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Ionic Polymerization.

This work was undertaken in order to obtain information on the mechanistic role of water on the polymerization of styrene
catalyzed by stannic chloride. The polymerization and molecular weight were studied as a function of the concentration
of water and of the other reagents in a nitrobenzene—carbon tetrachloride solvent medium at 25°. Unusually stringent dry-
ing conditions and a quantitative measure of water permitted the water content in these experiments to be known with
high accuracy and allowed data to be obtained not available from previous work. A high vacuum technique was employed
for introduction of all reagents, and the polymerization rate was following dilatometrically The initial rate of the reac-
tion was observed to increase to a maximum and then decrease as the initial concentration of water was increased. The
decrease in rate has been attributed partly to heterogeneity. At a constant initial water concentration, the reaction was
found to be first order with respect to the stannic chloride concentration between 0.005 aud 0.02 M, and approximately
second order with respect to the monomer concentration between 1 and 3 M. The degree of polymerization of the resulting
polymer increases with the initial monomer concentration, decreases with the water concentration, and is essentially inde-
pendent of the catalyst concentration. A reaction mechanism has been proposed to account for these results, in which a
monohydrate catalyst—cocatalyst complex is assumed. Termination is postulated to occur by a spontaneous unimolecular

process and a bimolecular process involving water. A monomer transfer step is also indicated.

Although it is now generally believed that a
cocatalyst is essential in the polymerization of ole-
fins catalyzed by metal halides, very little infor-
mation is available on the quantitative effects of
cocatalysts in cationic polymerization.?

A qualitative investigation of the effect of tri-
chloroacetic acid as a cocatalyst on the reaction
rate of styrene catalyzed by titanium tetrachloride
in hexane and toluene solvents was made by
Plesch.* The effect of water on the reaction rate
for the same monomer and catalyst system in
ethylene dichloride solvent also was studied. No
molecular weight data were presented in these
studies. In particular in only two previous cases
has the quantitative effect of water on the rate
and molecular weight in cationic polymerization
been reported.5¢ The former work was con-

(1) This is the ninth in a scries of papers concerned with fonic poly-
merization. For the eighth paper, see C. G. Overberger, E. M. Pearce

and D. Tanner, THIs JourNaL, 80, 1761 (1958).
(2) From the dissertation submitted by R. J. Ehrig to the Graduate

" School of the Polytechnic Institute of Brooklyn in partial fulfillment of

the requirements for the degree of Doctor of Philosophy.

(3) For the most recent review of cationic polymerization see D. C,
Pepper, Quart. Revs., 8, 88 (1954).

(4) P. H. Plesch, J. Chem. Soc., 1853, 1659, 1662 (1953).

(6) R. G. W. Norrish and K. E. Russell, Trars. Faraday Soc., 48,
01 (1952).

(6) F. 8. Dainton and R. H. Tomlinson, J. Chem. Soc., 151 (1953).

cerned with the polymerization of isobutene at
—78.5° catalyzed by stannic chloride in the pres-
ence of ethyl chloride as solvent. Only semi-
quantitative molecular weight data were reported.
In the latter case,® a-methylstyrene was poly-
merized to low molecular weight polymers.(dimers,
trimers, etc.) by stannic chloride catalyst in ethyl
chloride solvent. Polymerization to obtain high
molecular weight material was not studied. The
reaction was conducted primarily at 55° at a cat-
alyst—cocatalyst ratio of 1 to 3. Thus, this pres-
ent work was undertaken in order to obtain knowl-
edge of the polymerization reaction with respect to
water as the cocatalyst in the polymerization of
styrene to high polymer and to ascertain the mech-
anistic role of water in the polymerization.

The system chosen for study was the polymeri-
zation of styrene catalyzed by stannic chloride in a
mixed solvent medium of nitrobenzene~carbon
tetrachloride at 25°, since previous work in this
Laboratory had provided. considerable knowledge
about the system. The rate of polymerization was
followed dilatometrically, and a high vacuum tech-
nique was employed for introduction of the reagents
into the dilatometer. Stringent drying of the re-
agents was employed. In a 30/70%, mixture of
nitrobenzene—carbon tetrachloride, the dependence
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of the.initial rate on the initial water concentration
was first determined. The kinetic order of the re-
action with respect to catalyst and monomer at a
constant water concentration was then ascertained.
Finally, the dependence of the degree of polymeri-
zation of the resulting polymer on the catalyst, co-
catalyst and monomer concentrations was deter-
mined. A preliminary investigation of the effect
of water on the rate and molecular weight in a
15/85% mixture of mnitrobenzene—carbon tetra-
chloride also has been made.

Experimental

Materials.—Carbon tetrachloride, C.p. (Fisher Certi-
fied), was dried successively over calcium chloride and phos-
phorus pentoxide and distilled from phosphorus pentoxide
through a 12-inch Vigreux column, a constant boiling middle
cut being retained. This was stored in a brown glass bottle
over phosphorus pentoxide sealed with paraffin wax. A
portion of this material was redistilled in the same manner
as above, the middle cut being distilled into a vessel con-
taining fresh anhydrous phosphorus peutoxide, b.p. 76.5°
(atm.), n®.5p 1.4570 (n®p 1.45747). After vigorous shaking
of the vessel, it was attached directly to a high vacuum
system and served as the storage vessel.

