D2, 2353 (1930).

Stauffer Chemical Company, Richmond,

Tl S A

Erprete Ing t0 Frank’s ~Icener

E = AEj + ~ JA*E ¢idIna,

where the leading yerm is the free energy of transfer
of the salt from A to B and the integral, which
extends over the composition range from A to B,
expresses the contributions of the transport of ionic
species and of solvents that are coupled to the flow
of current through the cell.3 For the amalgam all
these transport processes certainly are negligible.
They also would be negligible in cell | with an ideal
ion exchange membrane and may be assumed to
be negligible for cell | with a real membrane in
certain limiting cases.

Such a limiting case assumption can be made for
cell 1 if A isH2D and B is DD because proton ex-
change is rapid. The solvation sheath of the dif-
fusing species can exchange within the membrane
making the coupled mass transport of solvent
negligible. We therefore have undertaken to in-
vestigate the potentials of a series of membrane
cells in which the half cells were, respectively,
H2D and D2 solutions of the salts LiCl, NaCl,
KC1, CsCl, NHAC1, and (CH,)ANC1. It would be
interesting to verify cur assumptions or at least
determine the extent of error due to them by
undertaking a similar series of measurements using

Advances in the Chemistry
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amalgam membranes. Unfortunately circum-
stances prevent our doing so. The results and
conclusions presented here are of course subject
to this criticism.

Experlmental
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(5) 3. Greyson, J. Heorodem S, 109, 745 (1962).
(6) V. K. LaMer and E. Noonan, J. Am Cem Sx, 61, 1487

(1939).

Tkansfer Free Energies for Univalent Chlorides from HD to DD

2219

Inw = —
o Gu enheim and Turgeo 7assu91m d1hat ex ress
e con entratlon un| use
edan Litosa cale
at ﬁeq ¢ assump:

er squ IPZ |h| w Sa m o

t Vqterce it Tatlp
?1 ﬁﬁ %cuen%s C‘{Sn

+ m/z) + Bm

€ perm elective or.a
g[ectm[noraneeds ] 16 chan A
T}i E f%‘ eaSlJe ﬁgas t Ice and reprO'
uce 0 he reporte aI%es are P
agES ? e r gﬂldlfea rem nS fhree s
C - Jlew u ons were prl%ard
the Ure EA)S@%G new meastrements
agreedw WIthI
L, CL
4.6mv r ABmv ) o
I-4 4mv D [}
(CH3)NC1
S.va:?zmve 0 G,J
7.3mvfrrmy Rl escL
7.7mvr7'9myv I~\O 0 Kl
L75 co
7.Imvr% 3 0 7) nnder
L6.9
NacCldD,0=1.107
6.2m»r6 4 n 9
1-6.0
NacCud,, 0=1.097
6.0mv]-6 2mv o ps 2
L5.8mv
NacCl:dD 0=1.06l
4.6mvr48myv 0 n 2
I-4.4mv
NoCl:dD 0=1.038
3.6mvr3 8mv o o
1-3.4mv
2.0mv [-2.2mv NoCi:d, 0=10I5
* 1.8mv ° G) o
B M 02 0070 —70—
LOGARITHM ajlaj.
Fig. 1—Deviation plot of the ntlt !E[reus
J P 0 ava J)\pv [Io ||/aJSl]u Is

Results

Results are shown graphically in Fig. 1, which is
a summary of all the data plotted to show the
deviations from the best intercept on the e.m.f.
axis.

Since the cell was not stirred, the effect of dif-
fusion films at the membrane solution interfaces
were a source of concern. Relatively concentrated
(0.1 N) solutions were used to minimize these ef-
fects.8 The slopes of the curves for all salts were
theoretical within the over-all precision of the
measurements, about 5%, and the reproducibility
of concentration cell potentials indicated that film
effects were not significant.

Equal activity cell potentials obtained as de-
scribed are shown as straight lines in Fig. 1 and are
listed in Table I. Positive values indicate that the

(7) E. A. Guggenheim and J. Turgeon, IIa/B. FHH:B/SD 51, 747

(1955).

(8 F. Helfferich, Disoussiors Faracky Soc., 21, 83 (1956).
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salt is passing spontaneously from D2 to HD.
All the e.m.f. values are positive and in the range of
4 to 8 mv.
In Fig. 2 the free energies of transfer obtained
from the e.m.f’s. of the cells

Ag AgCl NaCl (@0 NaCl (m) AgCl
HD H2D:nD 2D

are shown as a function of the weight per cent of
D2 in the right half cell. These values were ob-
tained in a manner identical with those given in
Table | and measurement precision is indicated
in Fig. 1

Table |
e?ﬁlll -c:l.'jv -Z\efll../« ::;I? Bing-
. Salt mv. mole mole mole deg. ham *
LiCl 4.6 o 420 103 -14.0
NaCl 6.2 140 510 123 - 9.60
KC1 1.1 180 560 121+ 0.28
CaCl 18 170 660 163 + 250
NH.CI 11 + 044
(CHshNCI 53 140
Discussion

The e.m f. for the kc1 Cell can ho compared to
that obtained by LaMer and Noonan6 for a coll
in which a liquid junction served as a membrane.
The net reaction for that cell can be expressed

foK CI(m -ii DD) = icKCl(wi in HD)

where tc is the cation transport number and E =
4.75 mv. For the cation membrane cell, the re-
action is

KCI(m in D*0) = KCI(m in HD)

with E = 7.7 mv. (Since tc for KC1 solutions at
a liquid junction is of the order of 0.5, the value of
7.7 obtained for a system in which tcis near unity
is quite reasonable.) LaMer and Noonan, in
addition, measured the temperature dependence
of their KC1 cell potential and from it calculated
the enthalpy and entropy of transfer of KC1 from
DD to HD. Their results indicate that the salt
experiences a decrease in entropy in the transfer
process.

J. Greyson
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Lange and Martin3have measured integral heats
of solution of the alkali chlorides in D2 and H2
up to end concentrations of about 0.5 N. For
these concentrations, the integral heats per mole
and molal enthalpies are approximately the same
and the enthalpies of transfer from DD to HD
can be compared to the free energies of transfer
calculated from the cell potentials.0 In Table |
this is done and approximate values for transfer
entropies are calculated and listed. It is seen that
in every case, the salt experiences a decrease in
entropy in the transfer process in agreement with
the measurements of LaMer and Noonan.

The thermodynamic and transport properties of
D2, compiled by Whalley,1show that D2 is more
structured than water. A salt dissolved in D2 can
have a proportionately greater disruptive effect
on it than on the less structured HD, i.e., one ex-
pects the entropy of solution in DD to be greater
than in HD. The salt then, in passing from D2
to H2, experiences a decrease in entropy. The
entropy decrease apparently is not a linear function
of the amount of D2 mixed with water, as can be
inferred from Fig. 2. In measuring heats of solu-
tion of NaCl in water and HD-D 2 mixtures,
Lange and Martin12 reported a linear relationship
between integral heat and per cent DAD. Since
AF is concave to the abscissa and if it can be as-
sumed that the molal enthalpies are essentially the
same as the integral heats, the entropy variation
is convex to the abscissa. That is, the largest
entropy changes occur as the solvent structure
approaches that of pure DD.

The order of entropy change from one ionic
species to another is less clear. We might attempt
an explanation from the point of view of the “ice-
berg” theory of Frank and Evans.13 These authors
in developing that concept and the effects of ionic
size and character on icebergs showed that fluidity
elevation properties, among other things, cor-
related with disorder-promoting ions. For example,
lithium ion with a negative fluidity elevation value
tends to promote structure while cesium ion, with
a positive value, disorders. The variations in
transfer entropies from ion to ion shown in Table
I and compared with fluidity elevation values}
imply that the disorder-producing ions are more
effective in doing so in DA than in HD. That is,
cesium ion, being very order-destroying in water,
attacks the more structured D2 iceberg still more
vigorously, while lithium ion, although order-
producing, disrupts the DX structure but with
lesser effect.
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Introduction

Charge transfer complexes have become a
subject of increased study, particularly because of
the electrical and magnetic properties of the
solids. Most of the complexes described in the
literature are derived from aromatic donor mole-
cules and various acceptors; little is known about
complexes made from linear polyenes, R(C=
C—).R, and iodine. Recently, Huggins and Le-
Blanclreported on the electrical conductivity and
paramagnetism of O-carotene triiodide. Our in-
terest in the physical properties of this compound?2
has led to a further investigation of its chemical
characteristics.

On several occasions, carotene-iodine com-
pounds have been described in the literature, re-
sulting in a rather complicated over-all picture.
Isomerization as well as iodination can take place
and, as will be shown, a charge transfer complex
also can be formed. O0-Carotene-iodine com-
pounds can be made by adding solid iodine to a
solution of 0-carotene or by mixing solutions of the
components. Details are given in a number of
publications describing these experiments.3-6

In the earlier papers, two different compounds
were mentioned, diiodide, C4£HE246 and a tri-
iodide, CicHselL-35 Later, a tetraiodide6 was de-
scribed. Savinov and Tretyakova6 claim that in
general two compounds are formed in the reaction
of iodine with O-carotene; namely, C4AH®2 and
CAHHE_; the reaction product consists of a mixture
of these two compounds. Support for this con-
clusion also can be found in the work of Will-
statter,45 who reported that the iodine content
of C4H@ 2and of ;«Usels is not constant; however,
it is close to the values expected for the diiodide
and the triiodide. It should be emphasized that
the experiments of Savinov and Tretyakova do not
exclude the existence of a compound with compo-

(1) C. M. Huggins and O. H. LeBlanc, |\H1,I’e 186, 552 (1960).

(2) C. M. Huggins and J. H. Lupir.ski, to be published.

(3) M. A. Arnaud, , 102, 147 (1886). Originally Arnaud
gave CH 312as composition for the compound which was later shown

to be CAHHB 36
(4) R. Willstatter and W. Mieg, AN G’Em 356, 1 (1907).
15) R. Willstatter and H. H. Escher, [hﬁl Crem, 67, 47 (1910).

(6) B. G. Savinov and G. S. Tretyakova, \At.';mry

SR ], 137 (1953).

sition C4HE3 They studied the reaction prod-
ucts when an excess of iodine was used while Arnaud
and Willstatter used an excess of 0-carotene in the
preparation of CAHH&A3 Our work confirms the
results of Arnaud and Willstatter; it can be shown
that the compound C4HE&E 3 is a charge transfer
complex and not a mixture of equal amounts of
CHHBEI2 and CMHsel-

In addition to the formation of these compounds,
it appears that O-carotene and its compounds with
iodine can absorb iodine almost continuously.
This we could demonstrate by exposing a known
amount of O-carotene to iodine vapor under re-
duced pressure. After 2 hr. about 85 moles of
iodine were taken up per mole of O-carotene. Even
more iodine is absorbed on continued exposure.
In solution, however, products that contain more
than about 2 moles of iodine per mole of O-carotene6
rarely are formed. Thus, depending on the initial
circumstances, different products can be obtained.

For a better understanding of the physical
properties of O-carotene triiodide, a more definite
description of this compound is highly desirable.
Considerable support is achieved for the original
suggestion that O-carotene triiodide is a charge
transfer complex.

Experimental
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(1943).

Found: Sample | 38.8% (8 L. zechmeister, TEM RV, 34, 267 (1944).
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in chloroform but formed a suspension of very
small particles. Finally, fraction IB could be a
complex derived from another carotene isomer.
As mentioned earlier, the pure complex changes
slowly in the course of time, resulting in a product
similar to that found in sample | which was pre-
pared by using solid iodine.

Experimental results indicate that the compound
(sample 11) between /3-carotene and iodine is a
charge transfer complex rather than a product
resulting from iodine addition to the double bonds
in the carotene molecule. Such iodinated com-
pounds would not dissociate into their components
upon dissolution in chloroform. The absorption
maximum of iodinated /3-carotene should be found
at shorter wave lengths because of shortening of the
conjugated chain. This was found indeed by
Savinov and Tretyakova.® Such a shift is of the
order of a few hundred Angstroms only and the
shifted absorptions cannot be correlated to the
new bands at 2920 and 3600 A. These bands can-
not be assigned to iodine either, since the absorp-
tions of iodine in this region are of very low in-
tensity and of completely different character. Also

Table |
D etails of Spectra Taken from a 1.5 X 10—5M Solution

of Sample in Chloroform Using a 1-cm. Cell

lodine concentrations are in moles/1.
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a comparison of the infrared spectra of /3-carotene
triiodide and hexyl iodide showed that there is no
absorption in the spectrum of the complex that can
be assigned to a carbon-iodine bond.D

The fact that there is an isosbestic point at 4125
A. in the spectra (Fig. 2) clearly indicates that
there is an equilibrium between two absorbing
species with overlapping absorptions. Apparently,
the absorptions of iodine, originating from dissocia-
tion of the complex, at this wave length and at
these concentrations, are too weak to influence the
isosbestic point. Although for simplicity’s sake
only four of the spectra are given in Fig. 2, it
should be mentioned that the four other curves
(2, 4, 5, and 7) also go through that same point
at4125A.

Probably there is a second isosbestic point at
about 5550 A. arising from overlap betweenoan
absorption band of the complex with Amex 8200 A .
and that of /3-carotene. However, the point is so
little different from the “background” that it could
not be determined very accurately.

From the experimental results presented here,
one can conclude that treatment of /3-carotene with
iodine initially leads to a charge transfer complex.
In the course of time, isomerization78 as well
as iodination of the carotene will take place.6
Further work on this system will give more informa-
tion about the equilibrium and also about the species

Soin. Concn. of A Log /1 ) represented as C4AHM3 or, better perhaps, as
no. added iodine 4600 A 3600 A. 2920 A. (C4H@Es)b. In alater paper we expect to prove or
! 0.92 0.34 0.36 disprove whether the absorption bands at 2920
§ 3 § ]1-8 6 g% 218 ‘51:73 and 3600 A. are due to the I13* ion.9
4 15 X 10“31 '72 '63 75 Acknowledgments.—The authors wish to thank
5 2'4 X 10-4 60 '78 93 Dr. O. H. LeBlanc for many discussions on the
6 3'6 X 104 '52 '90 1'14 subject and Mr. and Mrs. O. Sovers for their
7 4:8 X 10.4 :45 '95 1:19 help with the translation of one of the references.
8 60 X 10~4 42 99 125 (10) O. Sovers, unpublished work.
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Introduction

In recent years, spectroscopic techniques have
been applied to the direct examination of functional
groups on the surface of solids. The most studied
functional groups have been surface hydroxyl
groups. Eischens and Pliskinl have given an
excellent review of the work done prior to 1957.
Recently, surface hydroxyl groups have been stud-
ied on a number of solids;' viz., silica and porous

(1) R. P. Eischens and W. A. Pliskin,
Vol. 10, Academic Press, Inc., New York, N. Y.,

“Advances in Catalysis,”
1958, pp. 1-50.

glass,2 Y-alumina,9 and titanium dioxide.10 A
(2) R. S. McDonald,

FBVS drem, 62, 1168 (1958).
(3) G. J. Young, J. Qlloidd., 13, 67 (1958).

(4) A. Terenin and V. Filimonov, “Hydrogen Bonding,”
Press, Inc., New York, N. Y_., 1959, p. 545.

(5) A. N. Sidorv, QIJ 8, 806 (1960).

(6) (@) M. Folman and D J. C. vates, Proc. Roy. SX. (London),
A246, 32 (1958); (b) J. Prys. GrEm, 63 183 (1959).

(7) M. R. Basila, ,35, 1151 (1961).

(8 J. A. Hockey and B. A. Pethica, ITarb. Faracky S, 57, 2247
(1962).

(9) J. B. Periand R. B, Hannan, J. Phys. Crem, 64, 1526 (1960).

(10) D. J. C. Yates, Ihd &5, 746 (1961).
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preliminary observation of the surface hydroxyl
groups on silica-alumina was reported by Roev,
et al.1 Most of the work has been concerned
with the surface hydroxyl groups on silica and it is
now well established that they behave very much
like molecular hydroxyl groups. In general, how-
ever, the hydrogen-bonded shifts of the OH
stretching vibration are considerably larger for
the surface hydroxyl groups than for molecular
hydroxyl groups with the same donor.27 Peri and
Hannan9 have shown that there are three inde-
pendent surface hydroxyl groups on 7-alumina in
contrast to the one type observed on silica. Roev,
et al., have indicated that a single band in the OH
stretching region occurs at 3750 cm.-1 in the silica-
alumina spectrum.1l In the light of the 7-alumina
results, it was of interest in this Laboratory to
study the surface hydroxyl groups on silica-
alumina in greater detail.

The rates of cracking,2 isomerization,12 and
deuterium exchangeldl for hydrocarbons over a
silica-alumina cracking catalyst are markedly
affected by the presence of residual bound water in
the catalyst. For example, the rate of exchange
between isobutane and deuterated silica-alumina
is increased by a factor of 13 to 20 by the prior
irreversible readsorption of a small amount of DD .13
However, if more than the optimum amount is
readsorbed, an abrupt drop in the exchange rate
occurs.l3 Similar effects are reported for the
cracking and isomerization of a 2-methylpentane
over silica-alumina.2

In this paper the results of infrared spectro-
scopic investigations of a commercial silica-alumina
cracking catalyst are reported. These studies were
primarily concerned with the nature of the surface
hydroxyl groups and of the irreversibly readsorbed
HD. The gradual dehydration from room tem-
3% ace area %ﬂ] ITE

Whﬁ

aslhgs xchange
Pﬁn Oafkl atshlequr;%a?cmed maghf fs (ﬁ %?i Pt?s |u[n
%:hcar genggm ee P[ben a[\)/ 3
r\%sfp fw

Experlmental

Sl )
[’} 2 aglor

021

Ut acame Was es ima g COﬂ
un EﬁCIﬂ(?gfm] J) f%e i flell‘

¥V orough, w ueous g umin

gr;r%mgget% to%[);(ha fimlg pce/&m? i@lum J] nb fulnhe sur#ggq
il i | hra@ahf“ 0,50 s )
Ly
[duo 5 m|n|ma value and the rue value may be consider-

he morphous allica (S) used was a sample of Cabosil

(1) L. M. Roev, V. N. Filimonov, and A. N. Terenin, qﬂlﬁl
4, 328 (1958).
(12 s. G. Hindin, A. G. Oblad, and G. A. Mills, J. Am Cem S,
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Results and Discussion

Dehydrated SA.—The spectra from 4000-1000
cm.-1 of SA and DSA dehydrated at 500° are given
in Fig. 1. For comparison purposes the spectrum
of dehydrated S is given in Fig. 2. The positions
of prominent bands in these spectra are listed in
Table I. The spectra of SA and S are seen to be
very similar. This is to be expected since the SA
sample is predominantly silica. The apparent
background in the high frequency region of the SA
spectra probably is due to scattering, since it
steadily decreases with decreasing frequency. The
primary differences between the SA and S spectra
other than in relative intensities are the absence of
the 3650 cm.-1 band in SA and the absence of the
1394 cm.-1 band in S. Most of the bands of SA
in this frequency range can be assigned by com-
parison with existing assignments for the S spec-
trum. The most recent assignments in the regions
of interest have been made by Benesi and Jones’
and by McDonald.2 TRe bands at 1638, 1868,
and 1975 in the S spectrum have been assigned as

(15) H. A. Benesiand A. C. Jones, J. Phys. Gem, 63, 179 (1959).
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an SiO overtone and two SiO combination bands,
respectively.’5 The similarity in frequency and
the absence of a deuterium isotope shift of the cor-
responding bands in the SA spectrum are consistent
with this assignment, and it is hereby adopted.

Table |

Comparison of Band Positions in the Spectra of Silica-

Alumina and Silica

«@BA (cm. -m) FCBRA (cm. 1) s (cm.-])
3745 2762 3747
3650
1975 1975 1975
1866 1866 1868
1633 1633 1638
1394 1394

McDonald has assigned the 3747 cm.-1 band in
the spectrum of dehydrated S to the OH stretching
vibration of surface hydroxyl groups.2 A similar
band occurs in the SA spectrum at 3745 cm.-1 and
is undoubtedly an OH stretching vibration. This
band also has been observed by Roev, etal.n Upon
deuteration this band shifts to 2762 cm.-1, being
the only band to exhibit an isotope shift. Since
it has been shownX6that the total hydrogen content
of SA or S can be exchanged for deuterium by the
technique used in this work, none of the rema ning
bands in the SA spectrum can involve a vibration
of a hydrogen containing group. The frequency
ratio, vii/vd, of 1.35 is very close to the value of
1.37 calculated for a diatomic molecule, indicating
that the normal coordinate of the vibration is
strongly localized in the OH group.

The occurrence of a single band in the OH stretch-
ing region is rather surprising. Two bands were
expected corresponding to the two surface groups
AIOH and SiOH. If hydroxyl groups were at-
tached to the same fractions of surface Al and Si
atoms, the ratio of surface SiOH to AIOH calcu-
lated on the assumption that the distribution of Al
is uniform throughout the sample would be ap-
proximately 2.5. Thus, if both groups were present,
each should give rise to a band of detectable in-
tensity provided that the magnitudes of the absorp-
tion coefficients were roughly equal.

Peri and Hannan have shown that the 7-alumina
spectrum has three bands in the OH stretching
region at 3698, 3737, and 3795 cm.-1 corresponding
to three independent hydroxyl group types.9
The factors giving rise to the three bands have
not yet been determined so that there is no basis
for predicting the frequency of the OH stretching
vibration in the AIOH groups of SA. However,
the middle frequency is close to the 3745 cm.-1
observed in the SA spectrum suggesting the pos-
sibility that the OH stretching frequencies in the
AIOH and SiOH groups lie close together so that
they overlap strongly and give the appearance of
a single band.

The estimated half band widths of 12 + 1 and
10 £ 1for the corresponding bands in the SA and S
spectra, respectively, would require accidental
degeneracy and thus tend to rule out this possibility,
but not conclusively. These data suggest that one

(16) R. G. Haldeman and P. H. Emmett, J. AM Q8m Sx, 78,

2917 (1956).
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or the other of these group types is more easily
dehydroxylated during the dehydration and that a
single group type predominates in high degree of
dehydration. On the basis of the frequency and
half width of the band in the SA spectrum as com-
pared to that in the S spectrum, the residual hy-
droxyl groups are tentatively identified as SiOH
groups.

Additional supporting evidence is provided by the
hydrogen-bonded frequency shifts (Afoh) of the
3745 cm.-1 band which are observed when p-
xylene and mesitylene are adsorbed on SA and S.
In Fig. 3, the spectra of dehydrated SA before
and after exposure to p-xylene vapor are given.
The adsorption of p-xylene results in a very large
increase in the background intensity. This is ac-
companied by a large decrease in the intensity of
the 3745 cm.-1 band and the appearance of a num-
ber of new bands. Most of these new bands are
due to the physically adsorbed p-xylene and their
frequencies are in quite good agreement with the
corresponding frequencies in the spectrum of the
pure liquid. The hydrogen-bonded OH stretching
vibration is observed at 3591 cm.-1. This band
has very broad wings compared with the cor-
responding band in the S spectrum.7 Similar
results were obtained with mesitylene as the
adsorbate, the hydrogen-bonded OH stretching
vibration occurring at 3577 cm.-1. The Afoh
values of 154 and 168 cm.-1 for bonding with p-
xylene and mesitylene, respectively, are in good
agreement with values of 154 and 166 cm.-1 pre-
viously obtained for S.7 It should be mentioned
that the Aron obtained for SA are single point
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measurements, whereas it has been shown that the
magnitude of Afoh depends on the fraction (/)
of surface hydroxyl groups interacting.7 The
values given for S were obtained by extrapolation
of a plot of Afon vs. f t0/ |.7 However, in
Fig. 3 the intensity of the 3745 cm.“ 1band is seen
to be very small, so that/ ~ 1 and the results for
SA are thought to be comparable with those for S.

Unfortunately, no acon data are available for
the hydroxyl groups on 7-alumina for comparison.
Thus the Apoh data are consistent with the assign-
ment of the 3745 cm.” 1band to the OH stretching
vibration in the SiOH group, but do not provide
conclusive evidence.

This assignment is supported by the results of
O’'Reilley, Leftin, and Hall.7 These workers
studied the proton magnetic resonance spectrum
of SAand S. Their data indicate that the majority
of protons occur in surface SiOH groups.I7 On the
other hand, recent studies by Weiss, Knight, and
Shapiro indicate that the ratio of A10H to SiOH
groups on SA increases with increasing dehydra-
tion.88 This result was obtained by measuring

17)
29, 970 (1958).
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the boron exchange of an SA sample which pre-
viously had been treated with diborane. It is
based on the assumption that the reactions of
diborane with the A10H groups and SiOH groups
of SA are the same as in the case of pure alumina
and pure silica, respectively. These results would
imply that the OH stretching vibrations in A10H
and SiOH are accidently, degenerate giving rise to'
the single band at 3745 cm.-1. Thus, although
most of the data appear to support the assignment
of the 3745 cm.-1 band to a single group type, the
possibility of accidental degeneracy cannot be
conclusively ruled out. The broad wings on the
OH stretching vibration hydrogen-bonded to p-
xylene or mesitylene may be relevant to these
considerations.

The band at 3650 cm.“1in the spectrum of S
has been assigned to hydrogen-bonded internal
hydr.oxyl groups.7 Earlier, it was pointed out that
this band was not observed in the spectrum of SA,
thus indicating the absence of these groups. This
observation is in accord with the recent results of
Hall.©

While this work was under way, a paper was
published by Markova in which he presented a
spectrum of a silica-alumina in the OH stretching.
region.d Bands were observed at 3765, 3650,
and 3550 cm.“1in his spectrum, with the band at
3650 cm.“ 1the most intense.D In the light of the
above discussion, the band at 3765 cm.-1 undoubt-
edly corresponds to the band at 3745 in Fig. 1,
while that at 3650 cm.” 1is due to internal hydroxyl
groups, and finally the band at 3550 cm.* 1is due to
hydrogen-bonded surface hydroxyl and adsorbed
H2. Unfortunately, the details of his pretreat-
ment were not given, so that it is difficult to com-
pare his results with those obtained here.

All of the bands on the SA spectrum in the region
4000-1250 cm.“1 have been assigned except the
1384 cm.*1 band. This assignment will be con-
sidered later.

Dehydration.—The spectrum of dehydrated SA
which has been rehydrated by exposure to 18
mm. of HD vapor for 5 hr. and evacuated for 1hr.

(18) (a) H. G. Weiss, J. A. Knight, and I. Shapiro, J- AM Gem

, 81, 1823 (1959); (b) 82, 1262 (1960).

(19) W. K. Hall, private communication.

(20) z. A. Markova, Kirgtikai IGRHiz, Z* 435 (1961),
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at room temperature is given in Fig. 4a. The
spectrum of hydrated SA has bands at 3740,
3500 (very broad), 1975, 1866, and 1633 (broad)
cm.-1. This sample was subsequently dehydrated
in stages at 150, 200, 300, 400, and 500°. At each
of these temperatures spectra were obtained after
2 hr. evacuation. These spectra are given in Fig.
4b through f. The interpretation of these spectra
is difficult because of the breadth of the 3500 cm.-1
band and also because of the increase in back-
ground absorption over the entire spectral region.
A similar large increase in background absorption
is observed upon the adsorption of p-xylene or
mesitylene as can be seen in Fig. 3. This latter
phenomenon has been discussed by Roev, who at-
tributes the background increase to extreme broad-
ening of bands of the adsorbate or adsorbent.2l
This broadening is thought to be due to photo-
desorption which occurs when hv > Q, where hv
is the energy of the absorbed photon and Q is the
heat of adsorption.2l

In general, upon dehydration the band at 3745
cm.-1 increases in intensity while those at 3500 and
1633 cm." 1decrease in intensity and finally disap-
pear. The largest intensity decreases in the 1633
cm."1lband occur at 150 and 200°. Similar large
decreases occur in the 3500 cm.-1 band. This band
is due to hydrogen-bonded OH stretching vibra-
tions. The 1633 cm."1band undoubtedly is due
to the hydrogen-bonded HOH bending mode in
H2, indicating that most of the changes in the
150 and 200° spectra are due to the desorption
of strongly held physically adsorbed HXD. The
accompanying increase in the 3745 cm."1 band
indicates at least part of the desorbed HXD had
been hydrogen-bonded to surface OH groups.
The 200 and 300° spectra are essentially identical,
except for small decreases in the 3500 and 1633
cm.-1 regions which probably indicate removal of
the final traces of physically adsorbed H2D. De-
hydration at 400° produces a relatively large de-
crease in the 3500 cm."1 band. This is accom-
panied by an increase in the intensity of the 3745
cm.-1 band and a small general decrease in back-
ground in the rest of the spectrum. Dehydration
at 500° produces a further small decrease in the
3500 cm.-1 band and over the rest of the spectrum,
but no detectable change in the 3745 cm.-1 band.
The changes in the spectra after dehydration at
400 and 500° may be due to the desorption of addi-
tional HXD. This point will be discussed more
fully in the next section.

The final point of interest in these spectra is the
absence of the 1394 cm.-1 band in hydrated SA.
This band can be seen to redevelop in the 400 and
500° spectra.

Fixedly Adsorbed Water.—A sample of dehy-
drated SA was exposed to 12 mm. of HD vapor for
1 hr. and then evacuated for 1 hr., both at 150°.
The H2D retained by the sample has been called
“ fixedly adsorbed” by Haldeman and Emmett.’6
The influence of fixedly adsorbed H2 on catalytic
activity has been demonstrated.1213 The spec-
trum of SA before and after the addition of fixedly
adsorbed HX is given in Fig. 5. It strongly re-

(21) L. M. Roev, Dodady Akad Nauk SSIR, 133, 501 (1960).

Infrared Study of Silica-A lumina Surface

2227

sembles the spectrum in Fig. 4 of hydrated SA de-
hydrated at 150°. One important difference is
observed, that being the absence of a significant
change in the intensity of the 3745 cm,"1 band.
This fact implies that the HXD is essentially im-
mobile and that it is located on sites far enough
removed from the SiOH groups to prevent hydro-
gen-bonding.

The same experiment was performed with a
KSA sample. These spectra are shown in Fig. 6.
The new bands which are observed in the spectrum
of KSA upon the addition of fixedly adsorbed H2D
are the same as those observed in the SA spectrum,
but their intensities are greatly diminished.

The appearance of bands at 3500 (very broad)
and 1633 cm."1 (hydrogen-bonded OH stretching
and HOH bending vibrations, respectively) upon
the addition of fixedly adsorbed HD indicates that
the adsorbed species has not undergone drastic
chemical alteration. The large decrease in intensity
of the bands in the KSA as compared to the S
spectra suggests that the HD is held on catalytically
active sites which can be deactivated by the addi-
tion of K. This result differs somewhat from the
findings of Haldeman and Emmett, who found no
change in the amount of H2D fixedly adsorbed at
110° on SA or KSA.%6 On the other hand, the ob-
served increase in the deuterium exchange rate
upon the addition of fixedly adsorbed HD to KSA
at 150° amounted to only a small fraction of that
observed on regular SA,13 which is consistent with
the above observation.

It is noteworthy that the 1394 cm." 1band disap-
pears upon the addition of fixedly adsorbed HD
to SA and that it is absent in the spectrum of de-
hydrated KSA.

The absence of an intensity decrease in the 3745
cm.-1 band upon the addition of fixedly adsorbed
H2 suggests an alternate interpretation of the
spectral changes in the final stages of dehydration
at 400 and 500° in Fig. 4 which are accompanied
by an intensity decrease in this band. These data
imply that surface hydroxyl groups which had been
hydrogen-bonded to surface SiOH groups are being
removed. If this were the case, then the rehydra-
tion of SA must result in some regeneration of OH
groups. The identity of these groups is unknown.
McDonald has observed similar changes in the de-
hydration and rehydration of S.2

At this point it is of interest to consider the
assignment of the 1394 cm." 1band. The following
observations summarize the behavior of the 1394
cm.-1 band: it is absent in the spectra of dehy-
drated S and KSA; it occurs in the spectrum of
dehydrated SA; it is absent in the spectrum of
hydrated SA, but appears upon dehydration be-
tween 300 and 500°; it disappears upon addition
of fixedly adsorbed HZ; it does not exhibit an
isotope shift upon deuteration of SA. The be-
havior of this band upon the addition of mesitylene
or p-xylene cannot be determined because of the
overlapping bands of these adsorbates; however,
it is known that the band disappears upon the
chemisorption of pyridine.2 The sensitivity of
this band to presence of an adsorbate indicates

(22) M. R. Basilaj unpublished feSults;
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that it is associated with a surface group. The
absence of a deuterium isotope shift indicates that
it is not a hydrogen containing group. The fre-
guency of the band is in a range which could be
assigned to an AIO vibration, possibly an overtone
or combination band. The disappearance upon
the addition of an adsorbate suggests a shift to
lower frequency where it cannot be observed due to
overlapping with the strong SiO fundamental.

