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ene.,4'M The colorless precipitate was filtered and washed 
repeatedly with dry ether under exclusion of moisture. It 
was then dissolved in 500 ml. of anhydrous ethanol. This 
solution was treated with a solution of 82 g. (0.35 mole) of 
anhydrous silver perchlorate in 120 ml. of absolute ethanol. 
The mixture was filtered. Most of the N-cyclohexylidene-
piperidinium perchlorate was found with the silver bromide, 
from which it could be extracted with hot anhydrous 
acetone. Upon addition of ether to the acetone solution, 
39.5 g. of colorless plates was obtained, m.p. 246-249°. 
Upon cooling of the ethanol solution (above) and addi
tion of ether 2.8 g. additional iminium perchlorate was ob
tained; total yield 53%, »£E01 1660 cm."1. 

A solution of 5.0 g. (0.019 mole) of N-cyclohexylidene-
piperidinium perchlorate in 300 ml. of anhydrous methanol 
was treated at 0° with a solution of diazomethane, prepared 
from 5.0 g. (0.049 mole) of nitrosomethylurea, in 70 ml. of 
anhydrous ether. The yellow color of the diazomethane dis
appeared and gas was evolved. The addition was complete 
in 5 min., and the solution was allowed to stand in the re
frigerator for 4 hr. After concentration to half-volume in 
vacuo at 0° the solution was cooled to —40°. The 1,1-penta-
methylene-2,2-pentamethyleneaziridinium perchlorate sepa
rated as colorless needles and was recrystallized from abso
lute ethanol, m.p. 236-238° dec, yield 3.8 g. (73%), no in-

I + 
frared maxima corresponding to -N+—H or > C = N < ; 
n.m.r. T-values (CDCl8): 6.60, 6.68; 7.03 (singlet); 8.00, 
8.20. 

Anal. Calcd. for C10H22ClNO4: C, 51.51; H, 7.93; N, 
5.01. Found: C, 51.24; H, 7.78; N, 5.10. 

1-N-Pyrrolidylcyclohexanemethanol.—Formaldehyde con
densation with nitrocyclohexane88 to give 1-nitrocyclohex-
anemethanol was followed by reduction to 1-aminocyclo-
hexanemethanol according to Noland, Kneller and Rice67; 

(65) C. Mannich and H. Davidsen, Ber., 69, 2106 (1936). 
(66) We are grateful to Dr. W. F. Jackson of the Explosives Depart

ment, E. I. du Pont de Nemours and Co., Inc., for a generous gift of 
nitrocyclohexane. 

(67) W. E. Noland, J. K. Kneller and D. E. Rice, J. Org. Chem., 
22, 695 (1957). 

Introduction 
In the course of an earlier investigation of molec

ular termination in the cationic polymerization of 
styrene with stannic chloride catalyst,3 it was ob
served that the intrinsic viscosities of the isolated 
polymers showed little dependence on the conver
sion. It was also found that the intrinsic viscosity 
at a given conversion was quite markedly dependent 

(1) This is the 20th in a series of papers concerned with ionic 
polymerization; for the previous paper in this series, see C. G. Over-
berger and A. Schiller, / . Polymer Set., in press (1962). 

(2) This paper comprises a portion of the Dissertation submitted 
by V. G. Kamath in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy at the Polytechnic Institute of Brook
lyn. 

(3) G. P. Endres and C. G. Overberger, J. Am. Chem. Soc., 77, 2201 
(195a). 

I b.p. 82-83° (1.3-1.4 mm.), n«D 1.4951 (reported b.p. 84° (1 
t mm.), M84D 1.4959). A mixture of 5.7 g. (0.044 mole) of 1-
s aminocyclohexanemethanol, 13.8 g. (0.065 mole) of 1,4-di-
f bromobutane and 4.9 g. (0.044 mole) of sodium carbonate in 

20 ml. of absolute ethanol was heated under reflux for 84 hr. 
following the general directions for ring formation.6^8' 

, After the addition of 50 ml. of water the aqueous ethanolic 
3 solution was extracted with ether. The ether extract was 
, washed with dilute aqueous hydrochloric acid. The aqueous 

layer was strongly basified with sodium hydroxide and ex
tracted with ether. After drying and removal of the ether a 
pale yellow sludge was obtained. In an attempt to distil it, 
1.0 g. of starting material was recovered and the rest solidi
fied. Purification by sublimation at 100° bath temperature 

1 and 0.2 mm. yielded 5.3 g. (79% based on unrecovered 
1 starting material) of colorless prisms, m.p. 71-72°, c2i°' 
f 3400cm."1(O-H). 