Nitrobenzene, C.p. (Fisher Certified), was washed with
1:1 sulfuric acid, water, 10% aqueous sodium hydroxide
(until the aqueous layer was colorless) and finally with
water (until alkali free). It was then dried over anhydrous
calcium sulfate and alumina and fractionally distilled under
reduced pressure, a middle 609, cut being retained. This
was stored in a brown glass bottle over anhydrous silica gel
sealed with paraffin wax and shaken occasionally. A por-
tion of this material was fractionally redistilled in an at-
mosphere of dry nitrogen under reduced pressure from fresh

phosphorus pentoxide into a vessel containing fresh anhy- -

drous phosphorus pentoxide, a middle 609, cut being taken.
The refractive index of the fore-run was #%.5p 1.6618 (#%*D
1.5628%). After vigorous shaking of the vessel, it was at-
tached directly to a high vacuum system and served as the
storage vessel.

In later experiments the phosphorus pentoxide was re-
placed by anhydrous barium oxide for two reasons: (1) the
nitrobenzene darkened upon standing, and (2) the necessity
of heating the nitrobenzene in vacuo far efficient distillation
raised the possibility of contamination by more volatile
compounds., Changing drying agents had no apparent
effect on the reaction rates.

Commercial styrene (Dow Chemical Co.) was washed free
of inhibitor with §% aqueous sodium hydroxide, washed until
neutral with distilled water and then dried over anhydrous
magnesium sulfate. It was then distilled under reduced
pressure from anhydrous silica gel through a 12-inch Vigreux
column and stored in a brown glass bottle sealed with paraffin
wax in a refrigerator. A fraction of this material was
stored in a refrigerator overnight over fresh anhydrous
barium oxide. The redried styrene was then redistilled
in an atmosphere of dry nitrogen from barium oxide under
reduced pressure into a vessel containing fresh, crushed
anhydrous barium oxide and a small quantity of trinitro-
benzene, a middle fraction being taken. The refractive
index of the fore-run was n%.5p 1.6438 (n%p 1.5441%). After
the vessel had been shaken vigorously, it was attached di-
rectlg; onto a high vacuum system and served as the storage
vessel.

Anhydrous stannic chloride, C.p. (Fisher Certified), was
refluxed overnight over anhydrous phosphorus pentoxide
in an all-glass apparatus protected by a tube filled with
phosphorus pentoxide. The drying tube was then removed
and replaced by a short Vigreux column connected to a frac-
tion cutter and a receiving vessel containing fresh, anhydrous
phosphorus pentoxide. The entire apparatus was then
flame-dried for ten minutes at a slightly reduced pressure.
After cooling the apparatus, the stannic chioride was dis-

(7) C. G. Douglas, J. Phys. Chem., 49, 358 (1945).
(8) *“International Critical Tables,”” Vol. I, McGraw-Hill Book
Co,, Inc., New York, N. Y., 1926, p. 278.
(9) E. R, Blout and H. Mark, “M
Inc., New York, N. Y., 1051, p. 47.

s,”* Intersci Publishers,
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tilled into the vessel under reduced pressure. The receiving
vessel was constructed with two stopcocks and ‘two ground
glass joints in order that it could be removed from the dis-
tillation apparatus and attached to a high vacuum sys-
tem without exposure to the atmosphere.

Doubly distilled water was redistilled in an all-glass
apparatus. The receiving vessel was attached directly to a
high vacuum system and served as the water storage vessel.

Methyl ethyl ketone (b.p. 79.5° (atm.)) and methyl alco-
bol (b.p. 64.5° (atin.)) were employed in the purification
of the polymers.

All drying agents were of the highest purity available and
were used without further purification. The materials were
never exposed to the atmosphere for prolonged lengths of
time and were discarded at the first signs of deliquescence.

The catalyst, monomer and solvents were further treated
in an all-glass high vacuum apparatus designed specifically
to minimize adventitious moisture and to permit quantita-
tive measurements of water.»

Polymerization Technique.—Vacuum-sealed dilatometers,
thermostated at 25°, were employed for studying the reac-
tion rate. The polymerization was followed to approxi-
mately 109, conversion. The polymers from the dilatome-
ters were precipitated in methanol, filtered, reprecipitated
from methyl ethyl ketone, washed and dried. Conversions
were calculated from the isolated polymer weights, and the
initial weight fraction of monomer. The results were in
approximate agreement with the percentage conversion cal-
culated from the dilatometric studies if the time intervals
and the polymer remaining in the dilatometers were taken
into consideration. These polymers, so treated, were used
in s:;.lbsequent molecular weight determinations and infrared
studies.

The intrinsic viscosity determinations and molecular
weight calculations were made in the same manner as de-
scribed previously.!t

Treatment of Experimental Data.—The experiments con-
ducted in 15% nitrobenzene, 85%, carbon tetrachloride
were frequently irreproducible. At high concentrations
of water (0.015, 0.02 and 0.03 M) the system was hetero-
geneous and never reproducible. With water concentra-
tions of 0.010 and 0.012 M, the rates were reproducible, but
the molecular weights were not. This was attributed to
incipient heterogeneity and the results are not included
herein for the reasons mentioned.