The absence of the band in dehydrated KSA
implies that it is associated with acidic sites on SA
which can be poisoned by K. On the basis of these
observations, this band is tentatively assigned to
a vibration of a surface AIO group, probably an
overtone or combination band. If this interpre-
tation were correct, it would be consistent with
the suggestion that the acidic surface Al atom
changes coordination number from four to five upon
interaction with an HXD adsorbate molecule, since

Table Il

Assignment of the Bands in the Dehydrated Silica-

Alumina Spectrum

(cm.-1) Assignment

3745 OH stretch in surface SIOH groups
1975 Si0 combination

1866 Si0 combination

1633 i0 overtone o

1304 Surface AlO overtone or combination (?)

Stanley Bruckenstein and L. M. Mukherjee

Vol. 66

the AIO force constant would be smaller for the
higher coordination number.23

The assignments of the bands in the region 4000-
1250 cm.-1 in the spectrum of dehydrated SA are
reviewed in Table I1.

Conclusions

The foregoing discussion of the spectroscopic
data has led to the following tentative conclusions:

1. In highly dehydrated samples, the surface
hydroxyl groups are predominantly attached to
silicon atoms.

2. The fixedly adsorbed water added at 150°
is held on acidic surface sites which can be poisoned
byK.

3. The fixedly adsorbed water added at 150°
retains its molecularity and is located on sites far
enough removed from the surface hydroxyl groups
that essentially no hydrogen-bonding to these
groups occurs.

4. A weak band located at 1394 cm.-1 may be
due to a vibration of the AIO linkage, possibly
an overtone or combination, in acidic surface
groups.
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(23) Reference 14, p. 45.
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Introduction

A large number of compounds have been de-
termined by titration as acids in ethylenediamine
(EDA) as solvent using potentiometric methods to
detect the equivalence point.3 However, only
one quantitative potentiometric equilibrium study

(1) This work was supported by the Office of Ordnance Research,
U. S Army.

(2 From a thesis submitted by L. M. Mukherjee to the Graduate:
School of the University of Minnesota in partial fulfillment of the:
requirements for the degree of Doctor of Philosophy, August, 1961.

(3) (@ M. L. Moss, J. H. Elliot, and R. T. Hall, Anal , 20,
784 (1948); (b) M. Katz and R, A. Glenn, 100, 24, 1157 (1952); (o)
V. z. Deal and G. E. A. Wyld, Ibid, 27, 47 (1955); (d) A. J. Martin,
ibid, 29, 79 (1957); (e) H. Brockman and E. Meyer, isen

S)"d‘tenzto, 242 (1953); (f) H. Brockman $nd E. Meyer, GTEM 87,.
81 (1954),

of an acid and its conjugate base in EDA has been
reported in the literature,4 despite the fact that
such studies are necessary to assess the limitations
and advantages of EDA as a solvent for acid-
base titrations. In this study, Schaap and co-
workers titrated hydrogen bromide with sodium
ethanolamine in the presence and absence of excess
sodium bromide and were able to explain their
results satisfactorily in terms of the ion-pair dis-
sociation constants cf hydrobromic acid, sodium
bromide, and sodium ethanolamine using 5 X
10-16 as the autoprotolysis constant (Kg) of EDA.
Earlier potentiometric6 and conductometric6 stud-

(4) W. B. Schaap, R. E. Bayer, Siefker, J. L. Kim P. W.
Brewster, and F. C. Schmidt, %dﬂllpﬂy 22,197 (1961).
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ies in EDA have shown that ion-pair formation is
extensive, as would be expected for a solvent with
a dielectric constant of 12.9. In this work,
classical potentiometric methods employing the
cell

Reference electrode  H X (Chx) H2(1 atm.),
(S.CSEE. 29 and/or Pt O]
NaX«7NaX)
in EDA

e

have been wused to study solutions of acids,
acids and their sodium salts, and sodium salts.
These data permit the calculation of the pK values
of a number of acids and sodium salts relative to
that of hydrochloric acid and demonstrate that a
simple ion-pair approach cannot explain the be-
havior of phenols.

Theory

Equilibriain HX Solutions.—From the previous26
potentiometric study of silver salts in EDA it was
anticipated that the equilibrium (2a) would describe

H X H+ + X- (2a)
the behavior obtained with acids using cell 1.
This proved to be the case for hydrochloric acid
and for four different phenols in dilute solution,
but in more concentrated phenol solutions the
additional reaction (2b) must be considered to in-

HX + X - HX2 (2b)
terpret the experimental results adequately.

The thermodynamic equilibrium constants for
reactions 2a and 2b are

Eux = (3a)

uh+«x -/« hx

and

E hx2 = UWnX!-/uhx«x- (3b)
where H+ is used to represent the solvated proton
hi EDA. At 25°, the e.m.f. of cell | isgiven by

E =

Escse + 0.05916 log «H+  (4a)

where7

Escse = Ei.j. + E Rf. Electrode (4b)
and the standard potential of the hydrogen elec-
trode is assumed to be zero. Assuming that Eg.
is constant and that the activity coefficients of all
univalent ions are the same, while that of HX is one,
substitution of eq. 3a and 3b into the rule of electro-
neutrality for pure acid solutions (4c) yields an ex-
[H+] =

[X-1+ [HX,] (40)

pression for an+which may be substituted into eqg.
4a to yield eq. 5a at 25°.

(5) S. Bruckenstein and L. M. Mukherjee, J. H'VS. Chm, 64, 1601
(1960).

(6) (@) W. H. Bromley and W. F. Luder, J. Am dem Sx, 66,
107 (1944); (b) B. B. Hibbard with F. C. Schmidt, Ibid, 77, 225 (1955).

(7) The notation used is analogous to that used previously.6
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Ehx = Escse + 0.0296 log E hx +

0.0296 log [Chx(1 + X hxj-Ehx)] (5a)

Chx is the equilibrium concentration of undis-
sociated HX. Three limiting cases of eq. 5a are
considered below.

1. X HXVery Small.—If E hx is very small, the
analytical concentration of HX, (CHX)t, differs
negligibly from the equilibrium concentration,
Chx, and the former may be substituted for the
latter in eq. 5a.

At low acid concentrations 1 >>
and 5a becomes

K hx,~Chx,

Ehx = Escse + 0.0296 log Ksx(Cnx)t (5b)

and a plot of EHx vs. log (Cnx)t has aslope of 0.0296.
Eq. 5b also is applicable at all concentrations for
those acids which have no tendency to form HX2_
ions, such as hydrochloric acid.

At high concentrations of acid, if X hxCh x> > 1,
eq. 5a becomes

Ehx = E scse +
0.05916 log (1 GhxX hx,-) "™"(CHX)t  (5¢)

A plot of EHx vs. log (Cnhx)t has a slope of 0.05916.
This result corresponds to the dissociation 2HX
H+ + HX2 and is similar to that found prev-
iously5with silver cyanide in EDA. In the con-
centration range where E hx2 — (CHXx)t> the slope
of the plot of Ehx wvs. log (CHx)t is intermediate
between 0.0296 and 0.05916.

Evaluation of X hx2.—From eq. 5a, 5b, and 5c,
it follows that the intersection of the two limiting
slopes occurs at (Cnx)t = /X hx2- Behavior of
this sort has been observed with four phenols.

A more rigorous procedure for evaluating E hx2
uses the method of least squares by transforming
eq. 5atoeq. 5d
I0Ehx/002%

- o= = E hx 10 cse/002%6 +
Ehx

10escsen.02e6 AW V hXsChX (5C|)

Thus a plot of 10Bnx/ 03X C'hx vs. Ehx is a straight
line. X Hx2 is the ratio of the slope to the inter-
cept for eq. 5d.

2. KHx Very Large—If Jinx becomes very
large, aH+ ~ (CHx)t and a plot of E vs. log (Crix)t
would approach a limiting slope of 0.05916 v.;
thus the observed e.m.f’s wbuld exceed those
found with all other acids. This behavior has
not been observed in EDA and would not be ex-
pected in a solvent with a dielectric constant
of 12.9, except in very dilute solution. True
strong acid behavior is to be distinguished from
pseudo strong acid behavior arising from HX2~
formation on the basis of the magnitude of the ob-
served e.m.f. values.

3. Ehx Intermediate in Value, X Hx2 Very
Small—EDA is a very basic solvent and levels
acids with a (pE'nxhno Z 5.00. One_criterion
used for leveling is the inability to distinguish a
difference of acid strength on the basis of potentio-
metric measurements. In a solvent such as EDA,
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leveling corresponds to the virtually complete
conversion of the non-ionized acid to the ion-pair
according to
HS + 11X~ HSH+X- (6a)
while the hydrogen ion concentration is determined
by the dissociation reaction
HSH+X* HSH+ + X - (6b)
where HS = EDA. Defining the equilibrium
constants for reactions 6a and 6b as A;HXand A dHX,
respectively, it has been shown8that
Ahx = A'dHXXiHX (1 + A $X) (6¢)
The value of AdHX depends upon steric factors but
would not be expected to vary widely for different
acids. A dHX is estimated to be between 10“ 3 and
10“ 4 using the Bjerrum ion-pair relations. Thus,
for leveled acids, AiHX >> 1, Ahx ~ AdHX, and
it is not a good approximation to assume that
CHx)t = Ahx when KdHX ~ 10”3 because ap-
preciable dissociation wall occur. If 1>> (Ahx-
Ahx!-), the slope of a plot of E \s. log Ahx will be
between the limiting slope of 0.0296 for a very
weak electrolyte and 0.05916 for a strong electro-
lyte. In addition, Ahx for leveled acids will be
more positive than for non-leveled acids. Three
acids, hydrochloric, acetic, and phenylacetic,
were studied anticipating behavior of the type
outlined above. The results obtained with these
acids indicate the model used probably is an over-
simplification in EDA and every acid must be con-
sidered individually.

For those acids whose behavior is described by
edq. 5d, pAnx — pAnx' is obtained from the dif-
ference of the logarithm of the intercepts obtained
with the two acids HX and H X".

Equilibria in HX-NaX Solutions.—E.m.f. meas-
urements obtained with cell | using solutions con-
taining NaX and HX (thymol and o-phenylphenol)
have been interpreted in terms of reactions 2a
and 2b, and the equilibria

NaX < —Na+ -)- X~ (7a)
1S 11+ + S* (7b)
NaS Na+ + S*“ (7¢)

The corresponding equilibrium constants are

ir a.xa+ax-
AlNax — 2X818¢ (ga)
QNaXx
Ks = au+as- (8b)
and
t IS-
Anas — {tnauls ©0)
«NaS

The rule of electroneutrality in a mixture of an acid
and its sodium sait is

Kolthoff and S. Bruckenstein, J. AmM Chem Soc, 78, 1

&) 1. M
(1956).
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[H+] + [Na+] = [S* |+

[X“1+ [HX,-] (9

Using eq. 9 and assuming the activity coefficients
of all univalent ions to be the same and those of the
undissociated species to be unity, it follows from eq.
2a, 2b, 8a, and 8b that

As + A hxAhx (1 + A hx

QH
V 1 IVXaxAxax

A h xA hx

For any EDA solution of an acid which can be
titrated successfully with base, in the absence of
excess NaS, As is negligibly small as compared to
the second term in the numerator of eq. 10a
In the experiments reported below with thymol
and o-phenylphenol, XXax >> Ahx and 1 -C
AxaxANax/AhxAhx J therefore

-A hx)

(10a)

Tr n o+ A hx,-Ahx
«h+ — A hxAhx \ — —-——eev
! A naxb NaX

(10b)

and the e.m.f. of cell | containing acid-salt mixtures
is

A2
A sese + 0.0296 log
ANaX

A hx.nbx =

A hx,-Ahx

0.0296 log Affix (Ha)

Ana

Under the experimental conditions used, analytical
concentrations, At, may be used in place of equi-
librium concentrations, and eq. 1la describes the
behavior of mixtures of thymol and o-phenylphenol
with their sodium salts.

For the purpose of treating the experimental
data by the method o: least squares, it is convenient
to transform eq. 11lato lib

10BIXNIX0C26 ] QEscsei00296 N
|OASCSe/0.02% AhX‘-A ffix A hx (Iib)
Affiax
Thus, a plot of (ANaXAffix) 10E8d1x/0-BH vs.
anx IS a straight line. As in the case of eq. 5d,

A hx,- is the ratio of the slope to the intercept,
while the ratio of the intercept (or slope) of eq.
5d to the intercept (or slope) of eq. lib vyields
Affiax/Affix-

Equilibria in NaX Solutions.—In EDA solutions
of pure sodium salts, the principal reaction between
NaX and solvent is

NaX + HS NaS + 11X (12a)

The equilibrium constant for reaction 12a is the
reciprocal of the formation constant, AfNaX, of
the salt where

/if NaX = g HXA NaS =

«NaX (12fa)

ANaxAs «NaSTtHX

The magnitude of AjNaXis such that the equilibrium
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concentration ofc n x isvery small, and 1>> (ZHXr1

chx) ineq. 10b, i.e., the formation of HX2' species
is negligibly small. Also, the dissociation of NaS
and HX is repressed by the dissociation of NaX
and Chx = Cnas Thuseq. 10b and 12b yield

(13a)

and

Erix = Ascse + 0.0296 log — ------

ANas

(13b)

This result, that the e.m.f. (or pH) of pure salt
solutions is independent of the salt concentration,
also was found in anhydrous acetic acid.9

The difference in pX of two acids, HX and HX",
whose sodium salts obey eq. 13b is given by

A nbX — ENax'

13c
0.0296 (13¢)

PXhx' ~ pX hx

Equation 13c yields results in good agreement with
those found using eq. 5d. Using the relationships
developed above, it is possible to determine the
pK values of acids and their salts relative to one
reference acid. In a subsequent paper, a poten-
tiometric procedure for relating the relative equi-
librium constants obtained with the hydrogen
electrode to those obtained with the silver elec-
trode5 will be described. In addition, absolute
values of dissociation constants based upon a spec-
trophotometric method will be reported.

The value of pXNag — pXs can be obtained by
combining data obtained in pure acid solutions
with those obtained in solutions of the sodium salt
of the acid, i.e., from eq. 13b

pKs - pXNas = log [intercept eq. 5d] -

0.0296
(14)

Experimental

Reagents Commercial 98% EDA was shaken with
Linde Molecular Sieves (70 g./l.) of typeoA and then with a
mixture of 50 g. of calcium oxide and 15 g. of potassiun
hydroxide per liter of the solvent, followed by subsequent
distillation of the supernatant liquid over a similar batch of
molecular sieve in a current of dry and COa-free nitrogen.
Although there was no improvement in the ultraviolet
spectra, as compared to the previously reported procedure,5
the water content of the fraction boiling at 117.2° was about

(Etshl\/' aft r this treatmercth .
Vienediammonium *Chloride— epa-2rict was pre-
pared by treating pure EDA with a slight excess of concen-
trated hydrochloric acid; the colorless crystals were re-
peatedly washed with hot absolute ethanol, air-dried, and,
finally, dried in vacuo at 50°. Titration against a standard
silﬂer {_‘utrﬂte jndicated the product to be 99.99% pure.

d Glacial acetic acid was fractionated over
Cr03 (10 g./1.); the fraction, b.p. 118.1°, having a water
cor_r at of Iess than 0.01%, w./v. was used.

— National Cylinder Gas Co., Inc., hydrogen
was passed through a Baker and Co. Deoxo” purifier, a
column of Ascarite, and then a column of Drierite before

ﬁhenylacetlc ACld A commercial product was recrystal-

lized from ethanol-water mixture; m.p. 76-77°

(1956).
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Table |
Summary of Hydrquc_:?esr:j li;;z;:;zsecjnes;un:sts Obtained in Solutions op Four Ph::t:ylr:m o
Acid, HX Intercept X 102 Slope X 10« Ahx,- EDA Water6

p-Phenylphenol 0.155 (0.0280 711 (139 45.9 15 7 1.21 0.98
0- Phenylphenol 0.115  (0.0505 7 51 3.95 65.1(59.8 1.08 0.52
Phenol 0.117 (0.0458 0.80 6 15.1(116 109 054
Thymol 0.00935(0,0021 T 100005 ) 117(6.0)

The standard deviation of the tabulated value follows in parentheses.
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Results
The results obtained with phenol, thymol,

o-phenylphenol, and p-phenylphenol using cell 1
are shown in Fig. 1. In all cases, two limiting
slopes of ~ 0.059 and ~ 0.030 are observed. These
data were fitted to eq. 5d, using a weighted least
squares procedure which assigned all the error to
Ehx- A summary of the least squares results is
given in Table I, along with the values of X hx,-
calculated from the ratio of the slope and intercept.

(10) H. C. Brown, D. H. McDanell, and O. Haflinger, “
tion of Organic Structures by Physical Methods/' ed. by E. A. Braude
and F. C. Nachod, Academic Press, Inc., New York, N. Y., 1955, p.
567.

Determina-

¢ EDA data at 25.0°, water data at 22. 5 0

In addition to these four phenols, hydrochloric,
acetic, and phenylacetic acids and 3-methyl-4-
phenylazophenol also were studied with the hy-
drogen electrode. The results obtained are shown
in Fig. 2. The hydrochloric acid data may be
fitted by the method of least squares to the
equation E = -0 6095 (+ 0.0031) + 0.03119
(£ 0.00181) logCCucOt, where the numbers in paren-
theses correspond to the standard deviation of the
preceding quantity. The acetic and phenylacetic
acid results are practically superimposable and yield
slopes of 0.038 and 0.039, respectively. The 3-
methyl-4-phenylazophenol data indicate that a
limiting slope of 0.090 is approached at high con-
centrations, while a limiting slope of 0.060 is ap-
proached at the lowest concentrations studied.

The results obtained studying mixtures of
thymol and sodium thymolate, and o-phenylphenol
and sodium o-phenylphenolate are given in Table
Il. These data were fitted to eq. 1lb and the least
squares constants are given in Table I1.

Table ”

Summary of Hydrogen Electrode Results Obtained in
X and Nax

Thymol

Solutions of for o-Piienylphenol and

Compound
o-?henyiphenol* Thymol6

7.39 (0.858) X 10"3 5.31 (0.636) X 10-»«
2.65 (0.205) X 10'D 3.39 (0.901) X 10~D

Eq. lib Intercept/
Eq. lib Slope0

*HX2C 35.9(6.4) 6.4 (2.4)

-KNaX/AHX (slope 2.83 X 102 3.21 X 10»
ratios)

ANaX/AHX (intercept 1.56 X 102 1.76 X 103

ratios)
"Nax/ KHX (wtd mean

t 9 ex(B)%nments '\&)t_af% at on. ignges
ﬁ}an;:bt ertmen o%mra |odaﬁéanges uggh

eV|at|0n ofAttte tab ated value follows n paren-

Hydrogen electrode data obtained with the
sodium salts of thymol, o-phenylphenol, 3-mcthyl-
4-phenylazophenol, phenylacetic acid, and sodium
bromide and iodide, are given in Table IlIl. The
e.m.f. values are constant and independent of con-
centration as predicted by eq. 13b. Using equa-
tion 13c, the pK values of these compounds rela-
tive to thymol are: o-phenylphenol, —0.99;
phenylacetic acid, —5.30; 3-methyl-4-phenylazo-
phenol, —5.75; hydrobromic acid, —6.02; and
hydriodic acid —6.81.

Discussion

The behavior of hydrochloric acid (Fig. 2) is
described adequately in the concentration range
0.003 to 0.12 M by an ion-pair dissociation equi-
librium in which the fraction dissociated may be
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Table ”l

SUMVIARY OF HYDROGEN ELECTRODE RESULTS OBTAINED IN

Solutions of Na

eAV'f
Pareﬂkacid, (V.
WXt Emf (1) it
HI (0.51 -0.7745 (0)2
230 - I +24
119 - 1123 -2.4
Mean -0.7747 + 0.0017
HBr 1460 -0. 7981 to.
g - 970 .
005 - 7985 05
Mean -0.7980 + 0.0005
3-Methyl-4-
phenyldzo-
phenal 0.0874 0.8064 to.2
0552 8066 +0.4
0212 8078 tie
0063 8053 0.9
0025 8048 11
Mean -0.8062 + 0.0009
Phenylacetic ~ 0.2250 -0.8190 -0.4
0734 - 8203 t1.0
0253 3188 0.6
0043 8195 tou
Mean -0.8194 £ 0.0005
0-Phenylphenol  0.2042 -0.9502 +2.7
1355 - 9485 t1.0
1108 9474 0.1
0687 9476 to1
0413 9467 0.8
0284 9450 2.5
0217 9430 4.5
0149 9455 2.0
0111 9459 1.6
00534 9461 1.4
0044, 9477 to.2
0019.. 9504 +2.9
0019 9466 -0.9
Mean -0.9475 £ 0.0016
Thymol 0.1085 -0.9750 - 11
.0120 - 9786 t26
0047 9743 - 1.8
0028 9764 +0.3
_ Mean -0.9761 + 0.0015
*Experiment performed by M. M. K. Gracias.
neglected (equation 6b). This result indicates

that Ahci ~ ~ 10~4, since in a previous potentio-
metric study of silver salts, deviations from the
limiting slope of 0.0296 were observed for silver
nitrate. XAgNO3has been estimated to be ~6 X
10 414 X 10-4,0 and 5.7 X 10~46 Using the
Fuoss-Kraus conductance method, Schaap and co-
workers4report X hci = 1.05 X 10~4 in agreement
with the above conclusions.

The e.m.f. data obtained with phenol, thymol,
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and o- and p-phenylphenols is satisfactorily ex-
plained by postulating an anionic species contain-
ing one phenolate ion per parent phenol (HX2).
The order of acid strength (Table 1) is qualitatively
the same as found in water, but is sufficiently dif-
ferent to emphasize the danger in the common
practice of assuming a solvent-independent-pX
difference between acids of similar chemical com-
position.

Phenolic ions of the HX2~ type have been re-
ported previously on the basis of photometric,12
potentiometric,134 and conductometricbevidence.
The stability of these conjugate ions (HX2~)16 in
the strongly basic and hydrogen bonding solvent
EDA is somewhat surprising, since it would appear
likely that the solvent would hydrogen bond
completely to the undissociated phenols in prefer-
ence to the phenolate ion and vice versa. Probably,
these conjugate phenolate ions should not be classi-
fied with those of similar stoichiometry arising in
the poorly solvating solvents, acetonitrilel7"®©
and nitrobenzene.® Also, it is unlikely that triple

33

’c
|

(12) L. Hummelstedt and D. N. Hume, AH. QBEM, 32, 1792
(1960).

(13) H. B.van der Heijde, Anal. Ciim 16, 392 (1957).

(14) G. A. Harlow and D. B. Bruss, SD, 1833 (1958).

(15) D. B. Brussand G. A. Harlow, Ibidl, 30 1836 (1958).

(16) A term coined by I. M. Kolthoff to describe anion which con-
tains both partners of a conjugate acid-base couple.

(17) 1. M. Kolthoff, S. Bruckenstein, and M.
ar., J. Am Gem S, 83,3927 (1961).

(18) C. M. French and I. G. Roe, IIA®B. FHHHISI:. 49, 314

K. Chantooni,

(11) L. D. Pettit and S. Bruckenstein, J. Ir[rg NLdl. Chsm in (1953).

press.

(19) E. Romberg and K. Cruz, Z BHetrodem, 63, 404 (1959).
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ion formation arising from simple coulombic
forces plays an appreciable role in stabilizing these
conjugate ions in EDA since its dielectric constant,
12.9, istoo high for equilibrium constants of the sta-
bility reported in Table I. No obvious relationship
between structure or X hx and X hx2 exists.

In the case of 3-methyl-4-phenylazophenol,
limiting slopes of 0.060 and 0.090 have been drawn
through the experimental e.m.f. values in Fig. 2.
These slopes would arise if the principal anionic
species in dilute solution was HX?2~ and was
(HX)2X _ in more concentrated solution.

The behavior of acetic and phenylacetic acids is
anomalous. While the slope shown in Fig. 2
suggests appreciable dissociation of the parent
acids, the magnitude of the observed e.m.f. values
indicates a lower activity of hydrogen ion than
for hydrochloric acid, whose e.m.f. behavior indi-
cates it is very slightly dissociated. Cryoscopic
data indicate that these acids are not significantly
associated, thus eliminating any scheme based upon
the dimerization of carboxylic acids. Further
work on the behavior of carboxylic acids in EDA
is currently being undertaken.

The e.m.f. data obtained with the mixtures of
thymol and sodium thymolate and o-phenylphenol
and sodium o-phenylphenolate rarely differ from
the values calculated using eq. lib and the least
squares constants given in Table Il by more than
2 mv. X Hx2 values calculated from the slope and
intercept of eq. lib are 6.4 and 35.9 for thymol
and o-phenylphenol, respectively, as compared to
11.7 and 65-i obtained using eq. 5d. The difference
between these results is not significant because of the
large relative standard deviations of the individual
values, and the weighted mean values of X hxu
for thymol and o-phenylphenol are 7.1 and 40.0,
respectively. The ratio XNax/Xux is given by
the ratio of the slopes (or intercepts) of eq. 5d
and lib. For thymol, the slope ratios yield 3.21
X 108 while the intercept ratios yield 1.76 X
103 with a weighted mean value of 2.13 X 108
For o-phenylphenol the slope ratios yield 283 while
the intercept ratios yield 156, with a weighted mean
of 209. These results are in agreement with the
assumption, XNaxCNax/Anx"Hx >> 1, used in
obtaining eq. lib.

The values of pXthymoi — pAmx for a series of
sodium salts as calculated from the e.m.f. values
of pure salt solutions using eq. 13c (Table III)
have been mentioned earlier. The value of this dif-
ference for o-phenylphenol is 0.99, as compared
to 1.08 (Table I) found from solutions of pure acids.
This agreement is within the experimental error.

(20)
(1959).

Stanley Bruckenstein and L. M. M ukherjee
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As pointed out above, in the case of the three
phenols listed in Table 111, no concentration de-
pendence of the e.m.f. is noted because the equi-
librium concentration of the parent acid arising
from reaction 12a is so small that significant con-
centrations of the possible conjugate ions do not
form. The sodium phenylacetate data also are
concentration independent, even though the be-
havior of the pure acid solutions is anomalous.

The tabulation of pXMx- — pXnci given in
Table 1V was obtained by combination of all the
data obtained in pure acid, some salt, and acid-
salt mixture solutions. In combining these data,
thymol has been taken as the common reference
point for the pure acid solution and the pure salt
solutions and the result rounded to the nearest
0.05 pK unit.

The difference pAnm — pXHei as calculated
from the conductance values listed by Schaap
and co-workers,4 —0.36, is in fair agreement with
the value —0.60 given in Table IV.

Table IV

pK Values of Some Acids and Sodium Salts Relative to

Hydrochloric Acid

Compound Khei
Thymol gf{B
0-Phenylphenol -S04
4.40¢
Phenol 4.306
-Phenylﬂhenol 4.206
odjunt t ymolate 2.05d
Sodium o- Fheny J)henolate 2.10tM
Phenylacetic aci t0.10'
3-Methyl-4-phenylazophenol —.35'
Hydrobromlc acid —.60
I Ir|o IC&CI 00 \-- 14%695
alcu a + K mii — ,
ﬁ P —%Jk%v,anéj th n{o? aS
MON referance | Sp salé ? re %u S umn?
: aPed on gure amg 0 ase op I1oure sFt
on amd -salt mixture dara.

smg thx pAhci =

The value of pXs — pXNsS was evaluated from
the data in Tables | and 111 using eq. 14, and found
to be 6.97 from thymol data and 7.00 from o-phenyl-
phenol data. Using Schaap’s value of pifs = 15.3,4
yields p/fnas = 8.35. On the basis of these data,
the monosodium salt of EDA appears to be a very
weak electrolyte, and, if it could be prepared,
would be a poor choice as a basic titrant. At-
tempts to prepare this compound by reaction of
sodium metal, sodium amide, and sodium hydride

N. van Looy and L. P. Hammett, J. Am CGrem Sx, s1, 3s72 With EDA have proved unsuccessful, the ultimate

products in all cases being black, tarry residues.
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INTERACTIONS OF LITHIUM

POLYPHOSPHATE IN AQUEOUS LITHIUM BROMIDE SOLUTIONS1
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counterions. Especially with long chain polyphos-
phates, this type of study has been fruitful in
distinguishing between those effects which are
general and those which are specific for each
counterion. This paper reports light scattering
and viscosity results obtained at 25° with lithium
polyphosphate (LiPP) in aqueous LiBr solutions,
the main objective being a comparison with results
obtained previously in a similar study of sodium
polyphosphate (NaPP) in aqueous NaBr.2

Such a comparison is of special interest because
electrical measurements have shown that at cor-
responding concentrations of simple electrolyte,
lithium and sodium ions are bound by polyphos-
phates to about the same extent,3while membrane
equilibrium studies have indicated approximately
equal thermodynamic interactions of LiBr and
NaBr with the polyphosphate.4 Yet, in contrast to
these similarities, it was found in preliminary
studies that the concentration of NaBr (0.47 M)
needed to cause phase separation was much lower
than that of LiBr (2.3 M) needed to accomplish the
same purpose (with the same polyphosphate
sample), and that the intrinsic viscosity of a poly-
phosphate sample was much lower in NaBr than
in LiBr solutions.6 The present study therefore
was aimed at furnishing data which would allow
more quantitative interpretations than were ob-
tainable with these preliminary results.

Experlm ental
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(1) This work was supported by a grant from the Atomic Energy
Commission under Contract AT(30-1)1018. The paper is based on a
thesis presented by P. Ander in 1961 to Rutgers, The State University,
in partial fulfillment of the requirements for the Ph.D. degree.

(2) U. P. Strauss and P. L. Wineman, J. Am. Chem. Soc., 80, 2366
(1958).

(3) U. P. Strauss and S. Bluestone, ibid., 81, 5292 (1959).

(4) U. P. Strauss and P. Ander, ibid., 80, 6494 (1958).

(5) U. P. Strauss, D. Woodside, and P. Wineman, J. Phys. Chem., 61,
1353 (1957).
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Results and Discussion

Determination of Molecular Weight and Second
Virial Coefficient—Light scattering results for
two lithium polyphosphate samples, LiPP-1 and
LiPP-2, were obtained by the dissymmetry and
Zimm methods,0 respectively. Plots of Kc&
R% vs. ¢2 for LiPP-1 are shown in Fig. 1 and a
typical Zimm plot for LiPP-2 is shown in Fig. 2,
the various parameters being defined below.

For the three-component system, water (com-
ponent 1), LiPP (component 2), and LiBr (com-

(6) B. A. Brice, M. Halwer, and R. Speiser, J. opt. SOC. Am., 40, 708
(1950).

(7) B. L. Williams, Ph.D. Thesis, Rutgers, The State University,
New Brunswick, New Jersey, 1959.

(8) H. Boedtker and P. Doty, J. Phys. Chem., 58, 968 (1954).

(9) C. A Brown and F. W. Zerban, “ Physical and Chemical Methods
of Sugar Analysis,” 3rd Ed., John Wiley and Sons, Inc., New York,
N. Y., 1941, p. 1206.

(10) P. Doty and J. T. Edsall, Adv. in Protein Chem., 6, 35 (1951).