Anal. Calcd. for CnHj1NO: C, 72.08; H, 11.55; N, 
- 7.64. Found: C, 71.85; H, 11.54; N, 7.35. 
' The perchlorate of 1-N-pyrrolidylcyclohexanemethanol 

crystallized as colorless prisms from absolute ethanol; m.p. 
; 92-93°; „££<" 3505 (O-H), 3125 cm."1 ( - N + - H ) . 

Anal. Calcd. for CnH2SClNOs: C, 46.56; H, 7.82; N, 
. 4.94. Found: C, 46.72; H, 7.88; N, 4.94. 

N.m.r. Model. 1,1-Dimethylpyrrolidinium Perchlorate 
, (XVIII).—A solution of 12.5 g. (0.055 mole) of 1,1-dimethyl-

pyrrolidinium iodide (Aldrich Chemical Co.) in 100 ml. of 
anhydrous ether was treated with a solution of 12.5 g. 
(0.060 mole) of anhydrous silver perchlorate in 20 ml. of 
anhydrous ethanol. Silver iodide was recovered by filtration 

\ of the hot solution, ether was added to the filtrate and the 
\ precipitate was recrystallized from ethanol as feathery plates, 
" m.p. above 330°, yield 9.5 g. (86%); n.m.r. T-values (liquid 
' SO2) at: 6.32,6.48,6.65; 6.85 (singlet); 7.70 (broad). 

Anal. Calcd. for C6H14ClNO4: C, 36.10; H, 7.07; N, 
- 7.02. Found: C, 35.98; H, 6.95; N, 7.00. 

(68) R. C. Elderfield and H. A. Haneman, ibid.. 14, 605 (1H49). 
(69) A. T. Bottini and J. D. Roberts, / . Am. Chem. Soc, 80, 5203 

(1958). 

on the initial monomer concentration. If molecular 
weights were calculated from these intrinsic viscos
ities using relationships based on polymers with 
presumably "most probable" molecular weight 
distributions, contradictory conclusions could be 
drawn concerning the dependence of polymer molec
ular weight on monomer concentration. A pos
sible explanation of this was that it is due to a 
broadening of the molecular weight distribution 
with increasing conversion, limiting the validity of 
these viscosity-molecular weight relationships to 
low conversions. Such broadening could conceiv
ably be due to at least two causes in the system in
vestigated. The occurrence of "spontaneous" 
(unimolecular) termination or chain transfer would 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, POLYTECHNIC INSTITUTE OF BROOKLYN, BROOKLYN 1, N. Y.] 

Cationic Catalyzed Polymerization of Styrene at High Conversion1 

BY G. F. ENDRES, V. G. KAMATH2 AND C. G. OVERBERGER 

RECEIVED APRIL 5, 1962 

The cationic polymerization of styrene with stannic chloride catalyst has been studied over the conversion range 9.5-97%, 
in carbon tetrachloride-nitrobenzene solvent mixture at 0°. The cumulative number average molecular weight appears to 
decrease with increasing conversion, in accord with the behavior shown on varying the initial monomer concentration at 
low conversion. However, the weight average molecular weight increases markedly, probably due mainly to chain transfer 
to the polymer. Owing to the attendant increase of branching in the polymers, their intrinsic viscosities show little depend
ence on the conversion. The limitations of intrinsic viscosity as a measure of molecular weight at high conversion are dis
cussed, and procedures for obtaining reliable data under such conditions are recommended. 
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lead to a decrease of the instantaneous average 
degree of polymerization with increasing conver
sion, resulting in a continuous shift of the maximum 
in the distribution function (see for example Litt, 
ref. 4). Further, Atkins and Billmeyer5 demon
strated that polystyrenes produced at high con
version in the authors' system have a considerable 
fraction of long chain branches, through compari
son of their intrinsic viscosities with those of linear 
polystyrenes of the same weight average molecular 
weights. 

In several other investigations of the cationic 
polymerization of styrene with various catalysts, 
molecular weights have been calculated from in
trinsic viscosities at high conversions, and inferences 
concerning the mechanism have been drawn. The 
present work was undertaken in the hope of clarify
ing this situation, and experimentally testing the 
reliability of such an approach. Styrene has been 
polymerized to various conversions with stannic 
chloride catalyst in carbon tetrachloride-nitroben-
zene solvent mixture at 0°. The dependence on 
conversion of the following properties has been de
termined: (1) intrinsic viscosity in benzene and in 
butanone solution, (2) number average molecular 
weight by osmotic and cryoscopic methods, and 
(3) weight average molecular weight by light-scat
tering. The data have been compared with theo
retical relationships derived from behavior at low 
conversions. 