For the results of the experiments included herein, the
data were treated in the following manner. Based on the
assumption that the contraction in volume is directly re-
lated to the percentage polymerization, the change in
height of the dilatometers was calculated to percentage
polglmgrization by the use of the conversion factors given in
Table I.

TABLE I
DiLATOMETER CONVERSION FACTORS®
Styrene,
moles/1, Dilatometer I Dilatometer II
1.00 . 0.702
1.21 . .580
1.48 . 475
2.00 0.327 .351
2.650 .260
3.01 . .216

@ Used in converting contraction in volume to percentage
polymerization by multiplying the change in height in cen-
timeters by the conversion factor.

These conversion factors were obtained using the density
of the monomer (0.907 g./ml. at 20°12) and the effective
density of polystyrene in solution of a good solvent (1.07 g./

(10) Experimental details of purification and the polymerization
technique employed are available from the doctoral dissertation of
Raymond J. Ebrig, titled “The Effect of Water in the Cationic Poly-
merization of Styrene by Stannic Chloride. A Kinetic Study,’”’
Publication No. 21, 415, University Microfilms, 318 No. First Street,
Ann Arbor, Mich.

(11) G. F. Endres and C. G. Overberger, TH1S JOURNAL, 77, 2201
(1955).

(12) G. Egloff, “Physical Constants of Hydrocarbons,’”’ Vol, III,
Reinhold Publishing Corp., New York, N. Y., 1946, p. 188,
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ml.13). The theoretical change in volume calculated from
the above densities is 0.168 cc./g. Pepper!* showed good
agreement between calculated and observed values of the
change in height corresponding to complete polymerization
when a bulk shrinkage factor of 0.170 cc./g. was employed.
This was done at a temperature of 25° in a solution of ethyl-
ene dichloride at a styreme concentration of 181 g./l.
Okamura and Higashimura!® obtained a bulk shrinkage factor
of 0.172 cc./g. from density measurements in ethylene di-
chloride at a temperature of 30°. A bulk shrinkage factor
of 0.152 cc./g. was determined in these laboratories!® from
density measurements at 0° in a solution of 509, nitroben-
zene, 50% carbon tetrachloride. It was considered reason-
able to use the above mentioned density values 1562172 for
correlating the dilatometric height changes to percentage
polymerization since the percentage of polymer isolated was
in good agreement with the dilatometric polymerization,
provided the necessary time intervals from the beginning to
the cessation of the reaction were included. Also, estimates
of the shrinkage factor based on comparison of the extent
of meniscus fall for the very slow reactions with the percent-
age conversions of the isolated polymer differed only by a
maximum of 4%, from the factor employed. The difference
is actually less since the amount of unrecoverable polymer
left in the dilatometer was not taken into consideration.
Since errors of this magnitude are within the estimated ex-
perimental error, 0.168 cc./g. was considered as represent-
ing the true shrinkage factor.

The converted data were represented graphically as per-
centage polymerization versus time (zero time was consid-
ered as the initial reading of the dilatometer). For the ex-
periments conducted in 30%, nitrobenzene, 709, carbon tet-
rachloride, the reaction rates were obtained directly from the
curves by measuring the slopes at the initial curvature and
at 7% conversion multiplied by the initial concentration of
monomer. The former slopes were obtained using the two
point slope formula and the latter by the mirror technique.
The rates were calculated at 7%, conversion for all experi-
ments conducted in 30% nitrobenzene with the exception
of those conducted at high monomer concentrations, since
it was impossible to obtain a rate beyond the extent of the
dilatometer. These 7%, rates were easier to estimate than
the rates calculated for the initial reaction since the con-
version—time curves exhibited a closer proximity to linearity
as the polymerization continued. The calculation of the
slope at this conversion, therefore, is less subject to error
and is not affected by any extraneous initial effects. How-
ever, the strong curvatures exhibited by the initial reaction
are not attributed to temperature effects, since similar sys-
tems! not employing dilatometers also exhibit the same
general shape.

The order of the reaction with respect to monomer and
catalyst was obtained from a log-log plot of reaction rate
versus concentration.

The rates for the experiments conducted in 159 nitroben-
zene, 869, carbon tetrachloride have been obtained from the
maximum slope since the reaction exhibited an induction
period and the conversion-time curves exhibited strong cur-
vatures throughout the reaction.

Results

Variation of the Water Concentration.—In Fig. 1
is given a composite diagram of the conversion—
time curves obtained for the polymerization in a
mixture of 30% nitrobenzene, 709, carbon tetra-
chloride when the water concentration is varied.
Similar curves were obtained for variations of the
monomer and catalyst concentration. No induc-
tion periods were observed even at the lowest con-
centrations of water, and, if an induction period
exists, it is less than ten minutes in duration. The
reaction 15 fast followed by a quick deceleration in

(13) D. J. Streeter and R. F. Boyer, Ind. Eng. Chem., 43, 179
1951).

( (14) D. C. Pepper, Trans. Faraday Soc., 48, 404 (1949).

(16) S. Okamura and T. Higashimura, J. Polymer Sci., 21, 289
1956).
¢ (16; B. Fingerhut, private communication.