2236

Fig. L—Light scattering reduced intensity as.a functjon
Qf’ plg%mMerﬂ%rc;en%?[g %Jr Hglrgl In: % 0a§0 " M?r,

ponent 3), the light scattering results can be in-
terpreted by the equations1l 12

f " (TAw  + 2£a) >

(11) J. G. Kirkwood and R. J. Goldberg, J. Chem. Phys., 18, 54
(1950).
(12) W. H. Stockmayer, ibid., 18, 58 (1950).
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K = 2 x2FMon/dcAVYAXE (2
(on/dcs) i &
(on/0Ci)  Mi o3 ©
1 6 - 7
Mt = - (4)
A 6 + 6pu

In these equations RO is the excess Rayleigh ratio
of the solution over that of the solvent extrapolated
to zeroj angle, Mj is the molecular weight and
g is the concentration of component j, in g./g.
of water, X is the wave length of light in vacuo,
FOis the volume of solution containing 1g. of water,
n is the refractive index of the solution, pu is the
depolarization, and = (/2T)(dpj/dmk) where
Pj~andfTOj are the chemical potential and molality
of component j. For the dissymmetry methodD
ROin eq. 1 is replaced by 7£9) the excess Rayleigh
ratio at 90°, and eq. 4 is replaced by

- 1 6 - T7pu
Mi = w X (5)
P(90) 6 + 6pu

where 1/P(90) is the dissymmetry correction ob-
tained from the intrinsic dissymmetry, [Z], by
using the tables of Doty and Steiner.18 The values
of [Z] were obtained from plots of 1/(Zz — 1)
against c2 where Z is the dissymmetry due to the
polymer measured at finite polymer concentrations
at 45 and 135°.

In order to calculate D, the term aiz/Mia”™ was
determined from membrane equilibrium data,44
the quantity (dn/dci) was measured, and (bn/
dc3 was found to be 0.143 from interpolation of
literature values.IS®6 The refractive index incre-
ments of the polyelectrolyte are given in Table I,
as are the values of 1/(1 — D)2 The depolari-
zation corrections in eq. 4 and 5 were neglected in
the calculations since, based on previous exper-
ience,2they were not expected to affect the molecu-
lar weight significantly.

The light scattering data for LiPP-1 and LiPP-2
are summarized in Table I. The consistency of
the molecular weights obtained here with those ob-
tained in the previous light-scattering study of the
corresponding sodium system2was tested through
the intrinsic viscosity of the LiPP samples in
0.35 M NaBr. From the Mark-Houwink relation
established in the previous study, the molecular
weights of LiPP-1 and LiPP-2 were calculated to
be 5.5 X 106and 4.3 X 106 respectively.I7 These
values are seen to fad within the range of the di-
rectly determined molecular weights. The con-
stancy of the intrinsic viscosity of each sample
determined throughout the course of the experi-
mentation period indicated that the small amounts
of residual water caused no degradation of the solid
polymers at the temperature of storage (—15°).

(13) P. Doty and R. P. Steiner, ibid., 18, 1211 (1950).

(14) P. Ander, Ph.D. Thesis, Rutgers, The State University, New
Brunswick, N. J., 1961.

(15) “International Critical Tables,” Vol. 7, McGraw-Hill Book Co.,
New York, N. Y., 1930, p. 73.

(16) Landolt-Bornstein, “Physik Chem. Tabellen,”
Supplement 1, 1927, p. 534.

(17) The difference between the atomic weights of Na+and Li+was,
of course, taken into account.

Aufiage 5,
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Table |

Light Scattering and Viscosity Results of LiPP-1 and LiPP-2 in Several Lithium Bromide Solutions

(I - D)2
A

Sample Molarity (1- D)-»  (on/oa) X10-*
LiPP-1 0.90 1.60 0.108 2.78

1.35 1.88 102 2.18

1.50

1.80 2.36 094 2.44
LiPP-2 1.15 1.73 105 2.86

1.35 1.88 102 2.13

1.50 2.04 .0938 1.87

1.70 2.25 04 2.27

— [(E»N«A) — =

From
X B X i light
21 i\6'»« 10~ (dl.?g.) Scattegring From [y]&

1.52 6.2 4.8 1.37 835 8%
1.37 5.2 2.3 0.92 762 750
.76 719
1.27 6.9 0 .53 637 624
49 2.9 .80 663 673
40 1.9 .70 572 644
39 1.0 59 a8
5.1 0.3 .51 570 580

aThe molecular weights of LiPP-1 and LiPP-2, determined from intrinsic viscosity measurements in 0.350 M NaBr, were

found to be 55 x 10sand 4.3 x 10]) res |ve0y
LiPP-1, Ah = 4.3 x IOsforLlPPZ o= 22x 104, andqg= 1.

It is evident from Table | that the values of
the molecular weights obtained at different LiBr
concentrations show considerable variations for
each sample. We attribute this to two causes.
First, in each case (1 — D)2A, the reciprocal in-
tercept of the light scattering curve seems to be
higher at the largest LiBr concentration than would
be expected from the trend of the other values.
This is believed to be due to complexities in the
light scattering curves which may be expected
near the theta pointl8when more than one solvent
component is used and the dilutions are carried
out at constant solvent composition.9 Second,
the values of (1 — D)~2are far from unity and
therefore quite sensitive to the experimental un-
certainty of the membrane equilibrium data. In
view of these difficulties, the observed agreement
between the values of obtained at the interme-
diate LiBr concentrations (where the attainable
precision of the light scattering molecular weight
is at an optimum) and the values obtained from the
intrinsic viscosity in 0.35 M NaBr is better than
might be anticipated.

By extrapolating a plot of B against LiBr
molarity, one finds that B = 0 when the molarity
is 1.80. Thus the 1.80 M solution is a theta sol-
vent for LiPP at 25°.2 This is in line with the
previous observation that a LiBr molarity of 2.3
was necessary to cause phase separation in an
aqueous solution of a long-chain polyphosphate.6

Molecular Dimensions and Second Virial Co-
efficient—The G-average r.m.s. end-to-end distance
(S2zlis for LiPP-1 obtained from light scattering
was determined from the value of [Z] using the
“monodisperse coils” tables of Doty and Steiner.13
For LiPP-2, the Oaverage radius of gyration,

(S2 21/, was calculated from the relation

(18) The theta solvent is 1.80 M; see below.

(19) U. P. Strauss, unpublished results.

(20) Saini and Trossarelli [J. Polymer Set., 23, 563 (1957)] reported
that for the system LiPP-LiCI-LLO the theta solvent composition was
0.4 M LiCl at 20°. Neither the different by-ion nor the slightly
different temperature employed by them can account for the large dis-
crepancy between their results and ours. In addition, their reported
molecular dimensions per unit of polymer in 0.4 M LiCl are about twice
as large as the ones observed by us in our theta solvent, and also much
larger than usually is observed for flexible polymers of this type. Their
results therefore should be regarded with caution.

See text

bCacuated by méans of eq 8 using Af2 = 55 x 105 for

where | and s are the intercept and slope, respec-
tively, of the Zimm plotc2= 0 line.2l'2

For a random coil, (/¢2zis related to (S9zby

(A9, = 60S2* @)

Flory, et al.,Z have shown that to obtain compar-
able ~-average values from the intrinsic viscosity,
one may use the relation

The quantity q was estimated by assuming the
molecular weight distribution given by Zimm2
with the parameter characterizing the heterogeneity
equal to unity. This gives Mw/Mn = 2 and q =

1.95.24 Using the value of 2.2 X 102Lfor $sand the
value of Mwobtained from viscosity measurements

in 0.350 M NaBr, values of (R2zl2were calculated
using eq. 8. These values are in good agreement
with those obtained from light scattering. The re-
sults are presented in Table I.

Krigbaum has shown that several first-order
approximation theories concerning the excluded
volume give the following relation between the
intrinsic viscosity and the second virial coefficient

7 = ©

where the subscript 8 refers to the theta solvent and
k is a dimensionless constant. This equation,
which is predictedb to apply to ordinary polymers
in poor solvents, also holds for LiPP-1 and LiPP-2,
as shown in Fig. 3. For comparison, the results
obtained with a sample of sodium polyphosphate2
are included in the figure. From these lines we
find that k in eq. 9 is 3.2 X 10-3, 26 X KD3
and 2.9 X K)-3for LiPP-1, LiPP-2, and NaPP-7,2
respectively. The agreement between the LiPP
and NaPP results indicates that the counterion
does not affect the relation between the effects of
the excluded volume on the intra- and mfermolecu-

(21) B. Il. Zimm, J. Chem. Phys., 16, 1093, 1099 (1948).

(22) K. A. Stacy, “Light Scattering in Physical Chemistry,” Aca-
demic Press, Inc., New York, N. Y., 1956, p. 33.

(23) S. Newman, W. R. Krigbaum, C. Langier, and P. J. Flory, J.
Polymer Sci., 14, 451 (1954).

(24) The hydrolytic degradation of the polyphosphate during the
preparation of its lithium salt is assumed to lead to polydispersity

characteristic of unfractionated polymers.
(25) W. R. Krigbaum, J. Polymer Sci., 18, 315 (1955).

Me + kMwB
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Fig. 3.—Teat plot of eq. 9: . LiPP-1, Afw= 55 X 106
(the value of B for 1.50 M LiBr is the one obtained with
LiPP-2); O, LiPP-2, Mv = 43 X 106, —, NaPP-7, M, =
6.9 X 105 taken from ref. 2.

Fig. 4.—Dependence of the molecular expansion coef-
ficient, a, on the simple electrolyte molarity, m3, for:
e, LiPP-1 in LiBr; O, LiPP-2 in LiBr; —, NaPP-7 in
NaBr, taken from ref. 2.

lar interactions of the segments. The theoretical
value for kis 4.4 X 10-3. In view of the fact that
some of the assumptions underlying the theory are
still uncertain and that the values of k determined
for ordinary polymers also deviate more or lessfrom
the theoretical value, it seems premature to ascribe
any special meaning to the deviation found here
for polyelectrolytes.

(26)
is proportional, is lower than 2.1 X 1021 as assumed by Krigbaum.®

Such a conclusion, however, would not be in accord with the value of
$ = 2.2 X 102 which gave good agreement between the light scatter-

U. P. Strauss and P. Ander

Vol. 66

The values of Me, determined from the inter-
cepts of the lines of Fig. 3, are 0.53 and 0.48 dl./g.
for LiPP-1 and LiPP-2, respectively. From these

values one then can calculate (7?2/P),/2, the root-
mean-square end-to-end distance per monomer
unit of the polymer chain in the absence of long

range interactions, where (P3)I2 is the unper-
turbed r.m.s. end-to-end distance and P is the
degree of polymerization. This quantity, which
is characteristic of the intrinsic flexibility of the
polymer chain, is obtained by the application of
eq. 8 and by dividing the resulting values of

(Ro2v /' by PtlA, where Pz is taken to be 1.5PW
in line with the assumed molecular weight distribu-
tion. The resulting values for LiPP-1 and LiPP-2
are 6.5 and 6.4 A., respectively, in close agreement
with the value of 6.2 A., determined previously

for NaPP.2 The corresponding values of (fid/
Ppofyus are 1.74, 1.72, and 1.68, respectively.

Here, (PZX)'A, the hypothetical unperturbed
mean square end-to-end distance which the
polymer would have if all its bonds were freely
rotating, is calculated by the same method and
with the same assumption as used previously.2
This result seems to indicate that at the high
electrolyte concentrations employed in these
studies, the short-range interactions between poly-
mer segments are neither affected by the nature
of the counterion nor by the ionic strength. How-
ever, the possibility of a fortuitous cancellation
of finite effects of these two properties cannot be
completely excluded.

Molecular Dimensions and Electrolyte Con-
centration.— In view of the equivalence of molecu-
lar dimensions and second virial coefficient, as
shown in the previous paragraph, only one of these
quantities need be considered as a function of
electrolyte concentration. The molecular di-
mensions are chosen since they can be determined
more accurately. The difficulties encountered in
applying several theories relating molecular di-
mensions and ionic strengthZ?3 to the experi-
mental results obtained with NaPP were discussed
by Strauss and Wineman.2 For the same reasons,
only Flory's theory3l can be tested with the
results obtained from this study. Flory’s equation
relating molecular dimensions to electrolyte con-
centration can be put into the form

(a6 - a3/P'A = 3 + 2Ci'P/m/ (10)

where

Ci = (33X 10329V /INa- YAd-P) -2  (11)

ing and viscosity molecular dimensions. It is of interest that the
opposite was found by Flory and Orofino for polyacrylic acid in NaCl.
[T. A. Orofinoand P. J. Flory, J. Phys. Chem., 63, 283 (1959)]. They
needed a low value of <to have agreement between the light scattering
and viscosity molecular dimensions, while the high value would have
given them agreement with their somewhat different theoretical rela-
tionship between [771 and B.

(27) 3. 3. Hermans and J. T. G. Overbeek, Rec. trav. chim., 67, 761
(1948).

(28) W. Kuhn, O. Kunzle, and A. Katchalsky, Helv. Chim. Acta, 31,

One such meaning could be that the value of < to which k 1994 (1948).

(29) A. Katchalsky and S. Lifson, J. Polymer sci., 11, 409 (1953).
(30) S. A. Riceand F. E. Harris, 3. Phys. Chem., 58, 653 (1954).
(31) P.J. Flory, 3. chem. Phys., 21, 162 (1953).
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and i is an effective degree of ionization of the poly-
electrolyte, while ra3 is the molarity of simple
electrolyte. The test plots of (a6 — a3/PW
against 1/W for LiPP-1, LiPP-2, and NaPP2
are shown in Fig. 4. In accordance with the
theory, the points for the two LiPP samples fall
on the same line. The slopes of these plots are
0.043 and 0.028 for LiPP and NaPP, respectively.
Substituting 6.3 and 6.5 A. for {R~"/P)'uineq. 11
for NaPP and LiPP, respectively, gives 1.29 and
1.42 for their respective Ci values. To reach
agreement with eq. 10, the values of i would have
to be 0.13 for LiPP and 0.10 for NaPP. These i
values are slightly lower than their respective
values, 0.17 for LiPP and 0.14 for NaPP, obtained
from membrane equilibrium experiments by extrap-
olation to zero ionic strength, but the differences
are not large considering that i is really the result
of electrostatic interactions which may affect the
two types of polyelectrolyte properties differently.

The intercept J of eq. 10, which can be con-
sidered a measure of the excluded volume of the
hypothetical uncharged polymer, is —0.026 for

Kinetics of the Hydrolysis of M onoalkyl Sulfates

2239

LiPP and —0.068 for NaPP. Two conclusions
may be drawn from this result. First, the fact
that these values are negative indicates that the
solvent is incompatible with the uncharged poly-
mers. Only when the contribution of the electrical
charges, represented by the positive last term in
eq. 10, approaches (or exceeds) J, will the polymer
go into solution. Second, the difference between
the two values of J indicates that the uncharged
sodium polymer has a much higher solvent in-
compatibility than the uncharged lithium polymer.
This difference has been postulated previously to
account for the differences in both intrinsic vis-
cosities and phase-separation behavior of these
polymers, and has been ascribed to the greater
ability of the bigger unhydrated sodium ion to
cross-link two phosphate groups.2
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The presence of micellar electrolytes recently
has been reported1-3 to give rise to changes in the
rates of various ionic reactions which are far in
excess of and far more specific than those expected
from an ordinary Kinetic salt effect. Duynstee
and Grunwaldl have studied the changes in the
rates of the alkaline fading of dyes of various charge
types which accompany the partition of the dye
molecules into micelles, and have emphasized the
dominant role of electrostatic interactions in those
effects. The rate of the proton-catalyzed hydroly-
sis of N-benzylideneaniline has been shown to be
strongly retarded in the presence of the cationic
detergent, w-hexadecyltrimethylammonium bro-
mide, by van Senden and Koningsberger.2 Large
rate factors arising from the presence of ionic
micelles also have been reported by Lowe and

(1) E. F. J. Duynstee and E. Grunwald, J. Am. Chem. Soc., 81, 4540,
4542 (1959).

(2) K. G. van Senden and C. Koningsberger, Tetrahedron Letters, 1,
7 (1960).

(3) M. B. Lowe and J. N. Phillips, Nature, 190, 262 (1961).
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Phillips3 for the incorporation of cupric ion into
the porphyrin ring.

Since these rate effects were assumed by their
investigators to arise from incorporation of the
reactants into (or onto) the micelles, it appeared
to be of interest to examine a reaction in which
the micellar salt itself is directly involved. The
hydrolysis of straight chain alkyl sulfate salts to
the corresponding alcohols

ROSOa- + HD ROH + HS04 1)
was chosen for investigation. A single homologous
series contains both micellar and non-micellai
esters, and since the micelles are constructed
directly from the reactant ions, their structure is
unperturbed by the presence of foreign molecules
during the initial few per cent of reaction. The
hydrolysis is known to proceed by three kinetically
distinct paths—hydrogen ion catalysis, hydroxide
ion catalysis, and uncatalyzed solvolysis—whose
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mechanisms have been elucidated,4-8 thus provid-
ing three closely related reactions of different charge
types. Since only univalent ions are involved in
these reactions, the interpretation of kinetic effects
should be simplified. The observation that long
chain alkyl sulfates appear to undergo more rapid
acid-catalyzed hydrolysis than do the short chain
esters has been reported,910 but no discussion of
the factors which might have given rise to such an
effect was presented.

Both the spontaneous6 and the hydroxide ion
catalyzed8 routes proceed with carbon-oxygen
cleavage, while the acid-catalyzed678 path yields
sulfur-oxygen cleavage. Calhoun and Burwell4
have presented evidence supporting the contention
that the hydroxide ion-catalyzed reaction proceeds
by direct nucleophilic displacement, while the
uncatalyzed path is intermediate in character
between Snl and Sn2. The existence of appre-
ciable binding of water to carbon in the transition
state for the uncatalyzed hydrolysis is shown to be
probable by the observation that the uncatalyzed
hydrolysis of sec-butyl sulfate proceeds with in-
version.6 The acid-catalyzed hydrolysis presum-
ably proceeds through equilibrium protonation of
the sulfate moiety followed by attack of water on
sulfur.6

RS04 + H+ RSOH

)
RSChH + HD — > ROH +

HSO4 + H+ (3)
Since an ionic micelle in aqueous solution may be
regarded as a region of the solution composed of
oriented molecules and possessing both a low
polarity and a high electrostatic potential with
respect to the bulk solution,11 the study of the ef-
fects of micellar electrolytes on the rates of chemical
reactions is of interest from several viewpoints.
It should be possible to exploit the structure of the
micelle to change the rate and course of reactions,
and the observed rate effects should be useful in
exploring the details of this structure. In addition,
the similarity of a micellar solution to systems of
biological importance renders such kinetic data of
man

potential biochemical interest.
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(4) G. M. Calhoun and R. L. Burwell, Jr., 3. Am. Chem. Soc., 77,
6441 (1955).

(5) R. L. Burwell, Jr., ibid., 74, 1462 (1952).

(6) G. H. Green and J. Kenyon, J. Chem. Soc., 1389 (1950).

(7) S. Lieberman, L. B. Hariton, and D. K. Fukuahima, J. Am.
Chem. Soc., 70, 1427 (1948).

(8) E. T. Kaiser, Thesis, Harvard University, Cambridge, Mass.,
1959.

(9) K. H. Bauer and W. Poetlike, J. prakt. Chem., 126, 296 (1930).

(10) G. Desseigne, Industries corps gras, 1, 136 (1945).

(11) See, for example, P. A. Winsor, “ Solvent Properties of Amphi-
philic Compounds,” Butterworths, London, 1954, Chap. 1 & 2.
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(15) M. H. Lietzke, R. W. Stoughton, and T. F. Young, 3. phys.

hem., 65, 2247 (1961). This reference gives p2Za(HSC)4“) = 2.9 at
90 which, together with reasonable estimates of activity coefficients,
mphes that catalysis by H+ contributed by the ionization of HSCh-
is unimportant for HCIO4concentrations above 0.01

(16) E. D. Hughes, C. K. Ingold, and W. Shapiro, 5. chem . soc
225 (1936).
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The pseudo first-order rate constant for the
hydrolysis of the alkyl sulfate salts may be ex-
pressed in terms of the three constants measured
in this work as

k=h+ MH+] + 4oh[OH-] (4

Values of the first-order rate constant, f0, for the
uncatalyzed hydrolysis were measured at 90°
in borax and acetate buffers, and are summarized
in Table I. These specific rates appear to decrease

Table |

ar I0°

Rate Constants fob Uncatal zgd Hydrolysis
AND i1 = Oé
107 ko (sec.-1)

Borax Acetate Acetate

Ester bufferO bufferOQ bufferd
Sodiummethyl sulfate  2.42 or 0.02 2,37 & 0.03 2.47 or 0.03
Sodium ethyl sulfate 132cd 02 1.32ad ,03 1.38dr .07
Sodium amyl sulfate 063 .03 0.87cr 07 O0.78ar .04
Sodium decyl sulfate 037:1: 03 047 .04® 0.SOcr ,03*

SOd'umdgdeé:frenlth marntarned 6) additj on of rbazgrm
I-M%‘ co%ﬁen?rafr crrl)?rce iodrg £ erlJ ‘m ac
ch m: S0 rumaceae 1 dnrra

, 10 etrc ai

cnd ? esTe[ %Z
?romelﬁ pmnﬁ%m jon cata C1yzed reacfion. Sl

smoothly as chain length increases and show no
sign of a discontinuity between the rates for micellar
and for non-micellar esters. Any change in rate
due to micellization must be too small to show
clearly. The observation that changing the ace-
tate buffer concentration by a factor of two does
not alter the rate within experimental error shows
that catalysis by the buffer species is not im-
portant in those systems. A similar conclusion
for the borax buffer follows from the observation
that the rates in that buffer do not exceed those in
the acetate.

The picture is quite different in the case of the
second-order rate constant, ku, for the hydrogen
ion-catalyzed hydrolysis as measured in perchloric
acid solutions (Table Il). Here a sharp increase
in rate accompanies micelle formation. For each
value of the ionic strength, the rate varies little
with increasing chain length up to the point at
which the ester ions aggregate into micelles. At
the lower ionic strength, the rate increase accom-
panying micellization is near a factor of 40 for
sodium dodecyl sulfate and rises to near a factor
of 80 for sodium octadecyl sulfate. All of the
esters show the negative salt effect expected for a
reaction which occurs formally between ions of
opposite charge. The salt effect at first decreases
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with increasing chain length, but then increases
sharply for the micellar esters. For each salt
concentration, the longest chain ester for
which a rate constant is listed is the highest member
of the series which is sufficiently soluble to permit
such data to be taken at 90°. The low value of
m for sodium decyl sulfate at the lower ionic
strength reflects the fact that only a small fraction
of this material is aggregated into micelles (c.m.c.
= 0.0.36 m, see Discussion).

For the non-micellar esters, specific salt effects
at constant ionic strength for kn are seen to de-
crease with increasing chain length, thus parallel-
ing the ionic strength effect. For the micellar
ester, sodium decyl sulfate, the data show that
specific salt effects on /ch arising from the inter-
change of sodium ion and hydrogen ion are small,
although perhaps somewhat larger than expected
for a non-micellar ester of the same chain length.

Table ”

H+ / is at J0°
R ate Constants fob Catalyzed Hydbolysis at
Initial

ester JiClOi 105&HC
concn.® conen,it (mole -1
. Ester (m) (m) B> sec.-1)
Sodium methyl  0.0409  0.0103  0.51 5.02
sulfate 0409 0411 5.00
0411 103 47
103103 4.90
200207 518
103 310 6.43
0402 0405 081 7.8
Sodium ethyl 0409 103 51 5.68
sulfate 103 103 5.40
200208 5.33
103 310 592
_ 0402 0406 081 747
Sodium amyl 00409 103 51 5.21
sulfate 104 105 5.25
103 312 550
0404 0405 081  6.38
Sodium decyl 0413 104 51 413
sulfate 104105 50.7
214 215 48.3
104 315 48.5
104 420 44.5
0405 0407 081 337
Sodium dodecyl 0414 104 51 8L7
sulfate 0405 0407 081 198
Sodium tetradecyl 0414 104 51 892
sulfate 0406 0407 081 280
Sodium hexadecyl 0407 0400 081 347
sulfate
Sogulﬁgteoetadecyl 0410 0412 081 505
*
., Dm”phg“ (g“g;; o CPW?gp}éatW”S 'de”tlﬁ%‘. %trw'ﬂ”g‘{ﬂ
Was o of sodiun pér ﬁo?h s
D L R S ST S
eV|a9 S ermlaatlg from % usuallys
neéar:% and mn caseexcee % of the repor mean.

The complementary case of a reaction which is
retarded by micellization is illustrated in Table
111, which lists values of the second-order rate
constant, lgh, for hydroxide ion-catalyzed hy-
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Table ”l

R ate Constants fcr OH“ Catalyzed Hydrolysis at

° anom= 05

L0 koch (mole 1ec. )

Ester

Sodium methy| sulfate® 2.13 +0 .02
Sodium methyl sulfatel 203 t 0
Sodium ethyl"sulfate* 0.290t 005
Sodium amyl sulfate” 060 + 003
Sodium decyl sulfate 000% 001
Sodium dodecyl sulfate® 0001

Initial conceritrations: ester, o.21 to; Sodium hydroxme

030 m  blnitial concentrations: ester, 0.053

] jum
hydroxide, 0.081 o sodium perchiorate, 0.38 to.

to, sodi

drolysis. Here the situation is complicated some-
what by the existence of a decrease in rate accom-
panying a simple increase in chain length. The
discontinuity in rate upon the transition to micellar
esters is none the less noticeable, however, since a
rate decrease of about a factor of four upon pro-
ceeding from the ethyl to the amyl ester is followed
by a decrease of at least a factor of 60 upon going
from the amyl to the decyl ester.

As the concentration of micellar ester is de-
creased toward the c.m.c., the observed rate con-
stant approaches that characteristic of the free
non-micellar ions. This behavior is illustrated in
Fig. 1, which shows Ah for sodium decyl sulfate
as a function of the reciprocal of the ester concen-
tration. In an attempt to minimize the influence
of specific salt effects on that curve, the perchloric
acid concentration and the total sodium ion con-
centration (maintained by sodium perchlorate) to
which the experimental points refer are constant at
0.02 and 0.49 m, respectively. Some variation
in the ionic strength of the bulk solution is unavoid-
able in such a series, since the contribution of the
micellar ester is uncertain.

Attempts to measure the c.m.c. conductimetri-
cally at ionic strengths near 0.5 were found to be
unfeasible. For this reason, its value was de-
termined at four lower salt concentrations to
enable extrapolation to the higher value. It is
well established1718 that the logarithm of the
c.m.c. of a micellar electrolyte is a linear function
of the logarithm of the total gegenion concentra-
tion. The values determined for the c.m.c. of
sodium decyl sulfate at 90° for sodium perchlorate
molalities of 0, 0.0498, 0.0989, and 0.2002 were,
respectively, 0.0439, 0.0366, 0.0294, and 0.0234 m.
The least squares linear equation of best fit for
these data is

1.878 - 0.392

log (c + c.m.c.) (5

log (c.m.c.) = -

where ¢ represents the molality of sodium per-
chlorate. The average deviation of a single point
from the line is 0.012 log unit or ca. 3% of the
measured c.m.c. The slope of this line is signifi-
cantly lower than the slope reported® for sodium
decyl sulfate in sodium chloride solutions at 25°.

C17) E. Heymann and I. M. O Donnell, J. 4, 395
(1949).

(18) R. J. Williams, J. B. Phillips, and K. J. Mysels, Trans. Faraday

Soc.., 51, 728 (1955).
(19) K. J. Mysels and P. Kapaunan, J. Colloid Sci., 16, 481 (1961).

Colloid Sci.,
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Using the same concentrations as those indicated
for the 90° rate data in Table I, the values of kH
were measured at 65 and 75° for sodium ethyl
sulfate and sodium dodecyl sulfate. The activa-
tion parameters for the acid-catalyzed hydrolysis
of these esters were calculated from the rate data
for these three temperatures by least squares, and
their values and probable errors (expressed to the
nearest full tenth of a kcal./mole or e.u.) are given
in Table IV. It was necessary to correct the
pseudo first-order rate constants measured for

Table |V

Activation Parameters for the H + Catalyzed

Hydrolysis of Sodium Alkyl Sulfates

ah* AS*

. Ester® ii (keal./mole) (e.u.)
Sodium ethyl sulfate  o0.081 30.7:0.1 6.6+0.1

. 51 30.0+ .3 4.2+ .5
Sodium dodecyl sulfate ~ .0s1 280 % 5.7+ 4

28 3+ 1

Initial conc ntratmn e en or TabI
bCaIcuI'atha T micel ?w eoform%(\{ (i e ?otal
uni-univalent salt concentration

sodium ethyl sulfate for small contributions from
the spontaneous hydrolysis rate before calculating
the value of &- These corrections ranged from
1to 10% of the observed rate constant. The cor-
rections for the 90° rates were taken from the ob-
served values of kOand those for the lower tempera-
tures were calculated from the 90° rate constant
and the value of AH* reported4 for the neutral
hydrolysis. No such corrections were necessary
for the sodium dodecyl sulfate data.

Discussion

Uncatalyzed Reaction.—The rate of attack of
water at the a-carbon is seen (Table 1) to be little
affected by the aggregation of the ester anions into
micelles. This implies that the micelle is very
“wet” at least as far in as the a-carbon. More
precisely stated, the water activity and the sol-
vating power of the medium are essentially un-
changed at this depth into the micelle. Such a
conclusion is consistent with the rough surface
proposed by Stigter and MyselsD for sodium
dodecyl sulfate micelles. In this model, the sul-
fate groups protrude from the hydrophobic body
of the micelle into the solution, thus allowing both
counterions and solvent to penetrate between them.
This type of structure also has been postulated
for alkyl sulfate micelles by Veis and Hoerr2l on
the basis of the electrostatic free energy of micelle
formation.

That this wetness is a property only of the outer
layers of the micelle and not of its entire volume
is suggested by the observation2 that the uncata-
lyzed rate of hydrolysis of ethyl trichloroacetate is
strongly suppressed by sodium dodecyl sulfate.
Since this ester is far more soluble in non-polar
solvents (and in aqueous sodium dodecyl sulfate
solutions) than it is in water, it would be ex-
pected to avoid the wet outer layers of the micelle

(20) D. Stigter and K. J. Mysels, J. Phys. Chem., 59, 45 (1955).
(21) A. Veis and C. W. Hoerr, J. Colloid Sci., 15, 427 (1960).
(22) E. J. Fuller and J. L. Kurz, unpublished observations.
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in favor of the hydrophobic interior where it is
protected from solvolysis.

Hydrogen lon Catalyzed Reaction.—The sharp
increase in foH which accompanies micellization
suggests that some factor is operative which does
not affect ka All of the data are in agreement with
the hypothesis that this factor is the electrostatic
potential of the micelle with respect to the bulk
solution. The effect of micellization on the hy-
drogen ion catalyzed rate presumably takes place
through a shift in the. prior protonation equilibrium
(eq. 2). The sulfate moieties become stronger
bases due to the presence of a negative potential
on the micelle in a manner analogous to the change
in strength of an acidic group arising from the
presence of a charged center in the same molecule. 3
It is known that the acidities of micellized alkyl
ammonium ions2l and of various indicators in the
presence of micelles2d are shifted in the manner
expected from a consideration of charge, so that a
similar effect for the alkyl sulfuric acids is not un-
expected. The rate-determining reaction of the
protonated ester molecules (eq. 3) then occurs with
a specific rate essentially unchanged from its value
in the bulk solution. The increase in the micellar
rate effect upon proceeding to still longer chains
presumably reflects the increase in size and “ tight-
ness” of the micelle expected to accompany the
increase in chain length.

The potential may be considered either to act
directly on the prior equilibrium constant or to
shift that equilibrium by changing the distribution
of hydrogen ion in the double layer. These view-
points are equivalent and differ only in their im-
plied definitions of K. That this electrostatic
effect is the only important contributor to the ob-
served rate enhancement is suggested by the fol-
lowing considerations. Since ka is free from
medium effects arising from the hydrocarbon
character of the micelle, Ah (which involves partici-
pation of water at a position two atoms further
from the micellar interior) also should be free from
such influences. Further, the lack of chain-length
effects for non-micellar esters suggests that AH is
unaffected by steric hindrance on the hydrocarbon
side of the sulfate moiety.

The assumption that the electrostatic effect is
the sole important contributor to the rate ratio
allows the micellar potential to be calculated from
that ratio. The AF* for formation of the transition
state from the alkyl sulfate and hydrogen ions may
be split into two parts: an electrostatic term (AT
representing the electrical work done in bringing
one mole of protons, each with charge, e from the
bulk of the solution up to the sulfate moiety
which has a potential, and a non-electrostatic.
term including all other contributions and assumed
to be constant. Using subscripts m and f to denote
functions for micellar and free alkyl sulfate ions,
respectively, one can then write

AFnT — AFf* = Ne(im—i/) = NtAD  (6)

(23) J. G. Kirkwood and F. H. Westheimer, J. Chem. Phys., 6, 506.

513 (1938).
(24) G. S. Hartley, Trans. Faraday Soc., 30, 444 (1934).
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Since AFja*
[if), then

AFi* also is equal to —RT In (knY

km

In.— )

The quantity, A¥/, may be interpreted as the
average potential at the surface of the micelle less
the contribution to this potential made by the
particular sulfate group under consideration. Since
the number of anions forming the micelle is of the
order of 50 or more,5the error made in identifying
Aip with the surface potential of the micelle should
be small. This is particularly true for the assumed
model of a spherical micelle with the charged groups
free to move into the most stable position on the
surface. It should be pointed out, however, that
the magnitude of both \d and would be ex-
pected to be much larger than their difference, since
the majority of the potential is due to the single
negative charge on the ion in question. {\a¢t — 3
v., assuming an effective radius of 2.5 A. and a
dielectric constant of 2.)

The values of A\ calculated for the micelles
formed from sodium alkyl sulfates with even num-
bers of carbon atoms from CiO to Ci8 are given in
Table V for the two ionic strengths at which
measurements were made. The value taken for
ki is that measured for the amyl ester at the same
ionic strength. The value of A\ for the decyl
ester is calculated from the value of km obtained
by extrapolation to infinite ester concentration

weo &
= Ul

Table V
Ail< (mv.) for Sodium Alkyl Sulfates
. Eater n = 0.46" ii = 0.04“
Sodium decyl sulfate -80.1
Sodium dodecyl sulfate -85.4 -106.4
Sodium tetradécyl sulfate -88.3 -117.4
Sodium hexadecyl sulfate -123.9

Sodium octadecy! sulfate -135.8

fromL{ﬁteegn ||c0e'ffgr eslterg{}ghr}te@es not include contributions

at constant ionic strength by the procedure de-
scribed below for estimation of the c.m.c. from
kinetic data. No such correction has been made
for the higher esters. Assuming that the c.m.c.
at 90° is the same as that measured at 25° and the
same ionic strength,18% lack of such a correction
would cause the Aip for the Cj2ester to be in error
by only 1.8 mv. at the lower ionic strength and 0.4
mv. at the higher ionic strength. Errors would
be even smaller for the higher esters.

Two features in Table V are immediately evi-
dent. The micellar potential increases in magni-
tude as the chain length increases, reflecting the
expected enlarging and tightening of the micelle,
and its magnitude is greater at the lower ionic
strength where shielding by the double layer would
be expected to be reduced. The zeta potential
of sodium dodecyl sulfate micelles at 25° has been
measured as a function of sodium chloride concen-

(25) See, for example, K. J. Mysels and L. H. Prineen, J. Phys.
Chem., 63, 1696 (1959).

(26) This assumption is reasonable since the Aif of micellization is
near zero as commented on later in this paper.
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tration by Stigter and Mysels.D These same
authors also have calculated the surface potential
(ip°) expected for a smooth spherical Gouy micelle
having the degree of association observed for so-
dium dodecyl sulfate micelles. The values of the
ionic strength listed in Table V do not include
contributions from the micellar electrolyte and
hence are directly comparable to the sodium chlo-
ride concentrations for which f and \f are listed by
these authors.

The value of Ai/f at n — 0.04 (—106 mv.) falls
between the values of f (—78 mv.) and of
(—155 mv.) corresponding to that ionic strength.
Stigter and Mysels considered the difference be-
tween i"Oand f to be too large to be accounted for
by the 1.5 A. separation of the two layers to which
these potentials refer, and thus were led to their
proposal that the micelle has a “rough” surface with
sulfate groups projecting and binding counterions
between them. Such a model would lead to a
magnitude of lower than that calculated for the
smooth micelle but still higher than the zeta po-
tential. The quantity refers to a potential
which is averaged over the various levels in the
double layer at which the sulfate moiety undergoes
reaction. The fact that A\ falls in the range
expected for V-5 thus implies that this reaction
occurs predominantly at the inner boundary of
the double layer. This is reasonable, since the
protonated ester is a neutral species.

Critical Micelle Concentration.—The variation
of fen with ester concentration which is observed
for a long chain ester may be related to the c.m.c.
if two simplifying assumptions are made. The
acid-catalyzed hydrolysis is assumed to take place
by two distinct and independent paths, one
involving micellar ester and the other involving
free, unaggregated ester. The concentration of
non-micellar ester (Ej) is further assumed to be
independent of the total ester concentration (Et)
so long as the latter exceeds the c.m.c. This
would give for feH

Et
feH = fam-b Et (fef — fem) for Et > c.m.c.

kn = fef for Et < c.m.c. (8)

A plot of fen vs. 1jEx thus should give two straight
lines intersecting at /Ex = 1/c.m.c. In practice,
some rounding of the intersection (as shown
in Fig. 1) is expected due to the somewhat diffuse
nature of the c.m.c. The value obtained for the
c.m.c. of sodium decyl sulfate at 90° and a total
ionic strength of 0.51 was 0.0190 m.

This value may be compared to that obtained
from the conductivity measurements. Setting c +
c.m.c. = 0.51 in eqg. 5 yields a value of 0.0172 m,
which is about 10% lower than the Kinetically
measured value. The c.m.c. values implied by
eq. 5 for the conditions of the kinetic runs in Table
Il are 0.036 m for the lower ionic strength (total
X = 0.081, c + cm.c. = 0.077 m) and 0.018 m
for the higher ionic strength (total n = 0.51, ¢ +
cm.c. = 0.49 m). These figures support the
previous assumption that under the experimental
conditions referred to in Table Il all of the esters
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with carbon chain lengths of 10 or greater were
predominantly aggregated into micelles except
for the decyl ester at the lower ionic strength.

Hydroxide lon Catalyzed Reaction.—The effect
of the micellar potential on the rate of attack by
hydroxide ion should be formally the same as for
the acid-catalyzed reaction. Here the electro-
static free energy for bringing a charge from the
bulk solution up to the micelle is added directly
to the free energy of activation for the rate-
determining step rather than to the free energy
change in a prior equilibrium. The concentra-
tions of both hydroxide ion and doubly negative
transition state thus are decreased relative to their
values in the bulk solution. The situation is not
quite so clean cut as in the acid-catalyzed reaction,
however, due to the existence of a steric chain
length effect on the rate which apparently still is
increasing when the micellar esters are reached.
The expected result of the summation of this
effect and the electrostatic term is consistent with
the minimum rate factor of 60 obtained by experi-
ment.

Salt Effects.— The negative ionic strength effect
(Table I1) observed for the hydrogen ion catalyzed
reaction is consistent with its charge type. The
increase in the magnitude of this effect from the
range 20-40% to ca. 300% which accompanies the
micellization of the ester is qualitatively consistent
with the greater effective charge on the ester in
the micellar systems. There is, however, some
question of the particular mechanism giving rise
to this increased effect. Such a result could arise
either from the simple increase in the screening
effect of the double layer as the counterion con-
centration increases, or from a specific replacement
of the Kkinetically active hydrogen ions on the
micelle through competition with other cations.
This latter site-binding mechanism is the one pro-
posed by Kolthoff and JohnsonZ in order to
explain their observation of a decreased catalytic
efficiency of hydrogen ion for the iodine-acetone
reaction in the presence of alkyl sulfate micelles
when potassium chloride was added.

The data indicate that no large change in the
value of /cHfor sodium decyl sulfate occurs when
the sodium ion-hydrogen ion ratio is varied by a
factor of 16 from 4 to Vi while maintaining a
constant ionic strength. This rules out the site-
binding mechanism as a major contributor to the
salt effect. Apparently, the increase in double
layer shielding, which is the colloidal analog of the
ion atmosphere shielding of simple ions, is respon-
sible for the observed decrease in rate with in-
creasing salt concentration.

Activation Parameters—When the over-all rate
effect for kn is separated into its temperature
dependent and temperature independent com-
ponents, it is found that the rate increase accom-
panying micellization is due to a change in the
enthalpy of activation. This is shown in Table
IV. Such a finding would not have been ex-
pected on the basis of analogy with the usual
kinetic effects of simple small charges. Such elec-

(27) I. M. Kolthoff and W. F. Johnson, J. Am. Chem. Soc., 73, 4563

(1951).
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trostatic effects commonly manifest themselves
in the entropy of activation and not in the en-
thalpy.B

This apparently contradictory state of affairs
is closely related to the anomalous values of the
thermodynamic functions found for the micelliza-
tion process itself. The heat of micellization for
alkyl sulfate salts is very near zero,29-31 which in
turn requires that the equilibrium entropy change
be zero. These values of the thermodynamic param-
eters for micellization appear inexplicable on the
basis of a naive model for micelle formation in
which large numbers of long chain negative ions
together with some smaller positive ions are brought
together to form the micelle, since a large decrease
in entropy would be expected. A qualitative
explanation has been provided by Goddard, Hoeve,
and Benson®in terms of the breakup of the water
structure around the individual hydrocarbon chains
when they aggregate into micelles.

The difference between the heats of activation for
the micellar and non-micellar esters, AHn™* — AHi*,
may be shown to be identical with the difference
between the enthalpies for the incorporation of the
transition and ground states into micelles. The
kinetic results thus imply that the enthalpy of in-
corporation of the transition state into a micelle is
ca. 2 kcal./mole less than that for the incorporation
of a dodecyl sulfate ion. Similarly, the entropies
for micellization of the ground and transition states
must be nearly equal. In view of the present non-
guantitative state of attempts to rationalize the
thermodynamic functions for micellization of
stable species, these parameters for the micelliza-
tion of transition states perhaps can best be de-
scribed as not necessarily unreasonable, even
though the transition and ground states are of dif-

(28) See, for example, A. A. Frost and R. G. Pearson, “Kinetics and
Mechanism,” 2nd Ed., John Wiley and Sons, New York, N. Y., 1961,
Chap. 7.

(29) B. D. Flockhart, J. Colloid Set., 16, 484 (1961).

(30) E. D. Goddard, C. A. Hoeve, and G. C. Benson, J. Phys.
Chem., 61, 593 (1957).

(381) E. Hutchinson, K. E. Manchester, and L. Winslow, ibid., 58,
1124 (1954).
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ferent charge types. At least, the failure of the
rate effects to appear in the entropy term cannot

be cited as evidence against the electrostatic origin
of those rate effects.

THE REACTIVITY OF HYDROGEN ATOMS IN THE LIQUID PHASE.
IV. THE REACTION WITH SOME HALOGENATED COMPOUNDS
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Introduction

The reaction of hydrogen atoms with halogenated
hydrocarbons heretofore has been studied only in
the gas phase. With only one or two exceptions
this has been limited to the halogenated methanes.
The most thorough work is that of Cremer, Curry,
and Polanyilin which hydrogen atoms, produced
by electrical discharge, reacted with methyl
chloride, methylene chloride, chloroform, and
carbon tetrachloride. In all cases chlorine was
abstracted to form hydrogen chloride. In addition,
evidence was obtained for hydrogen abstraction
from the first three compounds.

With the advent of a method of measuring the
reactivity of hydrogen atoms in solution, it be-
came possible to study the reactions of hydrogen
atoms with a variety of halogenated hydrocarbons.
It is the purpose of this paper to report such experi-
ments.

G1

RH— H2+ Products Q)

The method of measuring hydrogen atom re-
activity in solution has been described in detail
previously.2 Briefly, hydrogen atoms are pro-
duced in situ during the radiolysis of a saturated
hydrocarbon (n-hexane in our experiments).

G2
RH - >H + R 2

The hydrogen atoms diffuse at thermal energies,
reacting competitively with solvent by hydrogen
abstraction or added solute (<2%) by addition,
hydrogen abstraction, and, in the case of halo-
genated hydrocarbons, by halogen removal.

h

H+ RH—>nh2+ r )
M

H+ RX—>R + HX (4)
ki
—> H2+ R'X (5)

(1) E. Cremer, J. Curry, and M. Polanyi, Z. physik. ChevnB23, 445
(1933).

In addition, hydrogen gas will be produced directly
from the solvent, by some process unaffected by
added solutes (eq. 1).

From steady-state kinetics the following rela-
tion is derived

1 1 = 1 [RH] h
—Ghay A2 Gi [RX] ¥
1 (h
g2u
where
Gnm is the radiolytic hydrogen gas yield in

pure solvent (= (?i + G2
(?nds) is the radiolytic hydrogen gas yield in the
presence of solute RX

For n-hexane Ghuo) = 5.28, Gt = 3.16.

A plot of I/'AGh, vs. [RH]/[RX] gives a straight
line of slope (k¥k4{I/G2 and intercept 1/G2
(k&ki + 1), from which relative values of f3
ki, and ks may be found. An intercept equal to
1/(?2 (0.316) indicates that reaction 5 does not
occur to a measurable extent.

Ratios of rate constants have been put on an
absolute basis by taking f3(H n-hexane) =
49 X 10scc. mole* 1sec.“1 Justification for this
has been given previously.2

Exp erlmental
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T. J. Hardwick, J. Phps. Chem., 64, 1623 (1960); 66, 101 (1961);
66 117 (1962); 66, 291 (1962).
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Results

For all systems studied, a kinetic plot of the data
(Y AGmvs. [RH]/[RX]) invariably gave a straight
line. The values of the intercepts were 0.316 or
more, never less. Kinetic plots of the data for
the series—alkyl bromide, methylene bromide,
bromoform, carbon tetrabromide are given in Fig. 1,
as an example of the precision of the data and the
range of concentrations over which experiments
were performed.

The rate constants obtained are reported in
Tables I-1V. In the first three tables, k4 is the
rate of halogen abstraction. In Table 1V, k4 is
the sum of the rates of halogen abstraction and of
hydrogen atom addition to the carboxyl group;
with the present technique the individual rates
in this case cannot be determined. The rate
constant ks in all cases is the rate of hydrogen
abstraction.

Discussion

The reactivity of hydrogen atoms with various
halocarbons obviously is related to structure and
to the identity of the halogen atoms in the mole-
cule.

Alkyl Halides.—The rates of reaction of hy-
drogen atoms with alkyl halides are given in
Table 1. Both halogen and hydrogen abstraction
occur. For both types of reaction the reactivity
decreases iodide > bromide > chloride. Within
each halogen group the rates of both types of ab-
straction are remarkably similar; where collective
brackets are drawn, the same straight line on the
kinetic plot can be drawn for all members of the
group.

The abstraction of hydrogen can be accounted
for only by assuming that the presence of the

Table |

Reactivity of Hydrogen Atoms with Alkyl Halides

T2
i 6
abstraCt |on qbstracﬂon
x 101 (C kb/ki
nPropYI chloride )
n-Butyl chloride > 142 0.96 0.68
sec-Butyl chloride J
n-Propyl bromide 1
re-Bu y¥ bromide 124 3.3 0.21
sec Butyl bromlde 16.5 6.4 0.30
% romide 15.1 <0.03
yclo exyl bromide 177 55 031
Methyl iodide 60 1.2 0.12
re- PropYI iodide 58 3.5 0.06
ra-Butyl jodide
sec-Butyl iodide 1 76 9.0 0.12
C)éclohexyl lodide J
| i0dide 67 <0.03

Reactions of Hydrogen Atoms with Halogenated Compounds

2247

Fig. L—Kinetic plot for the reaction, of hydrogen atoms with
0 L—Kingcglel o i offggensoms i
Tabile Il
Reactivity of Hydrolglen Atoms with Halogenated
gthanes
= 0%

(X abstraction) (H abstraction)
X 1011 cc. mole -l sec. 1
RC1 14 0.96
CH.Ch 149 4.0
CHCL, 16.1 2.2
ecu 175
RBr 124 33
CHABr» 22.1 8.6
CHBrs 51 2.6
CBn 100
CF.Br. 14.0
CHil 60 7.0
CHalj 138
chis 87
4 210

halogen has weakened the C-H bond considerably.
The source of this abstracted hydrogen atom cannot
definitely be assigned; most likely it derived from
the same carbon atom as the halide. The absence
of hydrogen abstraction from i-butyl halides would
seem to confirm this. However, from other re-
sults to be discussed later, this rule apparently is
limited to alkyl monohalides.

By and large, the reactivity of each type of alkyl
halide is essentially the same. This reaffirms our
previous postulate that collision of the hydrogen
atom and the halogen atom is required for abstrac-
tion, and that the effective collision diameter of
each halogen atom will be constant. As in former
work?2 it appears that the alkyl portion of the
molecule has relatively little influence on the rate
of reaction.

Halogenated Methanes. (Table Il).—In general,
the reactivity of hydrogen atoms toward these
compounds increases with increasing halogenation.
Again the reactivity of iodides > bromides >
chlorides. In the case of chlorides and bromides,
it is interesting to note that hydrogen is abstracted
at a faster rate from the dihalide than from the
mono- or trihalide. It may be that increasing
the extent of halogen substitution decreases the
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Table ”l

Reactivity of Hydrogen Atoms with Polyhalogenated
Alkanes

z=° .

(X
abstraction) abstraction)
X 10Icc. mole_1sec. 1

T =

1,1-Dichloroethane 8.6 1.7
1.1-Dichlorobutane 8.5 1.7
2,2-Dichlorobutane 114 2.3
1,2-Dichloroethane 154 74
1,1,2-Trichloroethane 13.6 15
1,11-Trichloroethane 142 2.2
1,1,2,2-Tetrachloroethane 33.0 14
Pentachloroethane 36.0
Hexachloroethane 18.0
1,2-Dibromoethane 25 45
1,1,2-Tribromoethane 25 1.7
1,1,2,2-Tetrabromoethane Kl 0.5
Pentahromoethane 49
Hexabromoethane Insoluble
1,2-Dibromopropane 21 4.1
1,3-D_|bromoBropane 21 44
1,4-Dibromobutane 19.5 1.2
1,5-D;bromoBentane 175 3.7
1,1-Dibromoputane 16 2.1
2,2-Dibromobutane 21 4.3
2,3-Dibromobutane 32.3 10.6
1,2,3-Tribromopropane Rl 3.9
Table |V

Reactivity of Hydrogen Atoms with Halogenated

Esters
- 0
T =23
lu
X abstraction
and/or H k.
addition (H abstraction)

X 10-Hcc. mole-1sec. -1

Methy| acetate 0.7 <0.05
Methy| chloroacetate 22 1.9

Methgl a-chloropropionate 14.0 2.4

Methy| bromoacetate 39 04

Methyl lodoaeetate 92 10

energy of activation of the hydrogen abstraction
reaction, but that in the haloforms the size of the
halogen atoms shields the smaller hydrogen atom
from collision.

Replacing the hydrogen by fluorine, as in the
case of difluorodibromomethane, apparently
strengthens the C-Br bond, for the reactivity of
this compound toward hydrogen atoms is less than
that of methylene bromide.

It is interesting to compare our results with those
obtained in the gas phase reaction of hydrogen
atoms on chioromethanes. Chadwell and Titani3
studied the reaction with methyl and ethyl chlo-
rides, and observed only chlorine abstraction, f4 =
5 X 107 cc. mole-1 sec.-1, giving E = 8-9 keal.
Cremer, et al.,1found evidence for both chlorine
and hydrogen abstraction. For chlorine abstrac-
tion ki = 2.2 X 107cc. mole-1 sec.-1,E = 7.2 keal.

T. J. Hardwick
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Later, Lee and Leroy4confirmed the Cremer mech-
anism, but were not convinced of the presence of
hydrogen abstraction.

Cremer, et al.,1also investigated hydrogen atom
reactivity with methylene chloride and chloroform.
In both cases evidence was found for hydrogen
abstraction as well as for chlorine abstraction.
For H + CH2Z12-> HC1 + CHXL, h = 6.2 X
109cc.mole-1 sec.-1,E = 5.8keal.; forH + CHCL
-* liCl + CHCL, h > 8 X 1010cc. mole-1 sec.-1,
E = <4.3 keal.

The reactivity of hydrogen atoms with carbon
tetrachloride has been studied by several
workers.166 The rate constants at room tempera-
ture varied from 2 X 109to >4 X 1011 cc. mole-1
sec.-1, while the activation energy is quoted as 3.5
keal. or <3.3. keal.

Qualitatively, the gas phase results agree with
ours, in that the rate of chlorine abstraction in-
creases with increased chlorine substitution. The
rate constants measured, however, are unaccount-
ably low when compared with the present work,
even if due consideration is given to the difficulties
in measuring hydrogen atom concentrations in a
discharge tube.

Halogenated Ethanes. (Table 111).—In general,
the rate of halogen abstraction from these com-
pounds increases with a greater degree of halo-
genation. The exception appears to be hexa-
chloroethane, but it may be that the C-CI bonds
are stronger in the symmetrical molecule. Un-
fortunately, hexabromoethane is too insoluble in
n-hexane to permit kinetic measurements.

In a previous paragraph we had suggested that
the abstracted hydrogen most likely comes from
the halogenated carbon atom. In the case of
polyhalogenated alkanes this rule does not appear
to hold rigorously, for hydrogen abstraction is
observed in 1,1,1-trichloroethane.

For the sequence of dibromoalkanes, where in
successive compounds a methylene group is in-
serted between the end CHZ2Br groups (e.g., 1,2-
dibromoethane, 1,5-dibromopropane, etc.), it is
found that the rates of bromine abstraction de-
crease as the bromine atoms are located farther
apart. Such a result, presumably due to decreas-
ing interaction of the bromine atoms, is not un-
expected. With the exception of 1,4-dibromo-
but.ane, a similar phenomenon is observed for
hydrogen removal.

On comparing the results for 1,1-dichloro-ethane
and -butane, one finds identical rates both for the
halogen and for the hydrogen abstraction. In this
type of compound the length of the alkyl chain
has negligible effect on rates, and the reasons for
such consistency probably are the same as for
alkyl chlorides and bromides.

When comparing the isomeric dic-hloroethanes,
it is found that both chlorine and hydrogen are
abstracted more rapidly when the chlorines are on
different carbon atoms. A similar result is ob-
served in comparing the reactivities of 1,1-dibromo-
butane and 1,2-dibromopropane.

(4) G. L. LeeandP.J. Leroy, Can. J. Research, 28B, 500 (1950).
(5) H. F. Smyser and H. M. Smallwood, J. Am. Chem. Soc., 55, 3499

3) H. M. Chadwell and T. Titani, J. Am. Chem. Sur., 55, 1363 (1933).

(1933).

(6) J. E. Vance and W. C. Baumann, J. Chem. Phys., 6, 811 (1938).
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Reactivity is highest when the halogens are not
on a terminal carbon atom. The rate of both
chlorine and hydrogen removal is faster from 2,2-
dichlorobutane than from the 1,1-isomer. Simi-
larly both rates are faster for 2,3-dibromobutane
than for the 1,4-isomer.

Halogenated Esters.—The increase of reactivity
with halogénation of methyl aliphatic esters (Table
1V) again is in the order iodides > bromides >
chlorides. Significantly, the rates are higher than
for the aliphatic halides; obviously, the carboxyl
group and the halide are augmenting one another
in weakening both the C-X and C-H bonds.

M echanism of D ecomposition of Inorganic Nitrates
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The activation energies (E) for the abstraction
of a halogen from alkyl halides by a hydrogen
atom generally are quoted as 3-6 kcal., with E
decreasing: chloride bromide —* iodide.7 Ex-
cept perhaps in the case of alkyl chlorides, these
values are too high to correspond to the rate data
presented in the present paper.

The rates of reaction with iodides are among
the highest ever found for non-ionic reactions in
the liquid phase. Further detailed comment on
this will be made in a subsequent paper.

(7) E. W. R. Steacie, “Atomic and Free Radical Reactions,”
Edition, Reinhold Publ. Corp., New York, N. Y., 1954, p. 733.
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MECHANISM OF THE DECOMPOSITION OF INORGANIC NITRATESZ

By Tung-Ho Chen and Everett R. Johnson

Chemistry Department, Stevens Institute of Technology, Hoboken, New Jersey
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@+ MNO2; O+ MNO2—»MNO3, ora e nitrates s
The inorganic nitrates appear to decompose when
exposed to ionizing radiation to yield nitrite ion and

oxygen,2-7 viz.
MNO3--aw> MNO2T V202

The decomposition has been shown to be complex
with a dependence on lattice parameters as yet not
clarified. Initial (?-values (molecules decomposed
per 100 e.v. absorbed) have been shown to be
independent of intensity8 but dependent on the
linear energy transfer (l.e.t.)9 and temperature.D
Studies of the oxygen isotope effectDand heats of
solution measurements@ have indicated the im-
portance of lattice changes which occur during the
irradiation of some of these salts.

Kinetic studies have revealed that the decom-
position, at least in the case of NaNO03 follows a
fairly simple mechanism.6 It is the intention of
this paper to investigate the application of this
mechanism to the decomposition of other nitrates.

Experimental

] 0|I aimré Ice WS %ofd)r(ed I| gggtofcobq]ﬁrg)of
Lt bt S
SOLIge Wa bt¥|| {Hroug ive amimmum t”ngﬁ s Wel

ogether. Samples were pfaced in-alumimum holders an

(1) Research supported by AEC contract number AT(30-1-)-1824.
(2) (a) A. O. Allen and J. H. Ghormley, J. Chem. Phys., 15, 208

(1947); (b) G. Hennig, R. Lees, and M. S. Matheson, ibid., 21, 664
(1953).

(3) J. Cunningham and H. G. Heal, Trans. Faraday Soc., 54, 1355
(1958).

(4) C. J. Hochanadel and T. W. Davis, J. Chem. Phys., 27, 333
(1957).

(5) E. R. Johnson, J. Am. Chem. Soc., 80, 4460 (1958).

(6) E. R. Johnson and J. Forten, Discussions Faraday Soc., 31, 238
(1961).

(7) A. G. Maddock and S. R. Mohanty, ibid., 31, 193 (1961).

(8) E. R. Johnson, J. Phys. Chem., 66, 755 (1962).
(9) C.J. Hochanadel, Radiation Res., 16, 286 (1962).
(10) J. Cunningham, J. Phys. Chem., 65, 628 (1961).
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Results and Discussion
Figures 1 through 10 show the nitrite yield
vs. dose for the various nitrates. Oxygen analyses
are appropriately indicated. In all cases (except
AgNO03 the solid line represents a theoretical
curve, which was obtained by applying the follow-
ing kinetic scheme to the decomposition
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MNO3----—---- -- MNO2+ O EF 1)
O d- N0O2 — ~ bi03 % (2)
O + NO3 —>NO2 + 02 h 3)

The Kinetic expression for the appearance of N02
therefore is given by eq. 4.
(11) J. Forten and E. R. Johnson, J. Phys. Chem. Solids, 15, 218

(1960).
(12) M. B. Shinn, Ind. Eng. Chem., Anal. Ed., 13, 33 (1941).
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: L. @FEevAXIOl
Fig. L—Nitrite and oxygen yields in KN03

. DOE e/g « 02 . - ev,9°
Fig. 2—Initial mtn?e yield in KN03 Fig-5- - Nitrite and oxygen yields in NaN03
Fig. 3—Nitrite and oxygeh yieds in CSNO: Fig. o—Initial nitrite yield n NaN03
dNozy HS(NO3') — AN02~)(0) +
dt d(NOa) =  2fcly B(NON)2
FANO3)(0) (4 di fe(N0Z') + fINO03-)

Substituting for the oxygen atom concentration Integrating under the assumption that in the
(using a steady-state approximation), one obtains decomposition range studied the NO 3~ concentra-
eq. 5. tion is essentially constant, one obtains eq. 6
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Fig. 7—Nitrite yield in Ba(N032

Fig. s—Nitrite yield in Ph(N032

' NO,- )« + (NO,-) = 2fcl3(N03)i
2 ¥3(Nog) (VO * (NOS) (NO3)
(6)
or
ax2+ x = bT )
where x = molecules of NO, /g. X 10~19 and

T = dose ine.v./g. X 10-21.

The constants ab may be evaluated from the
appropriate nitrite yield vs. dose curves.

Equation 5 may be integrated without assump-
tion of the N03 concentration remaining constant.
In this case eq. 5 is rearranged to give

kzCNQi ) + f3[(NO03 )o — (NO2
CNQT ) [( )o _( i d(NO ) =
~ f(N03)o - (N02)j2
2kiks$ dt  (8)
where (NO3)0 is the concentration of NO03~ in

molecules/g. X 10~19 at zero dose, which upon
integration yields

K6 (NO,-)
h (NQ2% ~ (NOs")0
kz 2.303 log (NO.-)0. (NQZ%
" (NOr)o
2303 log 1 NOS" _ et (9)

(N03)o

M echanism of Decomposition of Inorganic Nitrates
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Fig. 9—Nitrite and oxygen yields in AgN03

KNO03—Figure 1 shows the nitrite yield vs. dose
for the decomposition of KN O03for the dose range
2 X 102 to 50 X 102l e.v./g. The solid curve
(theoretical) was calculated from the following
expression, -which was obtained using eq. 9

(NO,~)

133 23031log 1
no3)Q
(NO,-)/(NOj-)o[
I'_ (NO»)

(NO03.)o j
(NO,~) ~

(NOr)o.

The dosimetry for these particular results had
a precision of £0.5%. The initial (7-value for this

-2.303 log 0.00181T (10)
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decomposition is not constant, but varies as can
be seen by reference to Fig. 2.

Cunningham® used a first-order plot to sum-
marize his results on the radiolysis of KNO3 and
obtained two straight lines intersecting at a dose
of about 80 X 10De.v./g. This apparent break
in the nitrite yield curve also was observed by
Forten and Johnson.11 Although no such break is
apparent in Fig. 1, it is possible, because of the
small variation in (7-values (small curvature),
to redraw Fig. 1as two or three intersecting straight
lines. This would be especially so if the over-all
experimental error were of the order of about + 5%
(this certainly was true of the results in ref. 11
and 6, except the results on NaNO03.

The fact that Cunningham obtained first-order
plots for his results up to a dose of about 20 X
1021 e.v./g. and that a linear plot has been ob-
tained by others may be explained in part as
follows.

For the low dose region (up to about 6 X 1021
e.v./g.), eq. 10 can be modified using the assump-
tion that In (1 — x) for x -C 1 ~ —x with a
maximum error of 10% to give

x = IT (11)

This gives a linear relationship between yield and
dose. A first-order plot in the low dose region
also will give a linear plot if one applies the condition
In (1 f~ (?) — G when 1. However, in the
high dose region, Cunningham and Heal3 found
that the decomposition of KNO03 also follows a
first-order plot up to about 20 mole % decompo-
sition.

If the data in Fig. 1 in the high dose region are
plotted as —log M vs. dose, where M is the fraction
of undecomposed nitrate, a straight line also is ob-
tained. This indicates that both the Kkinetic
equation and a log plot fit the data. The apparent
“break,” therefore, which has been observed in this
decomposition, arises primarily out of the method
by which the experimental data are treated. How-
ever, definite lattice changes do occur in KNO03
decomposition at a dose of approximately 45 X
10D e.v./g. This is evidenced by (1) a sudden
change in density of about 1% ,n (2) a low energy
transition (lambda type) which occurs just prior
to this dose,11 (3) an anomalous isotope effect,10
and (4) an effect of pressure on the decomposition
yield.13 The nature of this lattice change which

occurs in KNO3 decomposition has not been
clarified; however, effort is in progress in this
direction.

Plotted also in Fig. 1 are the oxygen yields for
the decomposition of KN0O3 These results show
an average departure from stoichiometry of about
10%. The oxygen values were consistently low
and the discrepancy is somewhat larger than can
be explained by experimental error. The over-all
error in gas analysis, as determined by combustion
experiments, never exceeded +5% . The disparity
in the experimentally determined stoichiometry
is believed due primarily to loss of oxygen from the
crystal lattice and not to the presence of other de-
composition products. Support for this state-

(13) T. H. Chenand E. R. Johnson, J. Phys. Chem., 66, 2068 (1962).
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ment comes from the fact that the sample vials
from those samples irradiated to high dose indi-
cated the presence of gas pressure when opened.
In one sample where good stoichiometry was ob-
served (indicated by A on Fig. 1) the crystals were
about 16-32 mesh, whereas all the other samples
were powders more than 50% of which passed
through 100 mesh. This would appear to indicate
that for large crystal sizes the oxygen does not
excape from the lattice.