(17) J. George, H. Wechsler and H. Mark, Tais Journat, 73, 3851
(1960).
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rate which is evident from the curvesin Fig. 1. In
Table II are listed the changes in rate and degree
of polymerization which occurred with varying
concentrations of water. Results for the rate have
been given for the initial reaction and when it is
7% completed. Both calculations have been
made throughout this study to indicate the change
in rate that is occurring during polymerization.
The rate of polymerization was reduced to ap-
proximately 5% of the maximum rate by mixing
the “dry” reagents and the rate increased by suc-
cessive additions of water, the maximum in rate
occurring at approximately a 1:1 ratio of water to
stannic chloride.

TasLE 11

EFFECT OF WATER ON THE POLYMERIZATION OF STYRENE IN
NI1TROBENZENE (30%)-CARBON TETRACHLORIDE (70%)
SoLuTtiON

(Styrene) = 2.00 == 0.01 M; (stannic chloride) = 0.020 %
0.001 M; temp. = 25.00 =% 0.01°

Rate at
Init. rate® 7% conv.b Conv. (%)
10¢ X

X 10¢_ 104", of iso- J”]

(Hs0) X 10 molesl.”? molesl, —? lated 50 ce, _
moles I, 7! min. 7} min, "t polymer g1 Pn
““None" 2.53 3.68 6.9 0.217 116
‘“None"’ 2.63 2.78 7.1 .214 114

0.8 9.20 8.05 8.9 .211 112
1.1 10.3 7.39 8.4 .209 111
1.9 17.8 12.4 8.1 .202 104
5.3 25.7 18.4 10.1 .201 104
5.4 23.7 18.7 9.6 .186 100
7.4 28.3 20.1 10.8 .202 104
9.8 26.5 21.4 11.8 .197 101
9.9 256.9 22.3 11.3 .195 100
14.9 47.6 28.7 13.2 .185 92
19.8 53.1 35.2 14.1 .171 81
28.5 45.6 20.1 11.0° .140 60

@ Rate obtained from tangents to conversion—time curve
within 29, conversion. * Rate obtained from tangents to
conversion~time curve at 7%, conversion. ¢ Part of sample
lost during experiment.

Beyond an equimolar portion, the rate decreased
which may be attributed to a low solubility of the
active complex. The increase in rate was accom-
panied by a decrease in the degree of polymeriza-
tion as is shown in Fig. 2, curve a, and it can be seen
that the degree of polymerization decreases rapidly
at higher water concentrations.

Variation of the Catalyst Concentration.—At a
constant initial water concentration of 0.005 M,
the stannic chloride concentration was varied
over a fourfold range. The order of the reaction
with respect to stannic chloride was 0.9 and 1.1 for
the initial rate and the rate at 7%, conversion, re-
spectively. Table III lists the rates obtained to-
gether with the data for the degree of polymeriza-
tion. The molecular weight of the polymer is es-
sentially independent of the stanmnic chloride con-
centration (Fig. 3), although there is a decrease at
the very low concentrations of stannic chloride.
In many previous cases, the degree of polymeriza-
tion has been found to be essentially independent
of the catalyst concentration for cationic poly-
merization.?

Variation of the Monomer Concentration.—The
initial monomer concentration was varied over a

Y
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Fig. 1.—Polymerization in nitrobenzene (30%)-carbon
tetrachloride (709) solution at 25°; (styrene), 2.00 =
0.01M; (SnCl), 0.020 =& 0.001M: A, no H,O; B, 0.8 X
10—3M H,0; C, 1.1 X 10—3M H.0; D, 1.9 X 1073M H.0;
E, 5.4 X 1073M H,0; F, 7.4 X 1073M H.0; G, 9.9 X
10730 H.O; H, 149 X 1073M H,0; I, 19.8 X 1073M
H,0; J, 2856 X 103 M Hgo.
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Fig. 2.—The effect of water on the degree of polymeriza-
tion of styrene: a, nitrobenzene (30%)-carbon tetrachloride
(70%); b, nitrobenzene (15%)-carbon tetrachloride (85%).

three-fold range (Table IV) at a constant initial
water concentration of 0.005 M. The order of the
reaction with respect to the initial monomer con-
centration was 2.5 and 2.0 for the initial rate and
the rate at 7%, conversion, respectively. Due to
the uncertainty of the very initial part of the re-
action, the rate of polymerization is considered to
be second order with respect to monomer between
1.0 and 3.0 M styrene.

TasLe III

ErrFect oF STANNIC CHLORIDE ON THE POLYMERIZATION
OF STYRENE IN NITROBENZENE (30%)-CArBON
TETRACHLORIDE (70%)

(Styrene) = 2.00 == 0.01 M; (water) = 0.0053 == 0.0001 M;
temp. = 25.00 == 0.01°

Conv,

Rate at (%) .
(8nCly)e Init. rateb 7% conv.® of iso- &u]
X 107 X 104 moles X 10¢ moles lated 50 cc.
moles 1, 7! 1.7! min. 7! 1.71 min. =1  polymer g1 Pn
5.0 8.32 3.83 7.9 0.166 78
7.0 9.21 6.36 7.0 .178 86
10.0 8.04 7.18 8.8 .191 96
10.0 12.1 7.90 7.6 .192 97
14.0 22.9 13.8 9.1 .194 99

a For data at 20.0 X 1073 mole 1.7! SnCl,, see Table II.
¢ See footnote @, Table II. ? See footnote b, Table II.
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Fig. 3.—Effect of stannic chloride on the degree of poly-
merization of styrene.