CsNO 3—-The experimental points and theo-
retical curve for CsN03 decomposition are shown
in Fig. 3 for the decomposition range 0.1 to 29.5
X 102le.v./g. In the low dose region, i.e., below
0.1 X 102 e.v./g. (see Fig. 4), the slope within
experimental error could be considered a straight
line. The G-value found for this slope is 1.65 +
0.04. Unlike the results obtained for KNOS3
excellent stoichiometry between nitrite ion and
oxygen were obtained (mesh size for these crystals
was between 24 and 100).

The theoretical curve was determined by using
eq. 6 and was calculated from the expression

0.66(N02)2+ (NO*-) = 3.53T (12)

NaNO03—The experimental points and theo-
retical curve for NaNOs are shown in Fig. 5 (this
is essentially the same curve shown in ref. 6).
The theoretical curve was evaluated from eq. 6
and calculated from ~he expression

0.182(NO2)2 + (NOU = (13)

The experimental points shown were those ob-
tained in the dose range of 0.6 to 67 X 102le.v./g.
The results for the dose range of 0.02 to 0.5 X
1021 e.v./g. are shown in Fig. 6. It is apparent
that even in this low dose region, the plot is not
linear. As with CsNO03 excellent stoichiometry
was obtained between N0 2~ and oxygen.

Ba(N032—The data on Ba(NO032 are sum-
marized in Fig. 7. The dose range was 0 to 21X
102Le.v./g., which corresponds to about 7.6 mole %
decomposition. The theoretical curve also was
evaluated from eq. 6 and calculated from the
expression

0.0735(N02)2 + (NO*-) =

No oxygen analyses were done.

Pb(N032—In Fig. 8 are summarized the data
on Pb(N032 decomposition. The results shown
in ref. 5 are only for the initial portion of this
curve (about 25 X 102 e.v./g.). The curve
shown in Fig. 8 represents about 3.8 mole %
decomposition. The theoretical curve for this
decomposition was obtained using eq. 6 and was
calculated from the expression

0.149T

1.99T (14)

0.331(NO2)2- (NO*-) = 0.599T (15)

As with Ba(NG32 no oxygen analyses were per-
formed on these samples. 4

AgNO03—The decomposition curve for AgNO03
is shown in Fig. 9. We were not able to find a
theoretical expression corresponding to a reason-

(14)

tained by Mr. Chynsons Yeh in this Laboratory, and we are grateful
for his permission to use them in this discussion.

The nitrite yield data on both Ba(NOs)2and Pb(NO»)a were ob-
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able kinetic scheme as was done with the other
nitrates. A straight line plot is obtained if one
plots log dose vs. (N02~). Qualitative tests indi-
cate the presence of a small amount of silver oxide
as a product in the decomposition. It could not
be ascertained whether the oxide is produced as a
primary product or as a product of the decomposi-
tion of AgNO2 The initial slope for this decom-
position is essentially linear (see Fig. 10), and the
initial (7-value was found to be 0.18.

No other gaseous products other than oxygen
were present in any significant amounts.

Conclusion.— It is apparent that the decom-
position of the inorganic nitrates may be expressed
as the initial formation of a species which cor-
responds to one which can dissociate to give nitrite
ion and an oxygen fragment. The oxygen frag-
ment then may react with a N03~ or back-react
with N02 .

From the lack of intensity dependence8on these
decompositions it would appear that 0 + 0O re-
combination reactions are not important in the
initial stages of the decomposition. At least with
KNO3 reaction of molecular oxygen with N 02~

Photolysis and Radiolysis of CHdN2CH3 and CH3NSCH3s-C D3N2CD;
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appears insignificant even at high percentages
(20%) of decomposition. If eqg. 10 is used to de-
termine the yields at 10- 20% decomposition, it is
found that these yields fit a first-order plot in

reasonable agreement with experimental points
shown in Fig. 1 in the high dose region. Silver
nitrate decomposition does not, apparently, fit

this reaction scheme and its decomposition is more
complicated.

It would be expected that the relative rates of
reactions of the oxygen fragment with NO3 or
N 02~ should be affected by lattice parameters;
however, exactly how the lattice parameters affect
the decomposition is not clear at this time. The
concept of “free space” has been used to explain
the difference in (7-values for these decompositions,
but there are some discrepancies in the concept,
notably in the yield of CSNO3; i.e., CsNCh has less
free space than KN O3 but the initial yield is ap-
preciably higher.

Investigations are currently in progress in this
Laboratory which, it is hoped, will aid in clarifying
the role of lattice parameters and lattice changes on
the decomposition of these salts.

THE PHOTOLYSIS AND RADIOLYSIS OF CHNZH3 AND
CHNZHICDNZAD3 MIXTURES1

By R. E. Rebbert and P. Ausloos

N ational Bureau of Standards, Washington 25, D. C.

Received May 21, 1962
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Introduction

In recent liquid-phase photochemical studies of
fluorinated ketones Bowles, Majer, and Robb2
obtained evidence for the occurrence of a cage re-
combination. For instance, in the case of CF2
CICOCCIZF (RiCOR2, it has been shown that

RiR2
= 26
[(RR)(RR2]'a

as compared to a value of 1.9 in the gas phase
photolysis. The percentage of radicals escaping
from the cage for this compound was estimated by
the authors to be about 90%.

More recently Herk, Feld, and Szwarc3 under-
took an extensive investigation of the liquid phase
photolysis of CHNZH3and CFN2ZF3in hydro-
carbon solution which again provided substantial

(1) This research was supported in part by a grant from the TJ. S.
Atomic Energy Commission. (Presented in part at the 140th National
Meeting of the American Chemical Society, Chicago, 111, Sept., 1961).

(2) R. Bowles, J. R. Majer, and J. C. Robb, Nature, 187, 314 (1960).

(3) L. Herk, M. Feld, and M. Szwarc, J. Am. Chem. Soc., 83, 2998
(1961).
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evidence in favor of a cage recombination for both
CH3and CF3radicals, respectively. These authors
succeeded in determining an activation energy for
the escape of CH3and CF3radicals from the cage.
The present work includes a detailed investiga-
tion of (a) the photochemistry of azomethane in
the liquid phase, and (b) the liquid phase radiolysis
of azomethane. The primary purpose of this in-
vestigation was to assess the relative importance
of energy transfer, cage recombination, and molecu-
lar elimination on the over-all yield of ethane. In
most experiments mixtures of CHNZH3CD3
NZ D3 have been used in order to distinguish
more readily the different processes which may lead

to the formation of ethane.
Pl ol g 1ol
E Hrecd teat tranthRr by fadaon
en(ﬂ ?yze& was 3ep05|¥e on a gold
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Research Dewar D-1288, Hofman Laboratories, Inc.,
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Results

Photolysis. Gas Phase.—In the absence of
radical scavengers, under the experimental condi-
tions given in Table I, the quantum yield of ethane
is close to unity. For equimolar mixtures of
('TILN2ZCH3C I);NZ D3 in the presence of oxygen
the quantum vyield of ethane is reduced to a value

spec% rom

(5) M. H. Jones and E. W. R. Steacie, J. Chem. Phys., 21, 1018
(1953).
(6) R. H. Schuler aud A. O, Allen, ibid., 24, 56 (1956).
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Table |
Gas Phase Photolysis op Azomethane
Pressure
azo- Pressure
Temp. Ethane me'hane oxygen Distribution, %
(°K.) + X 102 (mm.) (mm.) CD, cm,
chdhZh3CDN2XD3
3660 A.
302 0.69 221.5 25.0 48.2 51.8
300 .66 113.5 14.0 51.6 48.4"
301 .37 57.0 9.5 48.5 51.5
CHN2XH3
3660 A.
314 0.82 249.0 47.0
313 0.57 61.0 10.0
3900 A.
312 1.09 275.0 47.5
314 0.83 59.0 10.5
4000 A.

43.0 45.0
for IL'SerL%t 80%fpgr dﬂ dCl'szit?orCtEe of%eDr:%th\ygs dbout 0.94

less than 0.01, and the ethane does not contain any
detectable amount of CH3D3 In the photolysis
of CHINZZH3 0 2mixtures at 3660, 3900, and 4000
A. the molecular ethane yield was found to in-
crease with increasing wave length. At all wave
lengths the quantum yield shows a slight de-
pendence on pressure. It should, however, be
noted that the analysis of the relatively small
gquantities of ethane in a large excess of oxygen has
an accuracy of not more than 10%.

Liquid Phase.—The results given in Table 11
can be summarized as follows

(1) In contrast with the gas phase experiments,
in the liquid phase the quantum yield of nitrogen
is considerably less than unity.

(2) At 273°K. the quantum yield of nitrogen
in the photolysis of CDNZ D3 is less than one-
third of that obtained in the photolysis of CH3
N2ZH3

(3) Values for the ratios CHEC D6 and
(CH4+ CHD)/(CD4+ CD®H), which can be cal-
culated from experiments done with mixtures of
CHNZHICDNZXD3 are approximately equal
to each other. At 273°K. these ratios are com-
parable to the ratio of the quantum yields of nitro-
gen for CHN2AH3and CDINZ D3 respectively.

(4) A drop in temperature from 273 to 194°K.
(a) reduces the quantum yield of nitrogen by more
than a factor of two. and (b) increases the ratio
CHEC D6

(5) Benzene has a quenching effect on the
yields of nitrogen, ethane, and methane. Saturated
hydrocarbons enhance the quantum yields of the
measured products.

Radiolysis.—Only nitrogen, hydrogen, methane,
and ethane have been determined in these experi-
ments. The rates of formation of these products
were, within the experimental error, not affected
by a sevenfold change in total dose.

The results are given in Table Il and are sum-
marized below.
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Tabte Il
Photolysis of Azomethane in the Solid and Liquid Phases
lab.
Nitro- quanta — Distribution, % -

Temp. gen  Ethane Methane cc. sec. CH&NXH3 - cm« CHsD + CH4
cm 4 X 108X 10%0 X 102 X 10 B  Solvent coavpg O'D CHSCDICHe g CD, CDHCHD CHA4 CD, + CDaH
4" 0.94/1.0 19.4 9.0 71.6 3.69 9.1 236 154 4938 1.99
4 .94/1.0 22.0 6.9 71.1 3.23 9.0 257 143 50.9 1.88

e .94/1.0 234 1.0 75.7 3.24

e .94/1.0 154 0.5 84.1 5.46

194 3.0 2.9 0.21 35.0 .99/1.0 151 6.2 788 523 6.0 146 156 63.8 3.85

194 3.0 2.6 .28 12.0 .94/1.0 158 2.1 82.1 520 3.5 142 13.3 69.0 4.65

194 4.8 4.2 .24 35.0 1.0/0

232 4.8 3.5 .39 35.0 0.99/1.0 16.6 1.7 81.7 492 44 136 191 629 4.56

233 7.1 4.9 .82 35.0 1.0/0

273 6.7 4.1 .58 35.0 0.99/1.0 19.6 1.6 78.8 4.02 4.7 16.0 148 645 3.83

273 6.7 4.8 .61 12.0 0.94/1.0 20.4 4.9 74.7 3.66

273 6.7 4.1 .85 3.1 1.07/1.0 18.0 0.7 81.3 452 2.6 149 9.1 734 4.71

273 5.2 3.9 .40 47.0 Benzene (75%) 1.07/1.0 17.8 11 81.2 456 3.7 131 139 69.3 4.95

273 4.9 3.9 .30 40.0 Benzene (91%) 1.07/1.0 18.7 0.4 80.9 4.33 3.9 140 133 684 4.56

273 8.0 5.6 2.7 35.0 2,3-Dimethyl- 0.99/1.0 21.9 4 77.7 355 0.4 150 1.4 83.2 5.49
butane (86%)

273 8.7 6.2 2.6 40.0 2,3-Dimethyl- 1.07/1.0 23.6 .3 76.1 3.22 0.6 21.9 1.6 75.6 3.43
butane (91%)

273 7.9 6.8 3.2 10.0 2,3-Dimethyl- 0.99/1.0 21.9 4 77.7 355 0.5 22.9 1.5 751 3.27
butane (98%)

273 6.2 4.8 0.93 30.0 Cyclohexane 0.99/1.0 23.1 7 76.2 3.30 1.2 21.9 3.7 732 3.33
(91%)

273 10.4 6.4 1.5 35.0 1.0/0

273 10.4 6.8 1.5 47.0 1.0/0

273 3.0 2.3 0.05 47.0 0/ 1.0

273 9.8 15 36.0 Cyclohexane 1.0/0

« . (91%)

Solid phase.

(1) An increase in temperature from 77 to indicates that under these conditions the CH3N2

273°K. results in (a) a 30% increase of the nitrogen
yield and a somewhat larger increase of the yields of
hydrogen and methane; (b) a reduction in the
yield of ethane; and (c) an increase in the values

for the ratios CHXD3[(CHH(CDH]Y and
CDH/CD4
(2) Addition of DPPH at 273°K. has, within

experimental error, no effect on the nitrogen and
hydrogen yields, but does reduce the rates of for-
mation of ethane and methane. The ratio CH3
CD3[(CHH(CDE]Iremains the same while the
ratio CD3 /C D 4undergoes a reduction.

(3) Addition of benzene enhances the yields of
nitrogen, methane, and ethane; reduces the ratio
CHXDI[(CHH(CDH]IA and increases the ratio
CDH/CD4

(4) Addition of 4 mole % iodine to the azometh-
ane-benzene mixture slightly reduces the ratio
CHXDI[(CHH(CDH]a.

Discussion

Photolysis. Gas Phase.— It is well established7
that in the vapor phase at 3660 A. azomethane
decomposes mainly according to process |

CHN2ZLH3+ hv—> 2CH3+ N2 (I)

It is quite possible that this process should be
written as a sequence of two steps

CHN2ZLH3+ hv —> CHN2+ CH3
CHN2—> CH3+ N2

However the fact that the quantum yield of the
nitrogen production is unity from 298 to 473°K.

7) For a review see E. W. R. Steacie, “Atomic and Free Radical

Reactions,” Reinhold Publishing Corp., New York, N. Y., 1954, p. 376,

radical, if formed, decomposes before it has a
chance to recombine with another radical or to
react with an azomethane molecule. The nitrogen
quantum vyield of unity8 observed in the photo-
oxidation of azomethane is consistent with the for-
mation of an unstable CH3N2 radical. Yet, in
this case it is conceivable that a reaction between
CH3N2 and oxygen may lead to the formation of
a nitrogen molecule.

The formation of ethane in the azomethane-oxy-
gen experiments presented in this paper indicates
that besides process I, the following rearrangement
process has to be considered as well

CHNZH3+ hv—> CH6+ N2 (I

Also, the equal yields of CH6and C2D 6obtained in
the equimolar mixture of CHIN2ZH3ICDNZXD3
show that the quantum yield of this process is the
same for the deuterated and non-deuterated azo-
methane. It can be seen that the quantum yield of
process Il seems to increase with an increase of
pressure (from 60 to 270 mm.) and with an in-
crease in wave length. The values of 0.0082 and
0.0123 obtained for~"the quantum yield of nitrogen
at 3660 and 4000 A., respectively, are not incon-
sistent with the value of 0.015 obtained by Herk,
Feld, and Szwarc3for the ratio CHEN 2in the gas
phase photolysis of azomethane in the presence of
1,4-cyclohexadiene at wave lengths greater than
3400 A.

Liquid Phase. A. The Quantum Yield of
Nitrogen.—The fact that the quantum yield of
nitrogen is lower than 0.1 in the majority of the
experiments can be explained either by a cage
recombination reaction as

(8) G. R. Hoey and K. O. Kutschke, Can. J. Chem., 33, 496 (1955),
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chih2+ ch3—> CHNCH-

or by a deactivation step

CHNZXH3 + CIINECH3—h
2CHNXH3 (111)

The contribution of a cage recombination to the
low nitrogen quantum yield will, of course, depend
on the stability of CH3N2 As mentioned before
the evidence available to us at present shows that
this radical is unstable in the gas phase above 298°
K. The lifetime of this radical may, however, be
long enough to undergo a cage recombination with
the methyl radical in the liquid phase. A reaction
of this type may take place in a short time interval
especially if one considers the possibility of a primary
recombination.9

If a cage recombination is accepted, the increase
in quantum yield with an increase in temperature
would reflect a higher rate of diffusion of the methyl
radical as well as a lower stability of the CH3N2
radical at the higher temperature.

Collisional deactivation (process 111) can, how-
ever, not be excluded as a plausible explanation
of the low quantum yield. Collisional deactiva-
tion of excited azoethaneld and azoisopropanell
molecules has been observed in the vapor phase
photolysis of these compounds. Although no
collisional quenching has been observed in the gas
phase photolysis of azomethane, it may be predicted
that such a process will be operative in the liquid
phase where the collisional yield is several orders of
magnitude higher than in the earlier gas phase
studies. From a plot of log N2as a function of 1/T,
an apparent activation energy of 1.0 + 0.1 kcal.
can be deduced for the decomposition of CH3
N2ZCH3 It is of interest to note that in the case of
azoisopropane a value of 2.28 + 0.35 kcal. was de-
duced by Riem and Kutschlcellfor the difference in
activation energy between decomposition and de-
activation.

Although the large difference between the nitro-
gen quantum yield of CHN2ZH3 and CDN2ZXD3
is rather unpredicted, recent vapor phase studies
have shown that at 298°K. the quantum yield of
the photochemical decomposition of CD3COCD3
is considerably lower than that of CH3COCH3 12

If we take the ratio CHGC D6 as a measure of
the relative importance of the primary dissociation
of CHNZH3and CDN2Z D3 13it can be concluded
that CDNZD3 decomposes with a somewhat
higher activation energy than CHIN2CH3

Solvents apparently have some effect on the
guantum vyield of nitrogen as well as on the ratio
CHEC D6 The nitrogen quantum yield of an

(9) For an extensive discussion see:
Soc , 77, 2042 (1955).

(10) J. L. Weininger and O. K. Rice, ibid., 74, 6216 (1952); H.
Cerfontain and K. O. Kutschke, Can. J. Chem., 36, 344 (1958).

(11) R. H. Riem and K. O. Kutschke, ibid., 38, 2332 (1960); R. W.
Durham and E. W. R. Steacie, ibid., 31, 377 (1953).

(12) R. Gordon, Jr., and P. Ausloos, presented at the 140th National
Meeting of the American Chemical Society, Chicago, 111, Sept., 1961.

(13) This is substantiated by the observation that at 273°K. the
ratio of the yields of nitrogen for CHsNaCH« and CDjNiCD* is ap-
proximately equal to the ~alue for the ratio CiHi/CsD« obtained in an
equimolar mixture of CHjNjCH*-CD«NjCDi.

R. M. Noyes, J. Am. Chem.
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equimolar mixture of CHNZH3CDNZXD3 is
higher in 2,3-dimethylbutane than it is in the un-
diluted mixture, while in benzene the quantum
yield is lower. Thus, benzene is a more effective
deactivating agent than azomethane, while 2,3-
dimethylbutane is less effective.

B. The Formation of Ethane.—The fact that
in all experiments carried out with liquid phase
mixtures of CHNZH3CDNZXD3 the ethane
fraction consists mainly of CA16 and C2D 64 indi-
cates that ethane is either formed in an intramolec-
ular rearrangement and/or by a cage recombination
of methyl radicals originating from the same
precursor.

It is rather difficult to assess the importance of
a molecular ethane elimination in the liquid phase.
The gas-phase results indicate that there is a pos-
sibility of a molecular ethane elimination which is
both pressure and wave length dependent. In
analogy with recent photochemical studies, one
may expect that excited azomethane undergoes
extensive vibrational deactivation in the liquid
phase prior to decomposition.16 It thus is conceiv-
able that the quantum vyield of the molecular
elimination process Il may be higher than 0.012
and actually comparable to the ethane quantum
yield observed in the liquid phase. However,
if we assume that both processes 1 and Il are in-
fluenced by collisional deactivation, one should
rather consider the ethane yield relative to the
nitrogen yield instead of the absolute quantum
yields. The fact that the ratio ethane/nitrogen
approaches unity at low temperatures can be ex-
plained in two ways, namely, (a) the cage effect is
relatively more important at the lower tempera-
ture because of a decrease in the rate of diffusion,
or (b) the dissociative process falls off more rapidly
with temperature than the molecular elimination
process.

In favor of the occurrence of a cage recombina-
tion of two methyl radicals is the fact that at con-
stant temperature the ethane/nitrogen ratio is
higher in the presence of 2,3-dimethylbutane and
benzene than for the undiluted azomethane.
This observation is important if one considers
that benzene and 2,3-dimethylbutane are stronger
and weaker quenching agents, respectively, than
azomethane itself. In view of the higher viscosi-
ties of benzene and 2,3-dimethylbutane the rate
of diffusion of methyl radicals out of the cage will
be slower than in pure azomethane. The tempera-
ture effect on the relative yield of ethane to nitro-
gen can of course be accounted for in a similar
way. A plot of log [(N2 — ethane)/ethane] vs.

1 /T gives an activation energy of 2.0 + 0.2 kcal.

If we accept the cage recombination interpretation,
this value corresponds to the activation energy of
diffusion of the methyl radical in azomethane.
It is interesting to note that this value is compar-
able with the one obtained by Herk, Feld, and
Szwarc3 for the diffusion of methyl radicals in
isobctane.

The fact that for mixtures of CHIN2CH3C D N2
CDSin the absence of solvent

(14) This same observation has been reported in a recent note by

R. K. Lyon and D. H. Levy, J. Am. Chem. Soc., 83, 4290 (1961).
(15) R. Borkowski and P. Ausloos, ibid 83, 1053 (1961).
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ch6 ch4+ ch3d
cd6~ cdh + cd4

may be considered as an indication that ethane
and methane are formed as a result of the de-
composition of the same excited state of azo-
methane. This observation also favors a cage effect
as being mainly responsible for the formation of
ethane at 273°K. It would indeed be rather
fortuitous that the ratio of the quantum yields
of the dissociative and the elimination proc-
esses are the same for CH3NZH3 as for
CDNZD3 It should, however, lie noted that at
temperatures below 273°K. the ratio CH3CD3
becomes considerably lower than CZHEC 2DE6;
indicating that at the lower temperatures ethane
may be formed by two independent processes.

C. Reaction of Methyl Radicals with Azometh-
ane.—It is known5that methyl radicals may react
with azomethane to undergo abstraction and addi-
tion reactions

CH3+ CHINXH3—> CH4+ CHNZXH3 (1)
CH3+ CHINZXH3—> (CH3NXH3 (2

The fact that under these experimental conditions
CH3XD3 is a very minor product indicates that
methyl radicals, because of their low steady state
concentration, will not interact with CH2ZN2CHS8
or (CH32N2ZCH3 It thus may be concluded that
the ratio of the rate of abstraction to addition is
given by the equation

CR,
CH6-

fci
h ~ 2(N2-
As seen below this ratio of rate constants is con-

stant over the temperature range from 194 to
273°K.

VT HY

Temp. (°K.) 194 233 273
CR
0.257 0.229 0.230
2(N* - CH6- 72CH4

Thus, there is no apparent difference in activation
energy between the two reactions and consequently
the above value is also the ratio of the pre-exponen-
tial factors for abstraction compared to addition.
However, in mixtures of CHIN2CH3CDNZXD3
not all of the methane seems to be formed in a
normal H-atom abstraction process. It can indeed
be seen that the ratios CD3H/CD4and CH4CH D
for mixtures of CHN2ZH3CDN2D3 are con-
sistently lower than expected at all temperatures
and actually decrease with a decrease in tempera-
ture. There is no obvious explanation for this ob-
servation.

Solid Phase.— It was not possible to measure the
guantum yields in the solid phase. However, the
results indicate that the values for the ratio
CR /C D6are not greatly different from those ob-
tained in the liquid phase. This may be considered
as an indication that the quantum yield for decom-
position is not much lower than at 194°K. and does
not greatly depend on temperature in the solid
phase.
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At 4° K. there is an increase in the relative yield
of CHXD3 This is accompanied by an increase
in the yield of methane.’6 These results could be

explained by assuming that at 4°K. the CH3N2

and CD3IN2 radicals are stable enough to undergo
secondary photolysis leading to the production
of hot methyl radicals, as

CHN2+ hv —m CH3 + N2

Radiolysis.—The following initial chemical con-
versions may be suggested to account for the forma-
tion of the products reported in Table 111

CHNZTH3— > 2CH3+ N2 0)

—» H + CHINZTH?2 (V)

Several observations show that different elec-
tronic states are involved in the radiolysis as com-
pared to the photolysis.

(1) Hydrogen is a product.

(2) The temperature dependence of nitrogen
is less pronounced in the radiolysis than in photol-
ysis.

(3) The difference in the yield of decomposition
of CHNZH3 and CDNZKD3 is considerably
smaller than in the photolysis. The trends in the
results, however, do not exclude the possibility
that lowly excited azomethane may contribute to
some extent to the formation of the observed
products.

The Formation of Ethane.—In contrast with the
photolysis results, a considerable fraction of the
ethanes consists of CHXD3 The fact that DPPH
or 12 reduces the percentage of CH3D3 by not
more than a few per cent clearly indicates that this
molecule is mainly formed by a recombination
of methyl radicals in the 7-ray spur. The follow-
ing two observations can be readily explained on
the basis of this interpretation.

(1) A decrease in temperature leads to a reduc-
tion in the yield of CH3XD3relative to the yield

R. E. Rebbert and P. Ausloos

Yol. 66

be ascribed to a separation of the pairs of methyl
radicals in the 7-ray spur by the solvent molecules.
Very similar conclusions have been drawn in recent
studies of the radiolysis of CH3COOCD3 and
CH3XOCH3CD3XOCD3mixtures.Ir

The fact that in all cases CHXD3[(CZHH(C2
D8]1! is considerably lower than the statistically
expected value of 2 indicates that, besides inter-
cage recombination, a cage recombination also may
play a role in the radiolysis of azomethane. Con-
sidering the wave length trends observed in the gas
phase photolysis of azomethane, we may expect
that for the apparently highly excited azomethane
molecules formed in radiolysis, molecular elimi-
nation of ethane is unimportant.

The relative contribution of cage recombination
as compared to intercage recombination can be
readily calculated18 from the data given in Table
I1l. In the case of azomethane-DPPH mixtures
at 273°K., cagel/intercage = 1.24. Similarly for
CHXOCH3CD3XOCD3DPPH mixtures and
CH3COOCD3 I 2mixtures at 289°K., values of 1.12
and 0.82, respectively, can be calculated for this
ratio.I7

The Effect of Benzene.—If we make the reason-
able assumption that the yield of nitrogen is a
measure of the decomposition of azomethane, it
can be seen that energy transfer from benzene to
azomethane is an efficient process.

It is interesting to note that although the ratio
ethane (total)/N2 undergoes a decrease with the
addition of benzene, the ratio ethane (cage)/N2
stays approximately constant. Values of 0.237
and 0.246 can be calculated for the uninhibited
azomethane and azomethane-benzene (91%) mix-
ture, respectively. The yield of methane also is
enhanced by the addition of benzene. The in-
crease in the ratio CD3/CD4with increase in the
relative concentration of benzene can be explained
partly by an abstraction of H-atoms from ben-
zene by thermal and hot methyl radicals. Evi-

of nitrogen, and an increase in the yields of CH6 gence for thermal methyl radical reactions follows

and C2De. Diffusion of methyl radicals from one
cage to another in the 7-ray spur may be expected
to be less important at the lower temperatures,
while cage recombination of the original partners
should be enhanced.

(2) Addition of benzene reduces the percentage
of CH3D3in the ethane fraction. This effect can

(16) The ratio of methane to nitrogen at various temperatures is
given below.
Temp., °K. 4 77 194

Methane

R 0.25
Nitrogen

<0.05 0.09

from the reduction of this ratio by the addition
of DPPH. Part of the methane also may be
formed by the recombination of hydrogen atoms
with methyl radicals in the 7-ray track.

(17) P. Ausloos and C. N. Trumbore, J. Am. Chem. Soc., 81, 3866
(1959); P. Ausloos, ibid, 8. 1056 (1961).
(18) These calculations are based on two assumptions:

(l) CHS CHi + CHIiD _ /C 2|-|6intercage:\L(A and
CD3 CD4+ CD&H \C2D6intercage/
(2) Methyl radicals which undergo intercage recombination obey the

equation [(Cgh#)(CID)]i/2 20.
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NOTES

THE DIELECTRIC CONSTANT OF
EMULSIONS OF THE WATER-IN-OIL TYPE

By Andeies Voet

Research Department, J. M. Huber Corp.,. Borger, Texas
Received March 8, 1962

It has been shownlthat the dielectric constant E
of a dilute dispersion of particles of a high dielectric
constant dispersed in a medium of low dielectric
constant EOcan be expressed by the equation

E = EQl + 3/7)
V is the concentration by volume of the dispersed
phase and/ is the form factor. For spherical parti-
cles/ = 1.00. For anisometric particles / > 1
This factor has been derived theoretically for
various rotational ellipsoidical particles.2

The above relationship makes it possible to study
agglomeration in a number of dispersions by com-
paring the dielectric constant of these dispersions
subjected to shear and at rest.3 Since agglomerates
have a tendency to be more anisometric than the
particles from which they are formed, the dielectric
constant of a partly agglomerated dispersion will
drop sharply upon application of shear or upon
chemical deflocculation. In each case less aniso-
metric Kinetic units are formed which have a smaller
form factor than the agglomerates.

In the case of dispersions of water-in-oil, the
same effects are expected to occur. It was, indeed,
found that well stabilized dispersions of an aqueous
phase in mineral oil showed a high dielectric con-
stant and a high form factor. When subjected to
shear, however, an instantaneous decrease of
dielectric constant was observed. At rest, a rapid
increase occurs, indicating the rebuilding of the
agglomerates.1 These phenomena were confirmed
by others46in older as well as in more recent in-
vestigations. The authors concurred with the ex-
planations given above.6

It was reported in 19537 and only recently
brought to the author’s attention that the changes
in dielectric constant of emulsions of water-in-oil in
the quiescent state, upon application of shear as
reported,1 were explained by phase separation oc-
curring at rest, followed by re-emulsification by
shear, etc. In view of the observed fact that the
dispersions studied by the author and others were
stabilized and maintained a stable character over
periods of time of many hours, the explanation
offered by the Soviet authors cannot be correct.
The observed change in dielectric constant is im-

. Voet, J. Pkys. Chem., 51, 1037 (1947).

. P. Altshuller, ibid., 58, 544 (1954).

. Voet, ibid., 61, 301 (1957).

. Collins, Thesis, Univ. of Manitoba, Canada, 1951.

. Hanai, Kolloid-Z., 177, 57 (1961).

. Collins and T. Hanai, private communication.

Yu F. Deinega, A. V. Dumanskii, and O. D. Kurilenko, Kolloidn.
Zh., 15, 361 (1953); Chem. Abstr., 48, 425a (1954).

1
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5
6
7

mediate upon discontinuation of shear and es-
sentially complete in less than 5 min., as reported
earlier,1a period of time far exceeded by the period
of perfect stability of the emulsions.

THE COMPOSITION OF ANTIMONY
VAPOR

By Gerd M. R osenblatt

Department.of Chemistry, and Inorganic Matenals Division of the
Lav>rence Radiation Laboratory, University of California, Berkeley If,
California

Received March 28, 1962

Recent experiments on the vapor density of
antimony have been interpretedlas demonstrating
that unsaturated and saturated antimony vapor
consists practically solely of Sb4 molecules up to
1,000°. This conclusion is in contradiction with
the accepted thermodynamic properties of anti-
mony, in particular with the dissociation energy of
Sb4(g).2 It can be shown that the experimental
results of Illarionov and Cherepanoval do not
contradict the accepted thermodynamic properties
of antimony and do not substantiate the conclusions
drawn from these results.