The dependence of the degree of polymerization
on the initial monomer concentration (Fig. 4) is
seen to have a definite curvature and increases as
the monomer concentration is increased. This
type of relationship has been observed for other
cationic polymerizations and has been explained
by Endres and Overberger!! on the assumption
that there are two termination or transfer steps op-
erating simultaneously, one unimolecular and the
other involving monomer.

o 90 /
60 ——4
30 ; , .
0 1.0 2.0 3.0 4.0

(M), moles 1.7,

Fig. 4.—Effect of monomer concentration on the degree of
polymerization of styrene.

Variation of the Water Concentration in the 15%,
Nitrobenzene-859%, Carbon Tetrachloride System.
—A preliminary study of the effect of water on the
rate and the degree of polymerization in a solution
of 159, nitrobenzene-85%, carbon tetrachloride
also was made and the graphical representation of
the conversion—time course of the polymerization
is given in Fig. 5. As can be seen from the curves,
the reaction exhibited an induction period and it
appeared that the time of induction increased with
increasing concentrations of water, except perhaps
at very low water concentrations. However, no

TABLE IV

ErFECT OF MONOMER ON THE POLYMERIZATION OF STYRENE
IN NITROBENZENE (80%)-CARBON TETRACHLORIDE (70%)

(Stannic chloride) = 0.020 M; (water) = 0.053 = 0.0001 M;
temp. = 25.00 == 0.006°

Conv,
Rate at (%)
Init, rateb 7% conv.© of iso- "
(Mo),® X 104 moles X 104 moles lated 50 ce.

moles 1.7t 1.7 min, 1! 1.7' min.~! polymer St} Pn
1.00 4.94 4.17 16.5 0.143 62
1.21 6.10 5.80 13.1 .146 64
1.48 12.0 9.56 12.9 .183 90
2.50 43.8 31.3¢ 9.1 .224 123
3.01 68.3 39.8° 11.9 .234 131
a For data at 2.0 moles 1.7? styrene, see Table II. ? See
footnote a, Table II. ¢ See footnote b, Table II. ¢ Rate

obtained from tangent to conversion—time curve at 6%, con-
version. ¢ Rate obtained from tangent to conversion—time
curve at 5%, conversion.
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Fig. .—Polymerization in nitrobenzene (15%)-carbon
tetrachloride (85%) solution at 25°; (styreme), 2.00 =%

§2
/

0.01M: (SnCl), 0.020 == 0.001M: A, no HyO; B, 0.8 X .

1073M H,0; C, 1.0 X 1073M H,0; D, 2.0 X 10-*M H,0;
E, 53 X 107*M Hy0O; F, 7.6 X 10—3M H,0.

definite correlation of the induction period with
water concentration could be made due to the
variable times which elapsed before initial readings
were taken. Induction periods have been ob-
served previously in other styrene polymerizations
catalyzed by stannic chloride!®!8—2 and seem to
be charactenistic of reactions conducted in solutions
of low dielectric constants. An increase in the in-
duction period with increasing concentration of

water has been indicated in two previous cases.15:18

The nature of the induction period has been at-
tributed either to the presence of an impurity® or
to an inhibition of the reaction caused by traces of
HCl which may be formed by hydrolysis of the
catalyst.18.20

The changes in rate and degree of polymerization
which occurred with varying concentrations of
water are listed in Table V. The results for the
rate of the reaction are given as the maximum rate
occurring between 0-10%, conversion. A mixture
of the “dry” reagents gave a negligible rate and
was approximately one hundredth as fast as the
rate of the reaction with the smallest quantity of
water added. As the quantity of water was in-
creased, the rate rose sharply to a maximum ap-
proximately at a 4:1 ratio of stannic chloride to
water and then decreased. Further experiments
conducted at higher water concentrations were
marked by the appearance of a very slight opales-
cence in the reaction mixture, but the rates were
in the same order of magnitude as that of the 0.0075
M water. The fall off in rate, therefore, is prob-
ably due to a heterogeneous reaction.

A comparison of the data in Tables II and V
shows that the polymerization rate is smaller by a
factor of two in 309 nitrobenzene~70%, carbon
tetrachloride than it is in 15% nitrobenzene-
85% carbon tetrachloride, at the same concentra-
tions of the reactants. The fact that the rate is not
considerably larger in the more polar solution sug-

(18) D. C. Pepper in “Cationic Polymerization and Related Com-
plexes,’’ edited by P. H. Plesch, W, Heffer and Soans, Inc., Ltd., Cam-
bridge, England, 1953, p. 70. .

(19) D. C. Pepper, Trans. Faraday Soc., 45, 307 (1948).

(20) G. Williams, J. Chem, Soc., 775 (1940).
(21) J. George and H. Wechsler, J. Polymer Sci., 8, 726 (1951).
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gests that there is a selective solvation of the re-
acting ions by the nitrobenzene. Evidence for
selective solvation in other systems has been pre-
sented by Amis and co-workers.2?