Illarionov and Cherepanova carried out experi-
ments of the type diagrammed in Fig. 1. Radio-
active antimony liquid in a furnace at temperature
I2 determined the total pressure in the closed
system. The vapor density in a furnace at tem-
perature Ti was determined by radioactive count-
ing. Experiments were performed with T1 at
1173 and 1223°K. while T2 was varied from about
930 to 1110°K. Table | shows calculated values
of psb, and psu in the furnace at Tx at extremes
of the measurements using free energy functions
from Stull and Sinke,8 a dissociation energy of
Sb4(g) of 63.40 + 2.0 kcal./mole,2 and a heat of
sublimation to Sbh4(g) of 49.45 *0.1 kcal./mole4
at 298.15°K. The conclusions presented here do
not depend upon the particular literature values
chosen. Table 1 illustrates the discrepancy be-
tween the conclusions advanced by lllarionov and
Cherepanova and the accepted thermodynamic
properties as the table indicates the pressure of
Sb2to be appreciable.

As the number of disintegrations measured, i,
is proportional to the number of Sb atoms in
furnace 1, one can write i < 2psb, + psb=when T/is
constant. The slope of the plot of log i vs. \/T2
at constant T, will then be given by

(1) V. V. Illlarionov and A. S. Cherepanova, Dokl. Akad. Nauk SSSR,
133, 1086 (1960); Proc. Acad. Sci. USSR, Chem. Sect, 133, 901
(1960) .

(2) P. Goldfinger and M. Jeunehomme, Advan. Mass Spectrometry,
Proc. Conf., Univ. London, 1958, 534 (1959).

(3) D. R. Stull and G. C. Sinke, “ Thermodynamic Properties of the
Elements,” American Chemical Society, Washington, D. C., 1956.

(4) G. M. Rosenblatt and C. E. Birehenall, 3. Chem. Phys.. 35, 788
(1961) .
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s log ¢1100 — log ¢950
510,,e " (1/1100 - 1/950)
Figure 1.
Table |
Calculated Pressure of Sh4and Sb2in Furnace at Ti
Ti °K) 173 1227
r! (°K) B 1100° B 1100°
P (atm) 1.87X10-« 1.87X10“* 119 X 10"*1.54 X 10**
PI2(am) 1.84X10“« 0.58X10“* 252 X 10"*0.91 X 10**

Using the pressures listed in Table I, one calculates
slopes of 6.19 X 103and 6.35 X 103for Txequal to
1173 and 1223°K., respectively. These differ by
only 2.5%, which is clearly within the range of
error of this type of measurement. Illarionov
and Cherepanova report a constant slope of 6.40
X 10sfor both values of TV It was this constant
slope which prompted their conclusion concerning
the absence of Sb2 It is clear that this slope is
not a measure of the enthalpy of evaporation of
Sb4 molecules at 1,000°K., which other data34
show to be on the order of 25.52 kcal./mole, cor-
responding to a slope of 5.58 X 103 The agree-
ment between the measured slope and those cal-
culated from Table | indicates that the experi-
ments of Illarionov and Cherepanova are in
substantial agreement with the dissociation energy
of Sb4(g) reported by Goldfinger and Jeunehomme.

Acknowledgment.—The author wishes to thank
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Atomic Energy Commission.

ADSORPTION OF WATER VAPOR ON
POTASSIUM CHLORIDE FILMS

By P. G. Hall and F. C. Tompkins

Department of Chemistry, Imperial College, London, S.W. 7, England
Received March SO, 1962

Recently,1the isosteric heats of adsorption, and
their variation with amount adsorbed, of water
vapor on several insoluble metal halides have been
determined in the temperature range —45 to
—23°. Below about one-tenth of the monolayer,
the heats were about 5 kcal./mole and increased to
11-12 kcal./mole with increasing adsorption. With
the soluble halide, potassium chloride, Papie and
Laidler2report a calorimetric heat of 36 kcal./mole
at 25° at low coverages 0 (0 < 0.1). It therefore was
of interest to determine the variation of the iso-

(1) P. G. Hall and F. C. Tompkins, Trans. Faraday Soc.f 58, 1734
(1962).

(2) H. M. Pap”e and K. J. Laidler, Can. J. Chem., 36, 1338 (1958).
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steric heats with increasing adsorption for water
vapor on this chloride in the lower temperature
range —45 to 0°, particularly since it is possible to
obtain microcrystals with a surface area as high as
15 m.2g. using the evaporation technique of Young
and Morrison.3 These large surfaces allowed the
accurate determination of isotherms, and because
the film can be deposited on the walls of the adsorp-
tion cell, corrections for adsorption on the glass
container virtually can be eliminated.
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Results and Discussion

A typical series of results on one film is sum-
marized in the form of the log p plots as a function
of the reciprocal of the temperature (°K.) for
various amounts adsorbed v (Fig. 1), and Fig. 2
shows the isosteric heats for three different films
calculated by application of the Clausius-Clapey-
ron equation, as a function of the coverage 0 =
v/vm, where vm (the monolayer coverage) was ob-
tained from a B.E.T. analysis of the water isotherms
at —23° (see below). Measurement of the adsorp-
tion on the glass walls of the cell, without the film,
showed that the maximum error in the heats could
not exceed 0.5 kcal./mole due to this effect.

Above —25°, heats of 12.5 kcal./mole, largely in-
dependent of coverage, were obtained for three
different films; the isotherms were B.E.T. type Il
plots from which vm values (ml. STP) could be
evaluated. Using a cross-sectional area4of 10.5 A.2
for the water molecule, a “surface area” of 0.65 m.2
compared with a B.E.T. krypton area of 21 m.2
was obtained for a typical film—an explanation of
this difference in terms of clustering of water mole-
cules in the monolayer already has been advanced.1
The B.E.T. ¢ value for water adsorption was 7.0,
corresponding to an average adsorption heat of 12.0
kcal./mole, using an extrapolated latent heat value
of 10.95 kcal./mole for liquid water at —25°.

Below —25°, heats (—AH) of 3 kcal./mole for 0
< 0.1 were recorded; these increased with coverage
to 115 kcal./mole at the “water monolayer.”
This low heat value should be compared with a
theoretical one of 3.5 kcal./mole, calculated using

(3) D. M. Young and J. A. Morrison, J. Sci. Instr., 31, 90 (1954).
(4) H. K. Livingston, J. Am. Chem. Soc., 66, 569 (1944).
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Orr's method5 for a water molecule adsorbed
above the mid-point of the surface lattice square
with the hydrogen atoms oriented6 toward the
chloride ions and the resultant dipole coinciding
with the perpendicular bisector of the lattice square.
Details of the similar calculation for AgBr as ad-
sorbent already have been given.1

The subsequent increase of heat with coverage is
due to lateral interactions between the adsorbed
water molecules and the calculations follow those
that have been given for Agl.1 The theoretical
values for KC1 are in good agreement with the experi-
mental points, except that the inflection which is ex-
pected theoretically (and found experimentally
with the insoluble halides]) is absent.

It is evident that there is disagreement with
Papee and Laidler’'s value (36 kcal./mole) at low
coverage at 25°; in their work2 they found the
adsorption to be accompanied, in the first stage of
the process, by a decrease in area and they sug-
gested penetration of the lattice by water molecules.
However, any increase in the heat of adsorption
due to sintering and simultaneous incorporation of
adsorbed molecules is unlikely as an explanation of
our value of 12.5 kcal./mole (at low coverages and
above —25°) in view of the reproducibility of our
surfaces in the subsequent adsorptions.

It is more likely that there are two different types
of adsorption. Thus, the low-temperature adsorp-
tion is non-activated, with a —AH value of 3 kcal./
mole, comprising single (probably mobile) mole-
cules adsorbed at the mid-point of the Ilattice
square, whereas the high-temperature adsorption is
activated with —AH = 12 kcal./mole, and since
the coverage is low, probably also is associated
with isolated adsorbed water molecules. The time
taken to attain adsorption equilibrium at the higher
temperatures (30-40 min.) is consistent with an
activation energy of about 7.5 kcal./mole, although
the presence of the activated process should have
been noted experimentally at the lower tempera-
tures. However, since the “equilibrium” state ap-
parently was attained more quickly at the lower
temperatures, it is evident ‘ hat the determinations
were not extended to sufficiently long periods to
detect this slower process. With the assumptions
above, for the same coverage (6 < 0.1), the ratio of
the equilibrium pressures of the high- and low-tem-
perature adsorption should be 0.1- 0.2, which indeed
is found experimentally, as can be seen by reference
to Fig. 2.

In order to characterize the nature of the bonding
giving a heat of 12.5 kcal./mole, it probably is
significant that this high-temperature adsorption is
not found with the insoluble halide adsorbents and
therefore may well be associated with the water
solubility of potassium chloride, or with the high
ionic character of its surface ions. The first alter-
native would involve a water molecule highly
coordinated with the lattice ions, e.g., the oxygen
atom of the water molecule can penetrate the sur-
face ions from geometric considerations, but cal-
culations show that the high repulsive forces which
arise in this position are such as to reduce, and not

(5) W. J. C. Orr, Trans. Faraday Foe., 35, 1247 (1939).
(6) W. C. Price, W. F. Sherman, and G. R. Wilkinson, Proc. Roy.
Soc. (London), A247, 467 (1958).
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increase, the heat of adsorption of 3 kcal./mole.
One might assume the existence of a highly dis-
located, yet stable, surface structure into which the
water molecule penetrates (having acquired the
necessary activation energy) so that it is “engulfed”
in an array of ions, but the reproducibility of iso-
therms renders this improbable.

The second alternative depends on the ionic
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character of the surface ions—thus, if the water Kt
molecule is adsorbed with its hydrogen atoms RN + HT = RsNHT (1)

oriented toward a positive and negative ion, re-
spectively, it becomes highly polarized and a charge-
transfer process is encouraged; in the extreme case,
the surface complex has the form

H -
O H+
..Cl- K+ CI" K+...

Such a transformation would require an activation
energy (cf. HD —&»H+ + OH- — 13.6 kcal./mole)
and would become increasingly difficult with in-
creasing covalent character of the surface ions (as,
for example, would be the case with the insoluble
silver halides). It may be noted that, in general,
surface “ions” have a greater covalency than ions
in the lattice. This type of adsorption may well
lead to a substantially immobile layer, and accords
with our estimated values of the entropy of adsorp-
tion which are consistent with mobility at the low
temperatures « —25°) and an increasing immo-
bility above this temperature. The heat of 12.5
kcal./mole at high coverages decreases to 115
kcal./mole since clustering can still be envisaged.

Other explanations of this variation of heat with
temperature at the low coverages, e.g., a phase
transition in the adsorbed layer, is unlikely in view
of the entropy values and the fact that, at —45° at
9 < 0.1, only isolated water molecules are present
by reason of the low heat of 3 kcal./mole. Simi-
larly, clustering of adsorbed water molecules, which
could provide an explanation for the high heats for
temperatures above —25°, would require, at 9 <
0.1, mobility of isolated water molecules at —25°
and considerable immobility at —45°; this latter
requirement is unlikely, even at —45°, in view of
the low value of the heat (3 kcal./mole).

It may be significant that recent dielectric relaxa-
tion measurements7by the authors, although refer-
ring to high coverages, show no dielectric loss (0.6-
1.4 Me./sec.) at —45°, whereas tan 8 increases
with amount adsorbed above —25°.

(7) P. G. Hall and F. C. Tompkins, unpublished observations.

A SECONDARY INTERACTION OF
TRI-n-OCTYLAMINE WITH
HYDROCHLORIC ACID AND

THENOYLTRIFLUOROACETONE1

By Leonard Newman and Paul Klotz

Brookhaven National Laboratory, Upton, New York
Received April 26, 1962

Introduction

In a previous publication,2 it was observed by
a spectrophotometric approach that thenoyltri-
fluoroacetone (TTA) interacted with tri-n-octyl-
amine (TNOA) in benzene solutions to form an
acid salt. The formation constant, AT, for the
reaction

(1) Research performed under the auspices of The U. S. Atomic

Energy Commission.
(2) L. Newman and P. Klotz, J. Phys. Chem., 65, 796 (1961).

where RN represents TNOA and HT represents
TTA, was found to be (1.4 + 0.1) X 103 Acid
equilibrium measurements of aqueous phases with
benzene solutions permitted the determination of
the formation constant of the amine hydrochloride
salt

Kcv

RN + H++ Cl- = RNHCL (2

In this equation and subsequent ones, the un-
charged species are present in benzene solutions
and the charged species in the aqueous phase.
It recently has been brought to our attention that
Bizot and Tremillon5conducted a similar study in
which they found the value of the formation
constant to be 1.1 X 104 The value that we ob-
tained for Kg\was (1.3 £ 0.3) X 104 and is in
extremely good agreement with their result.

In recent experiments where benzene solutions
of TTA and TNOA were equilibrated with hydro-
chloric acid solutions, it was observed that the
amount of acid remaining in the aqueous phase
was less than predicted by the above equilibrium
constants. However, in these experiments the
concentration of TTA was much greater than
previously employed. Under these conditions, an
interaction must occur in the organic phase which
causes a greater withdrawal of acid from the
aqueous phase than predicted by the known re-

actions. The nature of this compound is the
subject of this investigation.
Experimental
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(3) J. Bizot and B. Tremillon, Bull. soc. chim. France, 122 (1953).
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Table

E xtraction op Hydrochloric Acid as a Function of

Changes in Composition of Aqueous and Organic

In|t|aI conditions R (4

q phase (H) 4.00 3.21

Org. phase (Ré\lHCl HT) 3.20 2.81

gRs tzé gt 2.80 2.56

ymbol used in Fig. » O 2.00 191

1.60 1.34

1.20 1.12

0.80 0.74

0.40 0.38

0.20 0.18

Aq. phase (2w LICI) 2.80 0.63

Org. phase &R NHC1, HT) 2.00 54

gR t= r? 1.60 A7

ymbool used in Fig. 1 1.20 41

0.80 33

0.40 21

0.20 15

Aq. HCJ\? 7.00 6.66

Org hase HT) 5.00 4.66

g t= 001 4.00 387

ymbol used in Flg 11 3.00 2.86

2.00 1.94

1.00 0.96
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Results and Discussion

A careful analysis of the data in Table | indicates
that the amount of acid found at equilibrium in the
aqueous phase cannot be accounted for by the for-
mation constants obtained for reactions 1 and 2.
Since the amount of acid found in the aqueous
phases is less than would be predicted, an addi-
tional compound must be formed in the organic
phase which can consume acid. The three simplest
compounds which can be suggested as an explana-
tion for this behavior are (RNHC1)2 RN(HC1)2
and RJNHCLIHT. The first two should give rise
to a second power dependency on hydrogen ion
concentration. Since this was not observed, they
could be immediately eliminated. An attempt was
made to attribute the enhanced extraction of the
acid to the formation of RINHC1HT.

The reaction leading to the formation of this
species can be written as

K ci,t

RN + H+ + Cl- + HT = RsNHCIHT (3)

where Ticit is the formation constant. There-
fore, the analytical concentration of the amine,
(RNt is

(RN)t = (RNHCL) + (RNHCIHT) +

(RNHT) @)

Under the conditions of these experiments, the
concentration of free amine, (R3N), is small enough
to be neglected. The analytical concentration of
acid, (H+)t, in both phases is

(HH)t= (H+) + (RANHC1) + (RNHCIHT) (5)

Substituting eq. 1, 2, and 3 into (4) and (2) and (3)
into (5), then dividing (4) by (5) and rearranging
we obtain

[H+][CI-{ (Ra)t + (H+) - (H+H)t! (6)
The brackets around the agueous hydrogen ion,
aqueous chloride ion, and the organic TTA terms
indicate that activities should be used. Concen-
trations are used for the organic species RINHC1,

RANHT, and RsNHCIHT on the assumption that
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their activity coefficients are equal or remain
constant. Consequently, a “mixed” formation

constant (terms in both activity and concentration)
is obtained.

The series of experiments were so designed that
data could be obtained from the equilibrations of
aqueous phases with benzene solutions containing
TNOA and TTA which would test the relationships
predicted by eq. 6. In all cases, conditions were
selected so that at equilibrium the free TTA con-
centration was maintained constant at 0.1 M.
Consequently, from a plot of (H+)t — (H+) vs.
[H+][CI-[{(RN)t + (H+) - (H+)*} a straight
line relationship with a zero intercept should be
obtained if the postulated product RNHCIHT
is of significance. If such is the case, then utilizing
the known formation constants for RNHT and
RINHCI and the activity of the unassociated TTA,
the formation constant, K ci,t, can be calculated
from the slope of the line. The appropriate terms
for the plot were calculated from the known com-
position of the solutions, (RN)t and (H+)t, and
from the measured aqueous hydrogen ion concen-
tration, (H+), after equilibration.

The indicated terms were calculated from the
data presented in Table I. Activities were cal-
culated for the aqueous hydrochloric acid con-
centrations from the known activity coefficients.4
Utilizing the expression of King and Reas5 the
activity of a 0.1 M TTA solution was calculated
as 0.092. For the systems where aqueous phases
contained 2 M LiCl, the activity coefficient for
hydrochloric acid was taken as unity.4 The re-
sulting plot is shown in Fig. 1. In accordance
with theory, a straight line relationship is obtained
with a zero intercept. From the slope of the
straight line and the known formation constants,
a value of (2.1 * 0.4) X 106was calculated for
A'cit- The formation constant for the organic
phase reaction

RsNHCI + HT =

RNHCIHT  (7)

was calculated by dividing Kcit by KCx The
value that was obtained is 16 + 5.

The experiments which were performed permitted
a test of the suggested reaction under a wide variety
of conditions. The analytical amine concentration
was varied between 0.002 and 0.04 M, the free acid
concentration from 0.0008 to 0.08 M, and the
chloride concentration from 0.0008 to 2 M. The
TTA concentration was maintained at 0.1 M. The
formation constant was measured under condi-
tions when each of the amine species participated
as either a minor or major component of the solu-
tion. Consequently, it has been demonstrated
that the extraction of hydrochloric acid by ben-
zene solutions of TTA and TNOA can be com-
pletely accounted for by the presence of three spe-
cies, RNHCI, RNHT, and RNHCIHT.

This knowledge of the nature and the extent of
formation of these species has been applied for an
elucidation of the synergistic effect exerted by

(4) H. S. Harned and B. B. Owen, “The Physical Chemistry of
Electrolytic Solutions.” Second Ed., Reinhold Publ. Corp., New York,
N. Y., 1950.

(5) E. L. Kingand W. H. Reas, J. Am. Chem. Soc., 73, 1806 (1951).
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TNOA on the solvent extraction of thorium by
TTA.6

(6) L. Newman and P. Klotz, J. Phys, Chem,, in press.

THE THERMODYNAMICS OF AQUEOQOUS
ELECTROLYTE MIXTURES AT ELEVATED
TEMPERATURES. THE SOLUBILITY OF
SILVER SULFATE IN KNO3K 504 KS04-
MgS04 AND KS04H 2S04 MIXTURES

By M. H. Lietzke and R. W. Stoughton

Chemistry Division, Oak Ridge National Laboratory,1 Oak Ridge,
Tennessee

Received April IS, 1962

In a series of previous papers2the solubility of
AgZS04in a variety of electrolyte solutions has been
investigated. It was shown that single parameter
empirical expressions of the type

Vio
1+ AvVio-
(1

could be used to describe the variation of the
solubility product of Ag2S04 over a wide range of
temperature and ionic strength. In eq. 1 s0is the
solubility of Ag2504:n pure water, St is the appro-
priate Debye-Tliickel slope, I the ionic strength of
the solution, and A the adjustable parameter. In
all cases best agreement between calculated and ob-
served solubilities was obtained when each single
parameter A iwas assumed to be temperature inde-
pendent and to be either ionic strength independent
or to decrease slowly with increasing ionic strength.
The justification for using eq. 1 without a linear
term has been discussed previously.2

In the present paper the treatment of the solu-
bility of Ag2504 in single electrolyte systems has
been extended to the solubility in three electrolyte
mixtures: (1) KNO3IK 2504 (2) KS04MgS04 and
(3) KXS04H 2304 In each of the three systems the
total ionic strength of the solubility medium was
held constant at two different values, while the
ratio of the two components was varied. Weight
concentrations were used in reporting the data, and
the Debye-Hiickel limiting slope at any tempera-
ture was made density dependent by multiplying its
value on the molai scale by the square root of the
density of water at that temperature.

Ex eri{nental 4 with
gas%re ents we[ygger ormed wi

ubilit
gra e Tangs o0 IEVigys and were carried ou%

Results and Discussion
The values for the solubility of AgZ04in each
system as a function of temperature were fitted by
the method of least squares to an equation

v 7
A+ Ay/1

INS = In4s@+ St

Al s I
sa et?
inthe te

(1) Operated by Union Carbide Corporation for the United States
Atomic Energy Commission.

(2) M. H. Lietzke and R. W. Stoughton, J. Phys. Chem., 63, 1183,
1186, 1188, 1190, 1984 (1959); 64, 133, 816 (1960).

(3) M. H. Lietzke and R. W. Stoughton, 3. Am. Chem. Soc., 78, 3023
(1956).
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Table 1
Coefficients of Equation 2 fob the Solubility of AJS504in the Electrolyte Mixtures Studied
[ of the mixture araoi m KssO* @ X 105 al« 10 ®x 10. i« 1B
1.0 1.0 0 431016 6.41420 -1.57687 .
07 1 317650 375, 033k 1a
5 16 2.88124 3.12836 - 204457 2.57
28 24 1.90299 443650 - 701309 1.00
1416 1416 o 51 éﬁ% 5.§1g8167 i 0t
. . 0 . 4.86857 - .
0.3484 3564 -0.202929 1.32640 -1.4659771%}4 3.?3{23
0 472 1 59375 5.67500 -0.473332 0.22
NS ES “MED
1.0 333 0 141304 547167 -0.875239 0.16
25 0625 0.642984 5.86084 -1.32865 92
167 125 0.00169903 6.9990 -1.86183 43
0833 1875 142525 468734 -1.06849 1.09
0 25 127142 5.00573 -1.24572 0.27
1437 479 0 158357 5.71667 -0.470478 0.15
2395 1796 -1.26804 1.94620 -1.49270 2.20
0 3592 1.22750 5.38381 -1.16191 0.30
WHSG3 S
1.007 2507 2500 -0.883321 9.58466 -2.63613 1.39
2.000 5000 5000 -3.26708 13.0980 -3.06707 0.68

®Standard error of fit. s Formal molality based on considering H2S04as a 1-1 electrolyte.

s = do it -]- a2 (2

The resulting equations were solved at 25° inter-
vals from 25 to 200° in the case of the KNO3
K 2504 system (/knoi + lk,s0, = 1.0), where data
were obtained over the entire temperature range,
and from 100 to 175° in the other systems. The
coefficients and the standard error of fit for eq. 2
describing the solubility of AgZ04in each system
as a function of temperature are given in Table I,
while a typical set of solubility curves for
one of the systems (lkno, + / k,so4 = 1.0) is shown
in Fig. 1. The other families of curves were similar.

Since in previous work?2it was demonstrated that
temperature independent values of the parameter A
in eq. 1 could be calculated such that the difference
between observed and calculated solubilities would
be minimized for systems in which Ag2S04was dis-
solved in solutions of a simple electrolyte, it seemed
of interest in the present work to calculate values
of the parameter A for the mixtures studied to deter-
mine whether a simple combining relationship
existed between the values of A in the simple sys-
tems and in the mixtures. In carrying out the
calculations for the KNO3K 2304 and K04

MgS04 mixtures, values of In S and VI in eqg. 1
were computed at 25° intervals for each system
using the smoothed values of the solubility of Ag2
S04 as obtained from eq. 2 and the appropriate
molalities of the components of the mixture. Then
the value of A was determined in each case between
100 and 175° by selecting the value which equated
the right and left sides of eq. 1. The A parameters
so obtained for each system are given in Table II.
The values shown are the mean values calculated
between 100 and 175°.

Additional calculations were performed in which
a linear term was added to eq. 1, viz.,, BI. In these
calculations A was set equal either to 1.0 or to 1.5
and the value of B determined such that the right

Fig. L—The solubilit )/of Ang?u KNO3-K2s04 MiXtures
wnere fknoi™+ ol = 1.0.

side of eq. 1 augmented by the linear term was equal
to the left side. The values of B so obtained showed
a much greater dependence on temperature than did
the values of A obtained without the linear term.
Since the latter calculation (involving the Bl term)
offered no advantage over the former, no attempt
was made to correlate the B values with tempera-
ture and ionic strength fractions.
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The observed solubility of Ag2S04in each system
as a function of temperature was compared with
values calculated using the average A values given
in Table Il. In all cases the agreement was very
good—within a few tenths of a per cent in most
cases and within 2% in the remainder. Hence
the behavior of the A values in the electrolyte mix-
tures was very similar to the behavior of the A
values in the individual components.

Table ”

A Parameters for Equation 1

Std, dev.
Totalr  cno: k04 a  fromthe ean
1.0 1 0 0 0991 0004
0.7 0.1 994 018
5 16 956 030
28 24 315 014
0 333 656 002
1416 1416 0997  o.012
0348 0.354 311 021
0 0472 630 000
l o 0.333 0.656 0.002
25 0.0625 194 006
167 125 334 006
0833 1875 892 003
0 25 940 006
1437 0479 0634  o0.000
205 0.179% 815 043
0 3592 885 004
: 02500 02507 0.922  0.036
2.000 05000 05000 ~ 0.832 0013
eIecl:romal molalny based on considering H-S04 as a 1-1

In the case of the solubility of AgS04in KS04
H2 04 mixtures the calculations were performed
essentially as described previouslyBfor the solu-
bility of AgZS04in HZS04solutions except that the
ionic strength term included the concentration of
K204 The denominator parameter in the term
correcting the bisulfate acid constant for the ionic
strength of the solution was taken as 0.4, consistent
with previous calculations.2 At all temperatures
from 100 to 175° the observed and calculated solu-
bilities of Ag2S04agreed to within 1% with a mean
A value for I = 1.0 of 0.922 and for 1 = 2.0 of
0.832.

An attempt was made to relate the A values
shown in Table Il for each system. In no system
was it possible to relate the A value calculated for a
mixture with the A values calculated for the corre-
sponding pure systems by taking a linear combina-
tion of the latter values weighted according to the
ionic strength fractions fi of the appropriate elec-
trolytes; i.e.

Amixtilre = Alfi “f* Azfz (3)

did not hold. However, in the KN0O03K XS04
systems (7 = 1,0) the relationship

Amixture = A]/l + AZ2+ AIAZIf2 (4)

held very well. In the remaining systems the A
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value for the mixture lay between values computed
from the A values of the simple systems by eq. 3
and 4.

Since a simple general combining relationship
based on the A values could not be found it seemed
of interest to try adirect correlation of the solubility
of AgS04 in the electrolyte mixtures with the
solubilities in the pure component solutions using
eq. 5. However, the coefficient Si2 was not con-

sm = Sifi + Sift + S22 )

stant but varied quadratically with either /4 or
/2 and quadratically with temperature. Thus a
direct correlation of the solubilities is neither
simpler nor more complicated than a correlation
through an activity coefficient function.

Acknowledgment—We wish to thank Stanley
Anderson and Sarah Ledford for carrying out the
experimental solubility measurements and Dr. W.
D. Larson for interesting discussions during the
early phases of this work.
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The e.p.r. spectrum of the HO2radical has been
reported independently by several research
groups.2-5 The spectra show good agreement with
respect to line shape and line width, although each
investigation produced the radical by a different
method.

By means of a previously described flow tech-
nique,Z8H 02was generated by reaction of hydrogen
peroxide with ceric sulfate. This method has the
advantage of producing the radical in a relatively
high concentration in the liquid phase.

Exp ermental red il
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(1) Research performed under the auspices of the U. S. Atomic
Energy Commission.

(2) J. Kroh, B. C. Green, and J. W. T. Spinks, J. Am. Chem. Soc.,
83, 2201 (1961).

(3) L. I. Awramenko and R, W. Kolesnikowa, Dokl, Akad. Nauk
SSSR, 140, No. 5 (1961).

(4) E. Saito and B. H. J. Bielski,
(1961).

(5) J. Kroh, B. C. Green, and J. W. T. Spinks, Can. J. Chem., 40,
413 (1962).

(6) 1. M. Kolthoff and E. B. Sandell, ‘‘Textbook of Quantitative
Inorganic Analysis,” 1st Ed., The Macmillan Co., New York, N. Y.,
1943.

(er)

lﬁe%ﬁ%f

J. Am. Chem. Soc., 83, 4467
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the mean of the signal strength was 3%. The solutions
flowed from a thermostat to the mixing chamber and through
the flow tube in the cavity. The velocity in the flow tube
was 363 + 6 cm./sec. The tubes leading to the mixing
chamber, as well as the flow tube passing through the spec-
trometer cavity, were fitted with a vacuum jacket. The
temperature of the solution was checked with a thermometer
at the exit of the flow tube. The distance between mixing
chamber and cavity was adjustable.

Calibrations.— The calibration of the e.p.r. spectrometer
was carried out with a manganous sulfate solution. It
was found that the total area under the absorption curve,
which was obtained by graphical integration of the deriva-
tive absorption curve, was a linear function of the man-
ganous ion concentration. Further, although there was a
change in peak height and line width with temperature,
the total area stayed constant. A change in line width with
temperature also was observed for the HO2 radical. This
change was 0.26 gauss/deg. at 9.5 kMc.

Results and Discussion

The quantitative oxidation of hydrogen peroxide
by ceric sulfate in strong acid media is well known.
The over-all reaction can be represented by the
equation

2CelV + HD2— »2Cem + 2H+ + 02 (I)

This reaction takes place in two steps, with the
formation of the H O 2radical as an interm ediate47-10

CelV + HD?2 Cem + H+ + HO2 (1)

CelV + HO2— »Celll+ H+ + 02 (2)

The purpose of the present investigation was to
determine the activation energy for the reaction

®3)

It was assumed that if the concentration ratio of
hydrogen peroxide to ceric sulfate was high, all the
ceric sulfate would react while in the mixing cham-
ber. Under these conditions reaction 2 and the
back-reaction in step 1 can be neglected and reac-
tion 3 can be followed in the tube beyond the mix-
ing chamber. This assumption was verified ex-
perimentally by changing the ceric sulfate concen-
tration over a tenfold range from 6.12 X 10-3
to 6.72 X 10-4 M. The rate constants which were
obtained were identical within experimental error
at a hydrogen peroxide concentration of 0.131 M.
The signal for the HO2radical was detectable for
ceric concentrations aslow as 7.0 X 10-6 M.

In order to determine the activation energy for
reaction 3, e.p.r. spectra of the HO2radical were
recorded for a number of different flow distances
between mixing chamber and cavity at constant
flow rate, solute concentrations, and temperature.
The concentrations of ceric sulfate and hydrogen
peroxide were 151 X 10-3 and 031 M, respec-
tively.

The area under the absorption curve (which is
proportional to the (peak height)(line width)2 of
the derivative absorption curve) is directly pro-
portional to the concentration of the paramagnetic
species. Thus a plot of the reciprocal value of
(peak height)(line width)2of the HO2 e.p.r. spec-

(7) J. H. Baxendale, J. Chem. Soc., Spec. Publ. No. 1, 40 (1954).

(8) S. Baer and G. Stein, ibid., 3176 (1953).

(9) P. B. Siegeler and B. J. Masters, J. Am. Chem. Soc., 79, 6353

(1957).
(10) Unpublished work by B. H. J. Bielski and A. O. Allen.

HO2-f-HO2 »H2D2-f-02
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FLOW TIME , SECONDS x 103

Fig. 1—Reciprocal (peak height)(line width)2 cm.3 vs.
flow time of HO2 <, pH 0.5, 0.8 N H330,; X, pH 1.05;
A, pH 155. The conversion factor is 3.34 X 1018 spins/
cm.3

trum vs. flow time should give a straight line if the
reaction follows second-order Kkinetics. This is
indeed the case, as shown by the data plotted in
Fig. 1.

The relation between the activation energy and
the e.p.r. spectra can be represented by the equa-
tion

In (slope) = — I_IIEIE + constant (4)

where the slopes are those of the curves in Fig. 1
As is evident from eq. 4, the activation energy can
be computed without the knowledge of the absolute
concentrations of the HO2radical. The calcula-
tions of the activation energy are based on an
average intercept of 0.057 cm.-3 in Fig. 1. The
activation energy computed from a curve of In
(slope) vs. reciprocal absolute temperature is 5.9
+ 0.4 kcal./mole.