TABLE V

ErreCT OF WATER ON THE POLYMERIZATION OF STYRENE IN
NITROBENZENE (16%)—-CARBON TETRACHLORIDE (85%)
' SoLuTiON

(Styrene) = 2.00 = 0.01 M; (stannic chloride) = 0.0205 ==
0.00056 M; temp. = 25.00 == 0.008°
Conv. (%)
Mazximum rate of iso- 6:,]

(HsO) X 107 X 10¢ moles lated . 50 ce. _
moles 1, 2 1. ~! min, "? polymer g.-! Pa
“None"” 0.136° 0.4 ..
“None” 0.0568° 0.3 .
‘“None” 0.191° 0.6 ves ..
0.8 16.3 7.0 0.131 b4
1.0 21.7 6.1 .131 b4
1.0 23.3 6.7 .131 54
1.9 37.2 8.0 .123 50
2.0 42.7 8.7 .123 50
5.3 60.3 9.2 .116 45
5. 63.3 10.7 .119 47
7.6 66.4 8.9 .096 34

2 Rate obtained from tangents to conversion—time curve
at 0.4% conversion.

The effect of variation of the water on the degree
of polymerization of the polymers isolated from the
reaction rate measurements is given in Fig. 2
(curve b). It can be seen that there is a decrease
in the molecular weight as the water concentration
is increased with a greater change occurring at
higher water concentrations.

The data for the extent of polymerization of each
experiment have been included in the latter four
tables, and it can be seen that the percentage con-
version of the isolated polymer varied according to
how fast the reaction was occurring. Since the
intrinsic viscosities were determined on these poly-
mers, there is the possibility that the observed
changes of the degree of polymerization may be due
to the conversion differences. However, it has
been shown for similar systems that the degree of
polymerization is independent of the conversion
from 20 to 80%,%® and from 11 to 90%.2* Oka-
mura and Higashimura!® reported that the molecular
weights of the polystyrenes did not decrease during
polymerization in benzene or carbon tetrachloride
solutions. '

Discussion

Although an exact interpretation of the reaction
cannot be made from the above kinetic results, a
possible reaction mechanism which accounts for
these observations may be formulated in the man-
ner
Complex K

formation: HyO + 8SnCli 22 SnCL-H,0 (1)

k -
Initiation: SuClL-H:0 + M —> HMSnClLOH @)

(22) B. S. Amis, J. Chem. Phys., 26, 880 (1957), and references
cited therein.

(23) G. F. Endres, Dissertation for the Degree of Doctor of Philoso-
phy, Polytechnic Institute of Brooklyn, 1954, p. 80.

(24) G. Williams, J. Chem. Soc., 246 (1938).
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4 - k
Propagation: HM,_,SaCI.OH + M 2 -
HM*,SaCLOH (3)

- k
Termination: HﬁuSnCl.OH —_
HM, + SnCl-H,0 (4a)

k
or —> HM,OH + SnCl, (4b)
- k
HM,SaCLOH + Hi0 —> HM, + SnClL:2H:0  (5a)
o
or —> HM,OH + SnCL-H;0 (5b)

- B
Transfer; HM,SnCLOH + M —> .
' HM, + HMSuCLOH (6)

Assuming a steady’ state with respect to active
centers (HM, 1), and using the equilibrium relation
7

(SnCli-Hs0) = K(SnCl)(H:0) (7

it can be shown that the rate of disappearance of
monomer and the degree of polymerization, P., are
given in eqs. 8and 9 :

—d(M)/dt = (Kkik(SnCLY(H;0)(M)?)/ky +
ki (Hy0)) (8)

Pa = kp(M)/(ku + Eu(HsO) + ku(M)) 9

In equations 8 and 9, (H,0) and (SnCl,) denote
the concentrations of free water and stannic chlo-
ride. They are essentially equal to the corre-
sponding stoichiometric concentrations when these
reagents are largely free rather than bound as
SnCL-H,0. To explain the data on the basis of the
mechanism given by equations 1 to 6 it will be nec-
essary to assume that these reagents are largely
free.

The above rate expression 8 adequately describes
the first- and second-order dependence of the rate
on the catalyst and monomer concentrations, re-
spectively, assuming that the catalyst is largely
free. This order has been found generally for
many open dilatometric systems for styrene and
vinyl ethers.? In the polymerization of a-methyl-
styrene,® however, Dainton found the order of the
reaction with respect to the catalyst concentration
to be 1.42 at 25° at a cocatalyst—catalyst ratio ex-
ceeding3. Variation of the monomer concentration
indicated an order of unityat lowconcentrations, and
rising above this value as the monomer concentra-
tion was increased, the average value of the order
was 1.4 between 0.32 and 0.80 M. - For the system
isobutene—stannic chloride—ethyl chloride, Norrish
and Russell® found a continual increase in rate with
increasing stannic chloride concentrations. At
equimolar proportions of stannic chloride and water
(0.19 mole %) the rate became approximately in-
dependent of the catalyst concentration. A fur-
ther investigation of this system?® indicated a first-
order dependence of the rate with respect to the
monomer concentration between 4 and 20 mole
per cent,

The- results obtained in this work (Table II)
indicated that the rate of the reaction increases to
a maximum value and then decreases. On the
other hand, according to equation 8 the reaction
rate should increase with increasing water con-

(25) See ref. 18, p. 114,
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centration and should approach a maximum value
and finally should become independent of the water
concentration. The maximum occurs at a ratio of
about 1:1 water to stannic chloride in the case of
the 70-30 solvent mixture and at a ratio of 1:4
water to stannic chloride in the case of the 85-15
solvent mixture. This apparent contradiction of
the proposed mechanism with the results obtained
may be explained on the possibility that beyond a
certain mixture of water and stannic chloride, a di-
hydrate may be formed which is insoluble in the re-
action medium, is unable to initiate chains, and

" causes a decrease in the reaction rate by nature of a

two phase system being formed. For the poly-
merization of a-methylstyrene® Dainton also found
that the rate of polymerization increased with in-
creasing water concentration and reached a maxi-
mum rate at approximately a 1:1 ratio of stannic
chloride to water. When the ratio of added water
to a catalyst concentration exceeded 3:1, the initial
rate of polymerization became independent of the
amount of water present, a somewhat different be-
havior than the case reported here. In the
isobutene case> however, the rate was pro-
portional to the amount of added water up to 0.3
mole %, (stannic chloride = 1.15 mole %), but the
proportionality decreased beyond- this concentra-
tion. The a-methylstyrene case more closely ap-
proximates our results for the 30-70 solvent mix-
ture.

- The observed decrease of the degree of poly-
merization with increasing concentrations of water
may be explained on the basis of a new concept, a
termination process involving free water (5a or b).
The probability that there is free water in the reac-
tion medium may be assumed on the basis of the re-
sults obtained since it has been shown that at a
water-stannic chloride ratio of 1:4 the reaction is
dependent upon the first power of the stannic chlo-
ride which indicates that even in an excess of stan-
nic chloride the equilibrium expressed in equation 1
is still displaced to the left leaving a large percen-
tage of water free and available for termination.

As noted previously in this work, the molec-
ular weight of the polymer is essentially independ-
ent of the stannic chloride concentration with a
small decrease at very low concentrations of stannic
chloride.

Norrish and Russell® found the molecular weight
of polyisobutene to be inversely proportional to
the amount of water added as noted here and di-
rectly proportional to the monomer concentration,
a relationship not found in this work. At a con-
stant water concentration, they found that the
molecular weight had a minimum value at equi-
molar proportions of stannic chloride and water
and then increased with increasing stannic chloride
concentrations. Dainton® found the degree of

polymerization of poly-a-methylstyrene increased:

with increasing monomer concentrations but was
independentof the catalyst cocatalyst concentration.

The mechanistic scheme presented here shows
two possible means of termination for both the uni-
molecular and the bimolecular process. No defi-
nite postulation as to which of the two is occurring
can be envisioned at this time. On the other hand

i
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the behavior of the %, conversion-time plots at low
water concentrations suggests that the water con-
centration may be decreasing as the reaction pro-
ceeds. Infrared spectra of the polymers isolated
from the experiments conducted at various con-
centrations of water, stannic chloride and monomer
showed no definite bands for hydroxyl groups. If
termination is occurring by process 4a or 5a, the
polymers should possess a terminal olefin, but infra-
red spectral data exhibited no bands characteristic
of a double bond. The lack of terminal unsatura-
tion in poly-a-methylstyrenes prepared by stannic
chloride in ethyl chloride solution has been attrib-
uted by Dainton® to an intramolecular rearrange-
ment forming a cyclic structure. It is possible
that polystyrenes prepared in a similar manner may
achieve saturation by the same sequence.

In order to evaluate the results obtained with

relation to the rate equation, it was found advan-
tageous to estimate the amount of adventitious
water present throughout the investigation. An
_approximation of the water present beyond the
" measured quantity was made by extrapolating the
rate versus water concentration curve to zero rate.
A number of such extrapolations were made from
various sections of the curves and an average
value of approximately 3.0 X 10—4 g. (~0.001 M)
of water was calculated. This value has been
added to the measured concentrations of water and
the experimental curves obtained for the initial rate
(curve b) and the rate at 7%, conversion (curve c)
as a function of the corrected water concentration
for the system 309, nitrobenzene, 70%, carbon tet-
rachloride are given in Fig. 6.

Rate X 10% {moles 1.=! min."1).

(H’O)o,lwrr. X 103 (moles 1._‘).

Fig. 6.—The effect of water on the initial rate (b, ®), the
rate at 7%, conversion (¢, @) in nitrobenzene (30%)-carbon
tetrachloride (709%,) solution and on the maximum rate
(a, 0) in nitrobenzene (15%)-carbon tetrachloride (85%)
solution.