An attempt also has been made to calculate the
absolute rate constants for reaction 3 from the
results in Fig. 1. The calculations are based on
the graphical integration of the e.p.r. spectra of
HO 2 and the calibration spectrum of manganous
sulfate. The calibration factor was 3.34 X 108
spins/cm.3 Using the second-order equation d-
(HO2/d( = —(c3YHO0232 the rate constants for this
reaction were calculated. The results are given
in Table |. Although these values show small
relative experimental errors, the absolute values
obtained by this technique may have an uncer-
tainty up to 50%.

An investigation of the effect of the H + ion
concentration upon reaction 3 has been carried
out at 25°. The data given in Fig. 1 indicate
that the disproportionation reaction of HO2 is
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Tabte |
R ate for the Disproportionation of H02in 0.8 N
Sulfuric Acid
Temp,, °C. kt, I./moles-sec.

1.0 2.33 X 106+ 0.33

8.4 2.85 X 106 35

14.8 3.61 X 106+ .64

25.0 4.74 x 10"+ .81

43.0 7.30 X 10"+ 1.20
independent of the hydrogen ion concentration

in the pH range from 0.5 to 1.55.

Acknowledgment.— The authors wish to thank
Drs. A. 0. Allen, H. A. Schwarz, and J. Rush for
interesting and helpful discussions of this problem.
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In 1955 Covington and Prue2devised a method of
obtaining thermodynamic data from a cell with a
glass electrode. In dilute acid the glass electrode
potential is assumed to be due to (a) the hydrogen
ion activity and (b) a time dependent asymmetry
potential characteristic of the glass electrode. If
the change in asymmetry potential is linear with
time, the potential of a glass electrode-acid anion
reversible electrode system can be extrapolated to
the time of transferring the electrode system from
acid of one concentration to acid of another concen-
tration. The difference in potential of the time of
transfer would exactly cancel the asymmetry po-
tential and leave a potential equivalent to that of a
reversible concentration cell without transference.
A similar technique can be used which is equivalent
to a concentration cell with transference.3

Covington and Prue have tested their technique
using special glass electrodes of large surface area
made of low resistance soft glass with a thin hard
glass coating. These electrodes are of very low
asymmetry potential. They have successfully de-
termined the activity coefficients of HC1, HNO3
and HCIO4 at O and 25°24 using a conventional
potentiometer circuit. Measurements at 45° or
higher were not successful because of deterioration
of the hard glass coating of the special glass elec-
trodes which allowed traces of base to leach into the
acid solutions.5

The present work was undertaken to test the
technique at higher temperatures with commercial
glass electrodes. A glass-silver-silver chloride
electrode system in HC1 was used. The potential
of the high impedance system was measured as a
function of time with avibrating reed electrometer.

(1) Work performed for the AEG under contract no. AT-(40-1)-
2569.

(2) A. K. Covington and J. E. Prue, J. Chem. Soc., 3699 (1955).

(3) A. K. Covington and J. E. Prue, ibid., 3701 (1955).

(4) A. K. Covington and J. E. Prue, ibid., 1567 (1957).
(5) A. K. Covington, ibid., 4441 (1960).
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The extrapolated difference in potential at the time
of changing the acid concentration from mi to m2
around the electrode system is equivalent to the
concentration cell without transference

Pt/HZ1 atm.)/EC1 (m3/AgCI/Ag-Ag/AgCl/
HCI(mi)/HZI atm.)/Pt

The potential is

E = Emi— Emi= -k log — (1)

m27 2

where wi2> mi, Eml and En?Pare the experimentally
measured potentials extrapolated to the time of
changing the acid concentration, and k is 2.303 X
RT/F.

Since all runs were made with the same initial
concentration of HC1l, mi, the potential can be
written

E = E°+ 2klog m2+ 2klogy2 (2)

where

E° = —2klog mm

Activity coefficients of HC1 were calculated from
the semi-empirical Debye-Hiickel type equation

logy = - 7

., wi + B>m (3)
1r

where A is the Debye-Hiickel constant, B is taken
as a temperature independent constant, and B' is a
constant evaluated from the experimental e.mf.
data.

Substitution of log y from eq. 3 into eq. 2 and
rearrangement gives

2kA 1

E — 2klogm + t-- n~Ul — 2kB'm (4)
- T Bm

A plot of the left-thand side against m gives a
straight line whose slope is 2kB".

Experimental

The glass/HCI (ra)/AgCl-Ag cell assembly was completely
immersed in a well stirred oil bath controlled to * 0.02°.
Oxygen-free, water-saturated nitrogen was kept over the
HC1 solution at all times.

The e.m.f. was measured with an Applied Physics Corp.
Model 32 vibrating reed electrometer as detector.6 The
e.m.f. was fed to the vibrating reed electrometer; all but
about 2 mv. was “bucked out” by a Rubicon type B potenti-
ometer standardized against a Bureau of Standards certified
Weston standard cell. The final 2 mv. was displayed on a
Brown recording potentiometer and followed as a function of
time.

Dilute standard acid (about 0.005 m) was placed in the
cell and the e.m.f. followed until any change was linear with
time. The acid concentration was changed by adding a
small amount of concentrated acid to the cell and the e.m .f.
again followed until it was linear with time. The linear
portions of the e.m.f-time curves are extrapolated to the
time of changing the acid concentration and the e.m.f. dif-
ference determined at that time. The acid in the cell at the
end of the run was analyzed by titration from weight burets
against KHP standardized NaOH solution.

(6) K. A. Kraus, R. W. Holmberg, and C. J. Borkowski, Anal.
Chem., 22, 341 (1950).
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The silver-silver chloride electrodes were thermal type
prepared by heating to about 550° a 1:8 weight mixture of
silver oxide and silver chlorate. The procedure outlined by
Greeley, Smith, Stoughton, and Lietzke7 was followed
closely.

The glass electrodes were Beckman commercial glass
electrodes. Both the Amber Glass #43509 and the General
Purpose #41203 were tried with no detectable difference in
results. In most of the runs the Amber Glass electrode was
used.

The empirical constant B*' was calculated from the slope of
aplot of

2 kAmiA

E — 2k log m +
1+ Bm

against m. Values of the necessary constants at 65° were
taken from the tabulation of Manov, Bates, Hamer, and
Acree.8 The Debye-Hiickel A is 0.5480 kg.!/s mole-1/»
and k was converted to absolute volts and is 67.093 mv.
The constant B was treated as an empirical constant. Gug-
genheim and Prue9suggest B = 1.0, Scatchardi0 suggests B
= 1.5 satisfactorily fits most data for 1-1 electrolytes. The
data were plotted using B = 1.0, 1.5, 2.0, and 3.0.

All four plots were linear; the least squares slopes, the
standard error of fit, and the B' values are in Table I. The
minimum standard error of fit was found with B = 1.0.
The calculated activity coefficients are compared with the
values determined by Greeley, Smith, Lietzke, and Stough-
tonl*in Table Il1. The calculated activity coefficients agree
well with both B = 1.0and B = 1.5, with the B = 1.5 values
giving a slightly closer check.

Table |

Values of S'as a Function of B from the Least Squares

Stope Of E — 2k logm + !k—— . WAGAINST m

1 Bm 11
B Slope B afit, mv.
1.0 30.4 0.227 0.350
1.5 13.6 .102 .392
20 0.844 .0063 .394
3.0 -17.3 - 129 .398

Table Il

lean lonic Activity Coefficients of Hydrochloric

Am'l
Acid at 65° Calculated from logy — + B'm
1+ Bm!l
Accepted

activity Mean ionic activity coefficients calcd. with B
co- equal s

Molality efficients” 1.0 1.5 2.0 3.0
0.005 0.923 0.922 0.924 0.925 0.928
.01 .898 .896 .898 .900 .910
.02 .867 .864 .867 .870 .877
.05 .817 .815 .819 .824 .832
.10 774 778 .781 .784 791
.20 743 .752 .748 .745 741

“ Reference 11.

A series of runs at 50° before the experimental technique
was refined to rigorously exclude oxygen from the Ag-AgCl
electrode and to prevent all evaporation losses gave almost
equally good values of activity coefficient but the uncer-
tainty due to the scatter of e.m.f. values was unacceptable.
An incomplete set of data at 85° indicated the technique

(7) R. J. Greeley, W. T. Smith, Jr., R. W. Stoughton, and M. H.
Lietzke, J. Phys. Chem, 65, 652 (1960).

(8) G. G. Manov, R. G. Bates, W. J. Hamer, and S. F. Acree, J.
Am. Chem Soc., 65, 1765 (1943).

(9) E. A. Guggenheim and J. E. Prue, Trans. Faraday Soc., 50, 231
(1954).

(10) See footnote 9 of M. H. Lietzke and R. W. Stoughton, J. Am.
Chem Soc., 78, 4520 (1956).

(11) R. S. Greeley, W. T. Smith, Jr., M. H. Lietzke, and R. W.
Stoughton, J. Phys. Chem, 64, 1445 (1960).
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would be equally successful at that temperature with the
advantage that the asymmetry potential seemed to become
linear in a shorter time at the higher temperature.

Acknowledgment— We wish to thank Dr. M.
H. Lietzke and Dr. R. W. Stoughton of the Oak
Ridge National Laboratory for an introduction to
this problem.
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It has been shown previously23that the effects
of substituent groups on ionization potentials of
alkylamines (Y3 ) and alkyl free radicals (Y X)
were almost identical. From measured photo-
ionization potentials of amines a new set of con-
stants, 5k values, which quantitatively reflect
changes in ionization potential with substituent
groups, were derived and using these, ionization
potentials of alkyl free radicals could be estimated
to within the experimental error of their measure-
ments. There is a “saturation” effect and these
values are notlinearly additive but can be combined
following certain set precepts. 5« values obtained
from linear and branched alkyl substituents proved
to be extendable to cyclic substituents in which
the carbon from whence the unpaired electron was
being withdrawn was itself part of the ring.3

However, effects of substitution on ionization
potentials are not the same for the series of alcohols
and ethers as for the amines. 5« values for these
oxygen-containing compounds now w ill be treated
here. This problem has assumed importance
recently because of the use of 5« values as a measure
of the magnitude of penetration integrals of neutral
substituent groups in quantum chemical calcula-
tions. Although these penetration integrals custo-
m arily are neglected, they have been shown in
several cases to be comparable in magnitude to
other terms being calculated.4

Since 5« values derived from nitrogen compounds
do not carry over into the oxygen series, a specific
set of 5k values for use with oxygen compounds is
presented in Table |I. These values are based on
photoionization measurements of the molecules.5
The purpose of these values is twofold: first, to

(1) (a) This work was supported in part by the Office of Naval Re-
search; (b) 1962 Visiting Staff Member, Centre de Mécanique On-
dulatoire Appliquée, 23 Rue du Maroc, Paris 19e, France.

(2) (@ J. J. Kaufman and W. S. Koski, J. Am Chem Soc., 82,
3262 (1960); (b) J. J. Kaufman and W. S. Koski, presented before the
Section on Physical Chemistry— Structure and Reactivity of Small
Molecular Species, 18th International Congress of Pure and Applied
Chemistry, Montreal, August, 1961.

3) J. J. Kaufman, Part Ill of this series;, ONR-TR3. NONR-
3471(00), March, 1962; (accepted for publication in J. Am. Chem
Sofzi))' S. Brato2 and S. Besnainou, J. Crem Phys., 34, 1142 (1961).

(5) K. Watanabe, T. Nakayama, and J. Mottl, “Final Report on
lonization Potential of Molecules by a Photoionization Method."
Dept, of the Army jf5B 99-01-004, December, 1959.
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Table |
8 Values Derived por 0 and S Molecules (in e.v.)
H2D and HX parent molecules
Oxygen
Sub- N
stituent X% ,0() «K.0'1-® X,0(2) ik,0(2- % 5K-Me,0(1> IK-Me.O(2i
CH3 1.74 2.59
1.74 0.85
CA - 2.11 3.06 0.37 0.47
2.11 0.95
w-CsHr- 2.39 3.32 0.65 0.73
2.39 0.93
T-CaH— 2.43 3.39 0.69 0.80
2.43 0.96
71-CaH o 2.55 0.81
Sulfur
Sub-
stituent X,s(1) XK.s” -» uk,s<9 aKs;2 1) aK-Mo,8(1; aK-Me,S(2
CHS 1.02 1.77
1.02 0.75
CA - 1.17 2.03 0.15 0.26
1.17 0.86
II-CsH— 1.26 2.16 0.24 0.39
1.26 0.90
TOGH o 1.32 0.30
1.32
enable one to estimate ionization potentials of (a) /(MeSEt) = /(HXS) - 8K.s(l) (Et) -
other oxygen-containing molecules, and second,
to perm itygne to differer?tiate effects of penetration S s(21> (Me)
. : ! I = 1046e.v. — 117ev. —0.75e.v.
integrals on different cores, — C- and — N: on
! I = 854 e.v. (calcd.)
one hand and — 0— on the other hand. or
The symbolism and sign convention for 5k values
are the same as those of ref. 2a: 5« (or 5%(D) and  (b) /(MeSEt) = /(HB) - 5k,s (Me) -
5 ( are the changes in ionization potential caused
by substituting one or two identical groups, 5K.8«¢1(Et)

respectively, for H atoms (on the same central
0 atom from which the electron is being withdrawn
upon ionization). To differentiate these 5k values
from those derived from nitrogen compounds, an
extra subscript O will be used:

Bk,0 and 5k,0(2

®K-Me,0(1) and 5K-Me,0(2 are the changes in ioniza-
tion potential caused by substituting one or two
groups for methyl groups (under the same condi-
tions as above).

Since there is a saturation effect, another type
of 5k value is the difference in ionization potential
found by adding a second identical substituent
group when a first substituent group already is
present.

5k,0(1:0> (or 5,0 or 5,0<0) and 5Kio<? 1) are the
differences in ionization potential between mono-
and unsubstituted and between di- and monosub-
stituted molecules.

The symbols for 5« values from sulfur com-
pounds are exactly the same with the exception of
asubscript S instead of 0.

W ith the 5« values in Table I, it is possible to:
(1) calculate the ionization potentials of mixed
ethers or sulfides: As an example one can reproduce
by calculation the experimentally measured ioni-
zation potential of CH3sSC2Hs.

1046e.v. — 102e.v. — 086 e.v.
= 853 e.v. (calcd.)

Each of these calculated values is extremely close
to the experimentally measured value of 855 +
0.01 e.v. The convention to be adopted for calcu-
lation of ionization potentials for S and O com-
pounds is 5K,9(oro)(1)(R i) and5Ks(or0)(2-1) (r 2 where if
Ri R2then IR > R2
(2) calculate the ionization potential of a cyclic
ether or sulfide: In a previous paper3it has been
demonstrated thaj it is possible to calculate ioniz-
ation potentials of cyclic entities by extension of the
5 values for the corresponding linear groups.

(a) Estimation of the ionization potential of
tetrahydrofuran (THF) confirms this conclusion.

J(THF) = /(H»0) - 5,0 (Et) 1259 ev. -

3.06 e.v.

953 e.v.

(calcd.)
/(THF) = 954 ev. (expt.)

(b) Estimation of the ionization potential of
tetrahydropyran (THP) serves as a conclusive
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check on the validity of calculation of ionization

potentials of cyclic ethers by the  method.
7(THP) = 7(HD) - 5KO@(Pr) - ™ « “»(Et)
= 1259 ewv. - 239ewv. - 095e.v.
= 9.25 e.v. (calcd.)
7(THP) = 9.26 = 0.03 e.v. (expt.)

For cyclic compounds if possible use Ri = R2
if not, then Ri > R2

The much larger effect of the Me group on 7-
(MeS-) radical relative to 7(HS-) radical6 (2.44
e.v. as compared to 1.02 e.v. for MeSH relative
to HX) indicates an enhanced resonance contribu-
tion (due possible to a planarity of the MeS + ion).
This observation carries with it the subtle implica-
tion that one should perhaps use different evalua-
tions of penetration integrals depending upon
whether one or two electrons from 0 or S are con-
tributed to a delocalized system.

lonization potentials of ethers and sulfides have
become of great interest recently in connection
with charge-transfer complexes. Formation of
various types of complexes is dependent on basici-
ties and therefore on ionization potentials of the
donors, and positions of new ultraviolet or visible
charge-transfer absorption bands are directly
related to ionization potentials of the donors.

Acknowledgment.—The author wishes to thank
Dr. F. P. Lossing for graciously sending infor-
mation on experimentally measured ionization
potentials in advance of publication.

(6) F. P. Lossing, private communication.

CONFIRMATION OF THE NATURE OF
CATION DEPOPULATION IN SYNTHETIC
CRYSTALLINE ZEOLITES

By George T. Kerr

Socony Mobil Oil Company, Inc., Research Dept., Paulsboro,
New Jersey

Received May 16, 1962

Freeman and Stamiresl studied the electrical
conductivity of zeolites A, X, and Y. The two
latter zeolites, isostructural with faujasite, differ
in composition. These workers defined zeolite X
as having molar ratios of silica to alumina between
2.1 and 3.0 and zeolite Y as having ratios between
3.0 and 5.2. Consequently, zeolites of the X group
have a higher cation density (number of cations
per unit cell) than zeolites of the Y group since
zeolites contain one equivalent of cation for each
gram-atom of aluminum in the zeolitic framework.
The differences in the energies of activation for
conduction between zeolites X and Y supported
the postulation of Breck and Flanigen2that there is

(1) D. C. Freeman and D. N. Stamires, J. Chem. Phys., 35, 799
(1961).

(20 D. W. Breck and E. M. Flanigen, Abstract 134 of the 134th
National Meeting of the American Chemical Society, September,
1958, Chicago, Illinois.
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more than one type of cation site in zeolites. Free-
man and Stamires found that the highest energy-
site type (in which the cations are relatively
loosely bound to the lattice) is eliminated or de-
populated as the cation density decreases; the
low energy-site type (tightly bound cations) is
retained. They proposed that the loosely bound
cations are located in the large cavities or in the
eight- or twelve-membered oxygen rings of the
zeolite lattices; the tightly bound cations are
located in the vicinity of the six-membered rings.
In summary, this proposal states that for a given
zeolite crystal structure, as the silica to alumina
ratio is increased, the cation sites located in the
large cavities or rings are depopulated in preference
to those located in the smaller cavities or rings.
The information to follow supports this proposal.

Sodium zeolite A3 (2.0 molar ratio of silica to
alumina) will not sorb straight chain hydrocarbons.
However, replacement of 30 to 40% of the sodium
ions by calcium ions renders zeolite A capable of
sorbing straight chains.3 At this level of exchange
the rmit cell of zeolite A contains an average of
9.6 to 10.2 cations. Reed and Breckd interpreted
this as indicating that sodium ions located in the
eight-membered oxygen rings (through which hy-
drocarbon sorption occurs) are preferentially re-
placed over the sodium ions located in the six-
membered oxygen rings.

On the basis of these findings it would be ex-
pected that upon increasing the silica to alumina
molar ratio of a zeolite A structure, the cation sites
located in the eight-membered oxygen rings would
be depopulated in preference to those in the six-
membered rings. If the molar ratio of silica to
alumina were at least 2.7, the number of sodium
ions still located in the eight-membered rings should
not be sufficient to preclude the sorption of straight
chain hydrocarbons.

Sodium zeolite ZK-4,4 with a silica to alumina
molar ratio of 3.4, fulfills this requirement. This
zeolite, containing nine sodium ions per unit cell,
has essentially the same sorptive capacity for
straight chain hydrocarbons as calcium zeolite A
(for example, 12.5 and 12.6 wt. %, respectively, for
n-hcxane on samples purged at 350° with nitrogen).
If the nine sodium ions per unit cell in zeolite ZK-4
were distributed among six- and eight-membered
oxygen rings in the same proportion as in sodium
zeolite A, then each eight-membered oxygen ring
would contain one sodium ion thus blocking free
passage of a straight chain hydrocarbon through the
main crystal cavity, as shown by Reed and Breck.3
Hence, the findings of Freeman and Stamires ex-
plain our observations. Additional confirmation
might be obtained by comparing the energies of
activation for conduction of zeolites A and ZK-4
as was done with zeolites X and Y by Freeman
and Stamires.

(3) (@) D. W. Breck, W, G. Eversole, and R. M. Milton, J. Am.
Chem. Soc., 78, 2338 (1956); (b) D. W. Breck, W. G. Eversole, R. M.
Milton, T. B. Reed, and T. L. Thomas, ibid., 78, 5963 (1956); (c)
T. B. Reed and D. W. Breck, ibid., 78, 5972 (1956).

(4) G. T. Kerr and G. T. Kokotailo, ibid., 83, 4675 (1961).
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REACTIONS OF TRITIUM ATOMS WITH
FROZEN CYCLOPROPANE1

By H. C. Mosee and R. D. Shores

Department of Chemistry, Kansas State University, Manhattan, Kansas

Received May 21, 1962

Tritium atoms produced by the atomization of
molecular hydrogen containing tritium at a hot
tungsten filament have been found to react with
frozen hydrocarbons.2 One of the principal reac-
tions is the exchange of T for H, and this occurs
simultaneously with other reactions requiring less
activation energy such as hydrogenation of un-
saturated compounds. Investigation of tritium
atom reactions with cyclopropane was undertaken
to help elucidate the energy effects. Hydrogen
atoms of different energies have been reported to
react differently with cyclopropane.3-6

Experimental

Cyclopropane (Matheson Co.) usually was purified by gas
chromatography to remove a small amount of propene im-
purity. A 15-ft. dimethylsulfolane column was used for the
separation. Ethane (Matheson C.p.) and propane (Mathe-
son instrument grade) were used without further purification.

Molecular hydrogen containing tritium was produced by
the reduction of tritiated water (specific activity 18 me./
mmole) by metallic zinc6at 650°.

A 4.3-cm. diameter, thin-walled, Pyrex flask was used as
the reaction vessel. Suspended from molybdenum leads at
the center of the flask was a 3.1 cm. X 0.008 cm. or3.1cm. X
0.005 cm. tungsten filament. The maximum filament to wall
distance was 3 cm. An optical pyrometer was used to
measure the temperature of the filament at its center. Ap-
proximately two thirds of the filament was at the reported
temperature, and the remainder was at a lower temperature.
A Pirani gage was used to measure the pressure. The gage
was frequently calibrated with a McLeod gage.

From 5.7 X 10-6 to 4.2 X 10“2 mmole of cyclopropane
was introduced into the system and frozen out as a film on
the inside surface of the reaction flask by immersing the
vessel in liquid nitrogen. Hydrogen was introduced through
a high vacuum needle valve which was used to maintain a
pressure of 5 n during reaction.

Following reaction, products were transferred to a sampler
at —195°. The amount of tritium incorporated, exclusive
of any present as methane, was measured by counting a
known fraction of the gaseous sample with an ionization
chamber. Products were separated by gas chromatography
with a 15-ft. dimethylsulfolane column operated at room
temperature. Methane usually was pumped off with hydro-
gen remaining after reaction. In afew experiments methane
and some hydrogen were adsorbed on silica gel at —195° and
separated by gas chromatography using a column packed
with Linde Type 5A Molecular Sieve. Following separation
the products were passed through a proportional counter
placed in the effluent stream.

Results

Table I gives results of reactions run at three dif-
ferent flament temperatures. The hydrogen pres-
sure was maintained at 5mduring a 5min. reaction
time with 0.042 mmole of purified cyclopropane.
The amount of tritium incorporated increased with
flament temperature. Exclusive of tritium present
in labeled methane, 0.26 pc. was contained in the

(1) Work performed under Contract AT(lI~1)-584 with the U.S.
Atomic Energy Commission.

(2) R. D. Shores and H. C. Moser, J. Phys. Chem., 65, 570 (1961).

(3) H. I. Schiff and E. W. R. Steacie, Can. J. Chem., 29, 1 (1951).

(4) J. K. Lee, B. Musgrave, and F. S. Rowland, ibid., 38, 1756 (1960).

(5) D. W. Setser, B. S. Rabinowitch, and E. . Spittler, J. Chem.
Phys., 35, 1840 (1961).

(6) K. E. Wilzbach, L. Kaplan, and W. . Brown, Science, 118, 522
(1953).
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products from reaction with unpurified cyclopro-
pane at 1750° (0.008 cm. X 3.1 cm. filament).
Table Il gives results of reactions with different
amounts of purified cyclopropane for a 5 min.
reaction time, 1750° filament temperature, and 5 n
hydrogen pressure. Assuming uniform deposition,
film thicknesses for these reactions were approxi-
mately 6 X 10~8 6 X 10-7, 10-6, and 4 X 10-6cm.

Table |

Products of Tritium Atom Reactions WITH Frozen

Cyclopropane

Filament temp., °C. 1180 1520 1750
% Tritium in Products™
Ethane 73 37 12
Propane 27 15 23
Cyclopropane 14 37
Isobutane 8 6
n-Butane 6 5
2-Methylbutane 7 6
n-Pentane 5 4
c8 7 7

° Does not include methane.

Tabite Il

Effectof Film T hickness on Products of Tritium Atom

Reactions with Frozen Cyclopropane

57X 57X 11X 42X
Amt. of cyclopropane (mmoles) 10-6 io-* 10-» 10~2
% Tritium in products™

Ethane 25 10 5 12
Propane 26 25 32 23
Cyclopropane 14 28 37 37
Isobutane 13 10 8 6
n-Butane 10 9 7 5
2-Methylbutane 8 7 6 6
n-Pentane 3 5 3 4
c6 1 5 2 7

“ Does not include methane.

Methane was found in each sample analyzed for
it. In some cases the methane contained more
than 30% of the incorporated tritium. The per-
centage of tritium in methane decreased in reac-
tions run at the higher filament temperatures.

The reactions were not noticeably affected by
eliminating thermionic emission from the filament
with the use of a negatively charged grid. In a
larger reaction vessel (250-cc. volume) the filament
was surrounded by an open-structured, wire grid.
The negative pole of a 67.5-volt battery was con-
nected to the grid and the positive pole to one end
of the filament.

Yields for hydrogen exchange reactions were
measured for propane and cyclopropane under the
same conditions. Relative yields of 3 and 1 were
obtained, respectively, for 3-min. reactions. The
yield of the hydrogen exchange reaction on cyclo-
propane was measured under various experimental
conditions. In addition to the effects of filament
temperature and film thickness (Tables I and I1),
the yield was greaoly reduced by introduction of
50 x helium as a moderating gas. Also, when the
surface of the cyclopropane was covered with a film
of propane or ethane, the yield for the exchange of
T for H in cyclopropane was reduced to an undetect-
able level.
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Discussion

Tritium Atom Production— New information
on the mechanism of atomization of hydrogen on
tungsten has been reported by Brennan and
Fletcher7 and Hickm ott.8 Brennan and Fletcher
have proposed, for the lower range of temperatures
used in the present study, that equilibrium is
maintained between adsorbed and gaseous hydro-
gen and that atomic and molecular hydrogen de-
sorb in their equilibrium ratio as determined by
the temperature of the surface and the pressure of
the undissociated gas. On this basis a Maxwell-
Boltzmann distribution of hydrogen atom energies
is considered reasonable.

A large fraction of the hydrogen atoms that leave
the filament should have a collision free path to the
film of cyclopropane. The mean free path for
hydrogen atoms in the reaction vessel is estimated
to be about 2 cm. for a pressure of 5 /i measured at
the Pirani gage.

Mechanism and Energy Effects.— -Atom -radical
and radical-radical combinations of hydrogen,
methyl, ethyl, propyl, isopropyl, and cyclopropyl
free radicals can account for all of the products
observed. Hydrogen abstraction to form cyclo-
propyl and hydrogen atom addition to form propyl
are probably the initial reactions of hydrogen atoms
and cyclopropane. Subsequent reactions resulting
in the formation of other radicals are mentioned
later on in the discussion.

Exchange of T for H in cyclopropane can occur
only with energetic tritium atoms and therefore
must be initiated on the surface of the frozen cyclo-
propane film. Thermalized D atoms do not ex-
change for hydrogen in cyclopropane at room
temperature,3but exchange has been observed6in
the Hg (Pi) photosensitization of deuterium-
cyclopropane mixtures at 135° and in reactions of
recoil tritons with cyclopropane.4 Our results from
reactions with added helium and from reactions
when the cyclopropane surface was covered with a
frozen film of ethane or propane also indicate that
only energetic atoms react by exchange. In our
experimental approach, this requirement is met for
surface reactions where the pressure in the reaction
vessel is low enough to allow a collision free path
from the filament to the walls.

There is both a lower activation energy and lower
collision efficiency for the formation of propyl
radicals than for the formation of cyclopropyl (see
Table I) because the relative yield of labeled cyclo-
propane increases with filament temperature while
that for propane decreases. Hydrogen (or tritium)
atom addition to cyclopropyl would give excited
cyclopropane which could deactivate or could isom-
erize to form propene. Hydrogen atom addition
to apropylradicalwould give excited propane which
could deactivate or crack to form methyl and ethyl
radicals.9 Isomerization and cracking must occur
only on the surface where the probability for colli-
sion or deactivation is the lowest. This mechanism
is in qualitative agreement with results from the
gas phase where at room temperature deuterium

(7) D. Brennan and P. C. Fletcher, Proc. Roy. Soc. (London), A250,
389 (1959).

(8) T. W. Hickmott, 3. Chem. Phys., 32, 810 (1960).
(9) C. H. Hellerand A. S. Gordon, J. Phys. Chem., 64, 390 (1960).
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atoms and cyclopropane react with low collision
efficiency without the formation of deuterated
cyclopropane.3 On the other hand exchange has
been observed at 135° presumably through the
formation of cyclopropyl radicals.5

The relative yield of labeled cyclopropane is
diminished when ,the thickness of cyclopropane is
reduced to a few molecular layers (Table Il) while
yields from cracking and isomerization increase.
Deactivation of excited cyclopropane and propane
apparently is facilitated by an increase in the thick-
ness of frozen cyclopropane. This behavior is de-
pendent upon the diffusion of cyclopropyl radicals
and hydrogen atoms into the frozen film. Rapid
diffusion of hydrogen atoms in frozen propene has
been proposed®Dand diffusion of cyclopropyl radi-
cals in frozen cyclopropane also is reasonable on the
basis of general diffusion behavior.1l

The excitation energy accompanying addition of
a hydrogen atom to cyclopropyl is about 30 kcal.
more than the 65 kcal. activation energy required
for isomerization.22 Unless deactivated through
collisions, the excited cyclopropane should have a
high probability of undergoing isomerization to
form propene. In small amounts frozen propene
reacts with hydrogen atoms to form principally
methane, ethane, and propane.l3

(10) R. Klein, M. D. Scheer, and J. G. Waller, ibid., 64, 1247 (1960).

(11) A. M. Bass and H. P. Broida, “Formation and Trapping of
Free Radicals,” Academic Press, Inc., New York, N. Y., 1960, p. 77.

(12) H. O. Pritchard, R. G. Sowden, and A. F. Trotman-Dickenson,

Proc. Roy. Soc. (London), A217, 563 (1953).
(13) Han Bo Yun, M.S. Thesis, Kansas State University, 1962.

HIGH TEMPERATURE
DISPROPORTIONATION OF LOWER
VANADIUM OXIDES REACTING WITH
BARIUM OXIDE1

By U. Spitsbergen and P. W. J. Jansen

Laboratory for Inorganic and Physical Chemistry, University of Leiden,
Leiden, The Netherlands

Received December IS, 1961

Products of solid state reactions at temperatures
between 1000 and 1450° of mixtures of barium
oxide"and various vanadium oxides have been
studied by X-ray identification. Powder photo-
graphs were taken in a Guinier-de W olff focusing
camera, R = J2292 mm. with CuKai,2 radiation,
X = *15418 A. Samples were mixed with KC1
(Analytical Reagent, ad = 6.2919 A. as given by
Hambling? as a reflection standard.

Mixtures of barium oxide freshly dried 20 hr. at 1050°
in vacuo and a vanadium oxide were thoroughly ground in
appropriate ratios, pelletized, and heated in vacuo. The
mixtures were prefired, reground, and refired to ensure
homogeneity. Annealing procedures subsequently were
carried out in evacuated silica amopules. Magnesium oxide
single crystal was employed as refractory material. Above
1350° two pellets were stacked, the lower one to be discarded
after heating. The samples were checked on constancy of
weight after each heat treatment. Whole number mole
ratio mixtures of BaO and, respectively, VOi.0oo, V203,
V02 and Vs06 were studied subsequently. Of the BaO,

(1) This work forms a part of the Doctoral Thesis of U. Spitsbergen
to be submitted to the University of Leiden, The Netherlands.
(2) P. Hambling, Acta C ryst6, 98 (1953).
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Figure 1.

VQi.oo products the compositions Ba2v03 and BaV2033
appeared to have characteristic powder diagrams. The
BaO, V203 and BaO, V02 products showed, without ex-
ception, one similar predominant strong reflection pattern.
This pattern was found to be identical with that of the
compound Ba3v203. This compound (prepared from
3BaO + IV205at 800° in an oxygen flow) is one of the iso-
morphic series Ba3M 042 where M = P, As, V, Cr, Mn
according to Klemmd4 with the barium orthophosphate
structure analyzed by Zachariasen.6 The hexagonal lattice

parameters were found to be a = 5.777 + 0.003 A. and ¢
= 2131 + 0.01 A., in agreement with Durif's values6 of
5.783 and 21.34 A., respectively. A complete interpreta-

(3) Ba2Vv03and BaVaO.i appear to be single phased by X-ray identi-

fication. Line displacements, specially those of BaVsOs, suggest a
homogeneity range with variable oxygen content. The bars over the
formulas indicate the possibility of deviation from stoichiometry.

(4) R. Scholder and W. Klemm, Angew. Chem., 66, 461 (1954).

(5) W. H. Zachariasen, Acta Cryst., 1, 263 (1948).

(6) A. Durif, ibid.,, 12, 420 (1959).

tion of the BaO, V2s and BaO, V02 patterns at this stage
was hardly feasible, however, because of the fact that the
products were multiphased.

The disproportionation of a lower transition
metal oxide reacting with an alkaline earth oxide
results in a ternary system. The reaction products
therefore generally are expected to consist of three
co-existing solid phases. A two-phase reaction
product or a single phase, i.e., complex forming,
must be considered as special cases. In order to
force two-phase reaction products from BaO, V203
and BaO, VO 2mixtures with the Ba2/03and Ba-
VD 3in mind, ratios were chosen as presented in
Table I, e, f, g, and h. Furthermore experiments
were done to verify the patterns of Ba2/03
and BaVXd3 by heating mixtures containing
Bad 208 as a starting material. Data are listed
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Table |
Initial mixture Réaction conditions Appearance Products
a 2BaO + 1IVO,.co 2 X Vehr, 1270° + 72 hr., 1080° Green Ba2v03
b IBa3v208-J- 7BaO -f- 3V 3 X Vehr., 1270° + 150 hr., 1000° Green Ba2v03
¢ 1BaO - 2VOi.0o 2 x ‘A hr, 1450° + 3V7 hr, 1340° Dark gray BaVoOs
d IBa3v208 1V40 3 X Ve hr., 1220° Black Bav20 3
e 1IBaO + 3V203 2 X *Ahr., 1200° + 150 hr., 1000° Gray I1BaeViiOe + 4Ba2v 03
f 5BaO + 3V02 2 X Vahr., 1200° + J50 hr., 1000° Gray IBaAY), + IBaxv03
g 5BaO + 3VvV203 2 X Vehr., 1120° + 50 hr., 1130° Gray IB&ViO» + 2BaVv203
h  7BaO + 6V0O2 2 X Vehr, 1230° + 170 hr, 1070° Gray 2Ba3v208+ IBav203

in Table | while powder diagrams are presented

in Fig. 1. For the preparation of the BavVad3
phase considerably more severe prefiring was shown
to be necessary when BaO and VOi.oo were employed
as starting materials. A difference of the very
weak reflections therefore remained even after
prolonged annealing at various temperatures.
Some very weak lines in patterns Fig. Ig and h do
not fit in patterns Fig. Id ori. The circumstances

to obtain both Ba3 208 and BaV2D3 in a good
crystalline state apparently do not coincide: after
annealing of a mixture 7Ba0 + 6Y02 at 1200°
the Ba3 D8 lines vanished leaving pattern Fig.
Id. (No powder diagram of this sample is pre-
sented in Fig. 1.) However, a composition differ-

ent from BaV D 3is considered to be possible.

In two respects B a-V-0 products are shown to be
remarkable. First the non-existence of Min
and M IV complexes at temperatures higher than
1000° has proved to be in contrastwith the systems
Ba-M -0 in which M = Ti, Cr, Mn, Fe. On the
other hand no perovskite phases are formed in
the Ba-V-0O system, contrary to the A-V-0
systems in which A = Sr or Ca. Both Sr and Ca
form perovskite compounds: Rudorff and Reuter7
reported a Sr-V-0 phase of this structure which
according to Kestigian, et al.,8 forms at 1100°
and at compositions between SrvV0 26and SrvV0 274
while Rudorff and Becker9 observed a Ca-V-0
perovskite.

Magnetic measurements and closer X-ray
studies on the Ba2/03 and BaV2D3 phases are
being carried out in order to investigate the
way in which the 3d electrons of the vanadium
metal contribute to chemicalbondings. The results
w ill be described elsewhere.1

Acknowledgment.— The authors wish to express
their gratitude to Professor Dr. A. E. van Arkel
for his guidance in many stimulating discussions.

(7) W. Rudorff and B. Reuter, Z. anorg. allgem. Chem., 253, 177
(1947).

(8) M. Kestigian, J. G. Dickinson, and R. Ward, J. Am. Chem.
Soc., 79, 5598 (1957).

(9) W. Rudorff and H. Becker, Z. Naturforsch., 9b, 613 (1954).

PHOTOCHROMIC SPIROPYRANS

By Elliot Berman

Chemistry Laboratory, Iteh Corporation, Lexington, Massachusetts
Received May 25, 1962
Previous workers1-3 in general have proposed a

merocyanine-like structure for the colored form 11
formed photochemically from 1,3,3-trimethylin-

doline-6"-nitrobenzopyrylospiran (1)2by ultraviolet
irradiation at room temperature.

It has recently been reported4 that electron spin
resonance studies of the solid colored form 11 indi-
cate an unpaired electron suggestive of |1 being a
stable biradical or an ionic free radical.

We have prepared solid || by two different routes:
(1) by ultraviolet irradiation of a hexane solution
of I, and (2) by treatment of a hydrochloride of |
with aqueous alkali. The solid colored material
produced by either route gave identical infrared
absorption spectra (as Nujol mulls), thermally and
photochemically reverted in solution to I, and
melted at 172-174° after becoming colorless at
about 155°. Electron spin resonance studies5
showed the absence of unpaired electrons in freshly
prepared colored form Il. However, a sample of Il
which had been stored in the dark in air for several
months gave a weak absorption (g = 20039 =+
0.0001, v = 94054 Me./sec.) probably due to perox-
ide formation.

The author agrees with the proposal3that the
colored forms of spiropyrans are various geometric
isomers of the merocyanine type and not biradicals.

(1) Y. Hirshberg, J. Am. Ckem. Soc., 78, 2304 (1956).

(2) E. Berman, R. E. Fox, and F. D. Thomson, ibid., 81, 5605 (1959).

(3) R. Heiligman-Rim, Y. Hirshberg, and E. Fischer, J. Phys. Chem.,
In press.

(4) C. A. Heller, D. A. Fine, and R. A. Henry, ibid., 65, 1908 (1961).

(5) Performed through the courtesy of Dr. Paul Dorain, Brandeis
Univ.

EFFECT OF CROSS-LINKING ON THE
PROPERTIES OF CARBOXYLIC POLYMERS.
I[I. APPARENTDISSOCIATION CONSTANTS
ASAFUNCTION OFTHE EXCHANGING
MONOVALENT CATION

By Robert Kunin and Sallie Fisheb

Rohm & Haas Company, Philadelphia, Pa.
Received June IS, 1962
In a previous paperlthe authors presented data

pertaining to the variation of the apparent dis-
sociation constants of cross-linked polyacrylic and

(1) S. Fisher and R. Kunin. J. Phys. Chem., 60, 1030 (1956).
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polymethacrylic acids with the polymer composi-
tion. These measurements, which were made in 1
M KC1 solutions, showed that the apparent dis-
sociation constant varied with composition ac-
cording to the equation

to] (1)

where K& is the apparent dissociation constant,

is the apparent dissociation constant of
the uncross-linked polymer obtained by extrapola-
tion, and to is the mole fraction of acrylate in the
polymer.

This study now has been extended to include
other members of the alkali metal group. The pres-
ent work also includes a study of the variation of
dissociation constant with ionic strength.

Experimental

As in the previous work, the apparent dissociation con-
stants of polymers cross-linked with varying amounts of
divinylbenzene (DVB) were measured under arbitrarily
chosen experimental conditions wherein all variables except
the polymer composition were held constant. Again the
hydrogen form of the polymer was neutralized with the ap-
propriate hydroxide solution in the presence of a constant
amount of the corresponding chloride salt. Separate
weighed samples of polymer of known equivalency were
allowed to equilibrate with known varying amounts of
hydroxide solutions until a constant pH was reached. In
the case of the more highly cross-linked polymers equili-
brated with cesium and rubidium, periods longer than the
previously used 48 hr. were required for the establishment of
equilibrium.

The design of the experiments reported herein was the
same as that used in the previous work.l Measurements of
the equilibria with lithium, sodium, and potassium hydrox-
ides against a 1.0 If chloride salt background of the same
cation were made for both acrylic and methacrylic acid
copolymers containing 75-99+ mole % of the respective
monomers. Similar measurements using 0.1 M salt back-
ground were made for the same cations and for rubidium and
cesium as well.

pKa= pNams=i) [2 -

Results and Conclusions

Values of pK&from the modified Henderson-
Hasselbach equation

1

PH = pifa— nlog @)

were determined by plotting pH as a function of
log [(1—a)/a] (the logarithm of the fraction of
polymer neutralized). Values determined in 1 M

salt solutions for methacrylic acid and acrylic acid
copolymers are given in Tables | and Il. When
these data are plotted, as in the previous paper,1
straight-line functions of p (L M salt) as a func-
tion of mole % acrylate are obtained in both systems
for all three cations. These lines again are of the

form of eq. 1and for the three cations investigated,

are approximately parallel. Deviations from the

agreement were minor and of the order of magni-

tude noted in the plots described previously.1
Actual values of the constant p f o r both

the acrylic and methacrylic acid systems are listed

in Table IV. As previously noted, this value which

is obtained by extrapolation represents the dissocia-

tion constant of a linear polymer of infinite chain

length or, in our present terms, zero cross-linking.
As shown previously, extrapolation of the available

data for linear polymers to infinite chain length

yields the same numerical value of this constant.
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Similar data have been obtained for two copoly-
mers in each series in 0.10 M salt solutions for the
neutralization reaction with RbOH and CsOH as
well as the LiIOH, NaOH, and KOH solutions pre-
viously used. Values of the apparent dissociation
constants are given in Table I1l. These data show
the general trend in this more dilute concentration
range and the slopes (n) indicate that, within the
limits of experimental error, here too the data follow
the form of eq. 1. Extrapolated values of the con-
stant pA’a(m=i) fcr the 0.1 M salt solutions are
listed in Table IV.

Variation of the apparent dissociation constants
with ionic strength of the solution can be predicted
by expanding the equilibrium expression to include
a term for the activity of the cation in the solution
phase. The ion exchange reaction is

RCOOH + M+~ RCOOM + H+

Applying the law of mass-action

= (RCOOM)(H+)
(RCOOH) (M+) 1

Combining the above relationship with the expres-
sion for the apparent dissociation constant of the
polymer acid and correcting the term of the metal
ion concentration in solution with the activity co-
efficient, the final expression of the dissociation
constant of the resin is obtained as

[MfrM v
or

pK = (5)

When the apparent pK values are substituted in
the above equation along with the appropriate
activity coefficients, pK values are obtained which
are the same for bo~h salt concentrations. The
corrected values of pK thus obtained may, there-
fore, be used for the calculation of approximate dis-
sociation constants for solutions of these cations of
known external ionic activity.

W ith the fuller spectrum of data now available,
the behavior of the constant n becomes clearer.
It will be noted in Tables I, Il, and Ill that the
value of n in a given system increases with in-
creasing ionic size. If, as suggested by Gregor,
et al.,2the magnitude of n is a function of the con-

pAa+ log [M+] tM

Tabte |

Apparent Dissociation Constants op M ethacrylic Acid
Polymers in 1.0 M Salt Solutions

R Mole % acrylateQ-------------------- ]
99.6 93.6 77.8
Exchange
reaction n Pia n PTu n
H+-L1+ 5.25 1.3 5.63 1.4 6.70 1.5
H+-Na+ 5.36 1.4 5.87 1.6 6.80 1.7
H+-K+ 5.60 1.5 6.05 1.7 6.90 1.8

“ All cross-linked with divinylbenzene (DVB).

(2) H. P. Gregor, M. J. Hamilton, J. Becher, and F. Bernstein,
J. Phys. Chem., 69, 874 (1955).
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figurational entropy of the chain, this behavior may
be predicted from the relative abilities of the ions
concerned to stretch the polymer chain. The lowest
values of n then would represent the most highly
stretched systems. This concept also may be used
to explain the variation of n values as the cross-
linking agentis changed, with the lowest nvaluesin-
dicating the greatest flexibility of cross-links.

Table Il
Apparent Dissociation Constants op Acrylic Acid
Polymers in 1.0 M Salt Solutions
Apparent pR& n
Mole % (1 M salt) (1 M salt)
acrylate® Li+ Na + K + L+ Na + K+
98.4 4.43 4.73 4.90 1.4 1.7 1.8
92.4 4.50 4.93 5.10 1.4 1.7 1.85
75.8 5.47 5.80 6.08 1.85 2.0 2.1
®AII cross-linked with divinylbenzene (DVB).
Tabite Il
Apparent Dissociation Constants op Acrylic and

M ethacrylic Acid Polymers in 0.1 M Salt Solutions

Monomer Acrylate Methacrylate
Mole % 92.4 75..8 93.6 77,8
Reaction P*a n pKa n PAa n P~a n
H+-L1+ 570 1.5 6.70 1.7 6.60 1.3S 7.60 1.8
H+Na+ 575 1.8 6.75 2.0 6.70 1.75 7.70 1.85
H+-K + 5.80 1.85 6.90 2.1 6.80 1.95 7.80 1.85
H+-Rb+ 585 1.85 7.00 2.15 6.85 195 7.90 2.25
H+-Cs+ 595 1.9 710 235 695 2.05 7.95 255
Table IV

Apparent Dissociation op Acrylic and Methacrylic

Acid Polymers at Zero Cross-Linkage

Acrylic acid Methacrylic acid
1.0 M 0.1 M 1.0 M 0.1 Hi
pXafw™.1) Salt Salt Salt Salt
Li+ 4.30 5.27 5.22 6.27
Na + 4.65 5.30 5.34 6.37
K+ 4.83 5.37 5.60 6.44
Rb + 5.40 6.50
Cs+ 5.52 6.58
Table V

Apparent Dissociation Constants op Acrylic and

M ethacrylic Acid Polymers Corrected for External

lonic Strength

Li+ Na+ K+

External ion concn. 0.1 M 1.0M 0.1 M 1.0M 01 M 10M
+?M +Cl 0.792 0.781 0.778 0.658 0.769 0.605
93.6 Mole % MMA

Apparent pK& 6.60 563 670 587 6.80 6.05

Corrected pXa 550 552 559 568 569 5.83
77.8 Mole % MMA

Apparent pAa 7.60 6.70 7.70 6.80 7.80 6.90

Corrected piTa 460 6.59 659 662 6.69 6.68
92.4 Mole % AA

Apparent pAa 570 450 5.75 493 580 5.10

Corrected pAa 4.60 4.40 4.65 475 4.69 4.88
75.8 Mole % AA

Apparent pifa 6.70 547 6.75 580 6.90 6.08

Corrected pK& 560 536 564 562 589 5.86

< H. Harned, and B. Owen, “The Physical Chemistry of
Electrolytic Solutions,” Second Ed., Reinhold Publ. Corp.,
New York, N. Y, 1950.
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THE RELATIVE BASICITIES OF ETHERS

By Henry E.Wirth and Paul I. Slick

Department of Chemistry, Syracuse University, Syracuse 10, New York
Received May 2, 1962

Measurements of the basicities of cyclic imines
toward trimethylboronlhave shown that the basic
strength changes with ring size in the order:
4- > 5-> 6- > 3-membered rings. The same order
was observed using hydrogen bond2 and iodine
complex34formation. Studies of the dissociation
constants of ether-boron trifluoride complexes by
manometric methods have shown that tetrahydro-
furan is a stronger base than tetrahydropyran6
and that the basic strengths of the acyclic ethers
decrease in the order: dimethyl ether > diethyl
ether > diisopropyl ether.67 In this work the
relative basicities of some ethers and two alcohols
were obtained from a study of the equilibrium con-
stants for the distribution of boron trifluoride be-
tween two ethers in benzene solution.

Experimental
Procedure.—If a benzene solution of an ether (Bi) is
mixed with a benzene solution of either diethyl ether-boron
trifluoride or dimethyl ether-boron trifluoride (B2:BF3), the
equilibrium

Bi + B2:BF3 < > Bi:BF3-j- B2

is established. The equilibrium constant may be deter-
mined from the equilibrium concentration of B2:BF3and a
knowledge of the original concentrations. The strong ab-
sorption due to the symmetrical B-F stretching frequency in
Et20:BF3at 763 cm.-1 or in Me20:BF3 at 816 cm.-1 was
used to obtain the concentration of the reference ether-boron
trifluoride complex. Measurements on standard solutions
showed that Beer’s law was followed up to a concentration of
0.1 M.

If a is the original molarity of B2:BF3 6 is the original
molarity of Bi, c is the equilibrium molarity of B2:BF3, and
V is the ratio of the volume of B2:BF3 taken to the total
volume of mixture, then

aV = concn. of B2:BF30n mixing without reaction
6(1 — V) = concn. of B, on mixing without reaction
{aV —c) = equilibrium concn. of B2and Bi:BF3
6(1 —V) —(aV —c) = equilibrium concn. of Bi

The equilibrium constant K is then

K _ [aV ~ cY
[cll6(1 - V) ~ (aV - o)

Materials.—Tetrahydrofuran, diethyl ether, di-ra-propyl
ether, diisopropyl ether, tetrahydropyran, diethyl sulfide,
and tetrahydrothiophene were first dried over lithium alu-
minum hydride. A small amount of sodium was added to the
methyl alcohol and propylene oxide, and magnesium was
added to the ethyl alcohol. Ethyl methyl ether was pre-
pared by the reaction of ethyl iodide and sodium methylate
in methanol and the crude product was distilled from lithium
aluminum hydride at 0°.

After the initial drying the materials were distilled under
vacuum into storage containers to which were added small
amounts of boron trifluoride (except for the propylene oxide).

(1) H. C. Brown and M. Gerstein, J. Am. Chem. Soc., 72, 2926
(1950).

(2) S. Searles, Jr., and M. Tamres, ibid., 73. 3704 (1951).

(3) M. Brandon, M. Tamres, and S. Searles, Jr., ibid., 82, 2129
(1960).

(4) M. Tamres and M. Brandon, ibid., 82, 2134 (1960).

(5) D. E. McLaughlin, M. Tamres, and S. Searles, Jr., ibid., 82,
5621 (1960).

(6) H. C. Brown and R. M. Adames, ibid., 64, 2557 (1942).

(7) D. E. McLaughlin and M. Tamres, ibid., 82, 5618 (1960).
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Table |
E quilibrium Constants for the Reaction
Bx + B2BF3 bi:bf3+ b2
and Standard Free Energy Changes for the Reaction
Bi + BF3— >B x:BF3at 27°
R (B-F)
No. of A'LP AF° (lit.) in Bi:BF
Bi B2:BFs K2 detn8. (cal./mole) (cal./mole) cm."1
Tetrahydrofuran Et20:BF3 ~500 2 -6600 -5820® 810
Ethanol Et20 1BF3 75+ 5 5 -5450 860
Ethanol Me20:BF3 24 + 4 3 -5620
Tetrahydropyran Et20:BF3 37 £ 2 3 -5030 -5040® 779
Tetrahydropyran Me20:BF3 11 + 3 5 -5160
Methanol Et20:BF3 34 1 -4970 855
Methanol Me20:BF3 100+ 1 4 -5100
Dimethyl ether Eli20; BF3 45 0.2 6 -3760 —37307 816
Ethyl methyl ether EtD :BF3 32 = 2 3 -3560 783
Ethyl methyl ether Me2 :BF3 0.43 *0.05 5 -3220
Propylene oxide Et20 1BF3 16 =+ 2 5 -3150 846
Diethyl ether Me20:BF3 024 + 1 3 -2880 —28707 763
Di-n-propyl ether Et20 I1BF3 o 5 -1910 809
Diisopropyl ether Et20 1BF3 .030 £ 0.004 3 - 780
T etrahydrothiophene EtD ;BF3 .016 + .006 3 - 400 827
Diethyl sulfide Et2 :BF3 .0003 2 + 2000 822

° Based on the assignments made by J. Goubeau and H. Mitschellen, Z. physik. Chem. (Frankfurt), 14, 61 (1958).

Dimethyl ether-boron trifluoride and diethyl ether-boron
trifluoride were prepared by reaction of the ethers with an
excess of boron trifluoride, and the complexes were purified
by fractional distillation in the vacuum system.

Thiophene-free benzene was refluxed over calcium hydride
for 3 hr., then distilled in the vacuum system and stored
over calcium hydride.

Solutions.— Samples of ether or ether-boron trifluoride
complex were transferred by condensation at liquid nitrogen
temperatures into a volumetric flask. The weight of ether
or complex was determined from the loss in weight of the
storage flask. Benzene then was condensed into the volu-
metric flask at 0° and the volume of the solution determined
after warming to room temperature. The concentrations of
the stock solutions were 0.1 to 0.2 M.

Mixing Apparatus.—The mixing apparatus consisted of
the bottom half of a 50-ml. buret to which side arms for the
introduction of the solutions were attached. Care was taken
that the solutions were not exposed to air or water vapor.
The solutions were transferred to the mixing apparatus by
use of pressure of dry nitrogen gas. Unlubricated Teflon
stopcocks were used wherever stopcocks came into contact
with the solutions. A magnetic bar in the buret facilitated
mixing. A hypodermic needle fastened to the bottom of the
buret was used to introduce the solution into the absorption
cell after mixing and determination of the volumes.

Absorption Measurements.—All measurements were
made with the same fixed thickness (~ 0.1 mm.) absorption
cell using a Perkin-Elmer infrared spectrometer, Model 137.
Absorption bands due to the solvent were compensated for
by a variable thickness cell filled with benzene which was
placed in the reference beam. Measurements were made at
27 + 3°.

Precision.— The uncertainty in the equilibrium constants
varies from 10% for values near unity to 20% for values
between 10 and 100 (or 0.1 to 0.01). Values outside these
ranges are rough estimates only.

Results and Discussion

The equilibrium constants are given in Table
I. The deviations are the average deviation from
the mean. The order of decreasing basicities for
the compounds studied is tetrahydrofuran >
ethanol > tetrahydropyran > methanol > di-
methyl ether > ethyl methyl ether > propylene
oxide > diethyl ether > di-n-propyl ether > di-

isopropyl ether > tetrahydrothiophene > diethyl
sulfide. These results are in agreement with pre-
vious reportsl‘6that the basic strengths of cyclic
ethers decrease in the order: 4- > 5- > 6- > 3-
membered rings. The results also confirm the
order for acyclic ethers found by Brown and Adams6
and MclLaughlin and Tamres7 by manometric
methods, and show that ethyl methyl ether lies
between dim ethyl and diethyl ethers.

The order for ethanol and methanol shows that
in the alcohols the inductive effect8is dominant,
but as suggested by Brown and Adam sesteric effects
outweigh inductive effects with the ethers. This
is especially evident in the propyl ethers. Di-
isopropyl ether has four /3-carbons tending to
increase the electron density on the oxygen as
compared to two /3-carbons in di-n-propyl ether.
Nevertheless, the added steric hindrance presented
by the four /3-carbons makes diisopropyl ether the
weaker base.

An attempt was made to correlate the symmetric
stretching frequency of the B -F bond in the ether-
boron trifluoride complex with the basic strength
of the ether. No general correlation was possible,
although in a limited series of closely related com-
pounds (tetrahydrofuran-tetrahydropyran, di-
methyl ether-ethyl methyl ether-diethyl ether) the
frequency was observed to decrease as the basic
strengths decreased.

The standard free energy change for the reactions

(CH3D + BF3 m>

(CH320:BF3 Af2. — 3730 cal./mole

(CH§,0 + BF3
(CHS5)D:BF3 Afty» — 2870 cal./'mole

(8) C. K. Ingold, Chem. Rev., 15, 225 (1934).
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obtained by extrapolation of the data of Mc-
Laughlin and Tamres7for the gas phase dissocia-
tion of the ether-boron trifluoride complexes at
65-90° were combined with the observed equilib-
rium constants to give an estimate of the standard
free energy changes for the reaction

Bi + BF3— >B i:BF3

These estimates are given in Table I. The agree-

COMMUNICATION

CONCERNING THE PRIMARY ABSORP-
TION ACT IN A ONE-ELECTRON PHOTO-

OXIDATION IN A RIGID MEDIUM 1
Sir:

Very recently,2a quantitative study was reported
of a one-electron photooxidation of N ,N,N'N"
tetramethylparaphenylenediamine (TMPD) in a
3-methylpentane glass at 77°K. A principal dis-
covery was that the wave length dependence of the
absolute quantum yield for the photooxidation
shows considerable structure as well as order of
magnitude changes over the smooth, completely
unstructured near-ultraviolet absorption band of
TMPD. In contrast, the wave length dependence
of the relative quantum yields of fluorescence and
phosphorescence over this same band is constant.
The latter observation is not unexpected and can be
regarded as reflecting a uniform efficiency at all
wave lengths for radiationless conversion to the
thermally equilibrated first excited singlet state
followed either by emission (fluorescence) or inter-
nal conversion to the triplet state with consequent
phosphorescence. On the other hand the distinctly
different behavior of the wave length dependence of
the photochemical quantum yield was much more
puzzling.

Attem pts to explain the highly structured photo-
chemical quantum yield spectrum were based upon
two very different points of view. One explanation
posed the possibility of a very weak solute-solvent
charge transfer band (not apparent in absorption)
coincidentally underlying the near-ultraviolet so-
lute band. The photooxidation then would arise
through an electronic transition directly into this
band followed by a very efficient electron ejection.
The structure in the photooxidation quantum yield
excitation spectrum then may reflect structure in
the charge transfer band; while the observed low
quantum yield would be a consequence of its low
extinction coefficient. The second point of view as-
sumes that the primary absorption act is the same
for both emission and photooxidation, namely exci-
tation directly into the first excited singlet state of
TMPD. This is the excitation responsible for the
near-ultraviolet band. Following the excitation,

(1) This work has been supported, in part, by a grant from the Na-
tional Science Foundation.

(2) W. C. Meyer and A. C. Albrecht, J. Phys. Chem., 66, 1168
(1962).
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ment between values obtained with the same base
and two reference boron fluoride complexes (see for
example tetrahydropyran and methanol in Table I)
indicates the validity of the equilibrium method
for the determination of relative basicities.

Acknowledgment.— -We wish to thank the Syra-
cuse University Research Institute for its finanical
aid to P. I. S. during the summer of 1960.

TO THE EDITOR

there is competition between electron ejection and
thermal equilibration. It was argued that the
structure in the photochemical excitation spectrum
would, in this case, reflect a dependence of the elec-
tron ejecting efficiency on the nature of the vibroni-
cally excited normalmodes of the upperstate. Since
this structure was not reflected in an inverse sense
in the emission excitation spectrum, it was argued
that the absolute quantum yields for emission were
much higher than those for the photochemistry.
The second mechanism, vibronic photochemistry,
was adopted on the basis of a number of arguments,
none of them alone conclusive. The purpose of this
communication is to present conclusive experimen-
tal evidence supporting this choice of mechanism.

By illuminating rigid solutions with polarized (or
unpolarized) light, a non-random sample of solute
may be selectively excited. The nature of the non-
random distribution is fixed by the polarization and
orientation of the selecting light and by the orienta-
tion of the axis of the primary absorption with re-
spect to the molecular axes. Information regard-
ing the nature of the non-random distribution may
be had by observing the polarization of emission
from the oriented excited molecules or by observ-
ing the orientation of photoproduct molecules (by
polarized absorption spectroscopy) which replace
the oriented photoselected solute molecules after
photochemical change.3 If the primary absorption
act is the same for both luminescence and photo-
chemistry at all wave lengths, then data obtained
by the two techniques should reduce to the same
non-randomness for each photoselecting wave
length. Polarized photochemistry experiments on
TMPD in arigid glass (1-propanol and isopentane)
already have been completed.4 Now the necessary
polarized emission studies have been made which
permit the crucial comparison, graphically pre-
sented here, which establishes that the primary ab-
sorption act is the same for both emission and pho-
tooxidation.

The experimental details for the polarized emis-
sion studies, especially with regard to photoselec-
tion, are similar to those for the polarized photo-
chemistry study4 and shall not be repeated here.
One change involves the use of a double Gian prism
for polarized excitation (instead of a stack of quartz

(3) A.C. Albrecht, J. Mol. Spectry., 6, 84 (1960).
(4) A.C. Albrecht, 3. Am. Chem. Soc., 82,3813 (1960).
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WAVELENGTH, m/*

Fig. 1.—(a) Fractional transition probability, Rz(\): X,
values obtained from polarized photochemistry (1-propanol,
isopentane glass);--—-—--—-- , values obtained from polarized
fluorescence (3-methylpentane glass4), (b) Molar extinction
coefficient, c(X), at 77°K.: , in 1-propanol, iso-
pentane glass4; ------- , in 3-methylpentane.2

plates. Another difference is the use here of
3-methylpentane as the solvent. The fluorescence
component of the emission from the photoselected
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sample of TM PD was isolated6and, for each photo-
selecting wave length, was analyzed with a second
double Gian prism employing a Photovolt multi-
plier photometer (Series 520-M) with a IP-21 pho-
totube. The raw data were properly corrected for
blank effects and handled by methods, described
elsewhere,3to convert them to the fractional long-
axis component in the primary absorption act as a
function of exciting wave length. The results are
found plotted in Fig. 1, where the observations re-
ported previously4and obtained by polarized photo-
chemistry also are found. It is evident that the two
different methods give very similar results. Even
were some refinement in the comparison attempted
by taking into account in some manner the differ-
ences in absorption spectra (which we attribute to
solvent differences at low temperatures), the quali-
tative agreement would not be changed.

We conclude that the primary absorption act
leading to one-electron photochemistry and the one
leading to fluorescence are one and the same. Fur-
thermore, the primary absorption step must be to
the excited state responsible for the near-ultraviolet
band of TM PD since the yields for emission are es-
timated at greater than 0.1 and, in any case, the
emission spectrum is a fairly good mirror image of
the absorption band. The original proposal2of a
vibronic photochemical mechanism thus is sup-
ported.

More complete details of this and especially of
related work on both TM PD and other molecules
w ill appear in the near future.

(5) Corning filters 3850 and 5970 transmitted the higher energy-

fluorescence (peak at 380 mp) and none of the partially overlapping
phosphorescence (peak about 470 ni).

A. H. Kalantar
A. C. Albrecht

Department of Chemistry
Cornell University
lthaca, New Y ork

Received September 13, 1962
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passed for analytical purposes, research projects or yolves little more than knocking the dust off once a week.
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Depending on project needs and equipment, you can get even give the dust a chance to collect. Models range from
up to 100,000 spectra per second, unit resolution up to  $17,000 to $100,000. What would you like to analyze?
mass 350 and a sensitivity of 1to 5 ppm. With the analog Dept.V-11,3130 Wasson Road, Cincinnati 8, Ohio.
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