From the above mechanism and subsequent equa-
tions, a number of ratios of rate constants can be
derived from the data obtained for the solvent sys-
tem, 309, nitrobenzene-70%, carbon tetrachloride.
At a constant water concentration, an intercept of
kie/kp = 2.5 X 10~2and a slope of (&, + k¢, (H,0)/k,
= 1.5 X 10~2 mole 1.7! is obtained. In a similar
manner, from a plot of the reciprocal degree of poly-
merization against the initial corrected water concen-
tration, the values k,/k, (M) = 16 X 10~21. mole—!
and ki, /ky (M) + ku/k, = 8.6 X 10~3 are obtained
from the slope and intercept, respectively. In ob-
taining the latter two values, the one point derived
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from the data where the rate is decreasing has not
been considered since it is obvious that beyond an
equimolar ratio of water and stannic chloride the
rate and degree of polymerization are no longer
governed by the equations derived. From the four
values obtained above, the following individual
ratios of rate constants can be derived: ke /kp =
25 X 1073 ky/kp = 1.2 X 10~2 mole 1.-1;
ke,/kp = 3.2 X 10~1. The value obtained here for
kie/ky which is the ratio of the velocity constants
for monomer transfer over propagation is the same
as has been reported by Endres and Overberger!
for the polymerization of styrene by stannic chlo-
ride in a mixture of nitrobenzene and carbon tetra-
chloride at 0° in a bottle system. The ratio k¢,/kp,
however, differs approximately by a factor of two
between the value presented here and that of En-
dres and Overberger’! and this difference may be
attributed to a temperature variation. In refer-
ence to the same work by Overberger, the ratio
ki,/kp obtained in this present study may be con-
sidered to be the molecular termination constant

for water and the value obtained is found to be less -

than that reported for thioplhene by a factor of
three. It is noteworthy here that Endres® found
that the degree of polymerization decreases with
increasing conversion for compounds with molec-
ular termination constants less than one. How-
ever, it was also observed that the average degree
of polymerization was sensitive to changes in con-
version when the molecular termination constant
differed from one by a factor of 102, but was insensi-
tive to minor changes with conversion when the
difference was of the order of two. The molecular
termination constant obtained for water in this
present study differs from one by a factor of three,
and, therefore, the degree of polymerization should
be only slightly affected by conversion. Although
water, either free or bound in some form, has been
observed to decrease the degree of polymerization
in this investigation, it may not, however, be a true
molecular terminating agent. The previously re-
ported terminating agents were observed to have
either retarded the rate of polymerization or have
no effect whatsoever. In one case where the rate
was accelerated, the increase was possibly due to an
increase in the dielectric constant of the medium.
In this present study, it has been shown that water
accelerates the rate which could not possibly be due
to an increase in the dielectric constant of the
medium since it is present in such small a-
mounts.

It can be seen from the constants derived above
that another constant (k/k,) may be obtained.
This is the ratio of the rate constants for unimo-
lecular termination to that of bimolecular termina-
tion and has a value of 3.8 X 10—2 mole 1.-1, This
ratio may also be derived independently from the
rate expression (equation 8). Upon taking recipro-
cals of the rate equation, the expression 1/rate =
ke,/ K kikp(SnCl) (H,0) (M)? + kea(H,O)/Kkiky(Sn-
Cl) (H,O)(M)? is obtained and from the values of
the slope and intercept obtained by a plot of 1/rate
versus (1/H:O)corrected, the ratio ki, /k:, may be de-
rived. An average value of 1.5 X 10—2 mole 1.-!

(26) See ref. 23, p. 44.
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is obtained from the initial rate and the rate at 7%,
conversion.

It is of interest to note that if the equations em-
ployed above are applicable to the data obtained
from the system employing 15%, nitrobenzene, 85%,
carbon tetrachloride, the values obtained for the
ratio of kt,/ki, from the degree of polymerization
and from the rate expression are in the same order
of magnitude as that obtained from the system
employing 30% nitrobenzene, 70%, carbon tetra-
chloride. From the data for the 15%, nitrobenzene
case, the values obtained for k¢, /k, from the degree
of polymerization and from the rate measurements
are 2.1 X 102 mole .-*and 2.5 X 1072 mole 1.7,
respectively. The ratio of k«/kp obtained from
the degree of polymerization data for the 30%
nitrobenzene system has been employed in de-
riving ki,/ky, from the degree of polymerization
data for the 15%, nitrobenzene system. Since this
ratio was the same value obtained by Endres and
Overberger!! for the system employing a nitro-
benzene mixture (409, by volume) at a tempera-
ture of 0°, it is unlikely that the value would change
in going from a 30 to a 15%, mixture of nitro-
benzene at 25° The assumption of a constant
value may therefore be made.

The corrected experimental curve for the effect
of water on the maximum rate of polymerization for

CATIONIC POLYMERIZATION OF STYRENE: EFFECT OF WATER 2463

the system employing 15%, nitrobenzene, 85%, car-
bon tetrachloride is given in Fig. 6, cutve a.

The various ratios of rate constants derived
above may also be calculated from the data ob-
tained without employing the corrected water con-
centration mentioned above. If this is done, it is
found that there is essentially no difference between
the constants derived from the degree of polymeri-
zation data whether the corrected or uncorrected
water concentrations are employed, since it can
be seen from the results obtained that the degree of
polymerization is little affected by small changes
of the water concentration. However, a difference
between the corrected and uncorrected values ob-
tained for the constants derived from the rate data
is found and this is understandable since it has been
observed that the rate of polymerization varies
considerably with small changes of the water con-
centration.
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