Experimental 
The monomer and solvents were purified, and stannic 

chloride purified and charged into glass ampoules, essentially 
by the methods described previously .6 Polymerizations were 
carried out using dry-box techniques as described,s 's except 
that monomer and solvents were dried prior to use over 
molecular sieves (Type 4A) rather than anhydrous silica 
gel. The polymers were usually isolated by precipitation 
in methanol, reprecipitated once in methanol from butanone 
solution, and dried under vacuum. Conversions were 
estimated from the weights of polymer isolated. 

Solution viscosities were measured in benzene and 
butanone at 30°, using I'bbelohde dilution viscometers. 
Reduced viscosities were determined at six concentrations 
from 2.0 to 0.3 g./dl., and intrinsic viscosities estimated 
by the usual extrapolation to zero concentration. 

Osmotic pressure measurements were carried out using a 
Stabin high speed osmometer7 at 30°. The half-sum method 
of Fuoss and Mead8 was employed, observing the rate of 
change of the ascending and descending levels. Measure
ments were made at four concentrations from 0.1 to 1.0 g./ 
dl., and linear extrapolations of T/C to zero concentration 
were made. The solvent in the outside jacket was evapo
rated after each measurement to determine the extent of 
diffusion of polymer through the membrane. As usual 
with polymers of low molecular weight, considerable dif
ficulty with diffusion and irreproducibility was experienced, 
and the choice of membrane and solvent was found to be 
very critical. Very erratic values were obtained when gel 
cellophane membranes "300 , " "450" or even " 6 0 0 " were 
used in benzene, toluene or dioxane solvents, and leakage 
of 12% of the polymer through the latter two membranes 
was detected. However, with "Ultracella Allerfeinst" 
membranes' (Carl Schleicher and Schuell Co., "UA-Super-
dense") in butanone no diffusion was detected and reproduc-

(4) M . L i t t , J. Polymer Set., 43 , 5<>7 (1!HlO). 
(5) J . T. Atk ins and F . W. Bi l lmeyer , J r . , J. Phys. Chan., 63 , 1!IUO 

(IBnB). 
(6) C. C>. OverberKer, 1,. I I . Arond and .T. J. Tay lor , J. .1/«. ('Item. 

A-(K.. 73 , Of)Il (1951). 
(7) J. V. S t a b i n and E. H. ImrnerRiit , J. Polvmci .S, >'., 14, 2DU 

(19M). 
(S) R. M . Fuoss a n d D. J. M e a d , J. Phys. Chcm., 47, 59 (1913). 
(9) M . F . V a u g h a u , / . Polymer Set., S3, 417 (19S8). 

ible results were obtained. The values reported in Table 
I were obtained under these conditions. 

Light scattering measurements were carried out in a 
Brice-Phoenix instrument, with butanone again as solvent. 
Measurements were made for four polymer concentrations 
and the pure solvent, at twelve angles from 25° to 140°. 
The data were treated by the method of Zimm,10 plotting 
Kc/R(0) vs. Ac + sin20/2, with double extrapolation to 
zero concentration and zero angle. The best Zimm plots 
were obtained at the higher polymer concentrations. 

For the determination of the low molecular weight frac
tion lost in methanol during the isolation of the polymer, a 
large batch was polymerized to about 80% conversion and 
polymerization stopped as in previous cases by pouring into 
methanol. The precipitated polymer was filtered off and 
the filtrate was distilled under vacuum to remove the meth
anol. The residue was then steam distilled to remove the 
solvent as well as unreacted monomer, redissolved in pure 
cyclohexane and again steam distilled. This process of 
solution in cyclohexane and steam distillation was repeated 
several times to ascertain that all the solvent and monomer 
had been removed. The final residue was dried in a vacuum 
desiccator, yielding a recovery of 2 .8%. The molecular 
weight of this fraction was determined cryoscopically in a 
Beckmann apparatus using pure cyclohexane as solvent. 
The apparatus was calibrated using biphenyl, benzoic acid 
(dimerizes in this solvent) and cholesterol as solutes in 
cyclohexane solvent. Freezing point depressions were de
termined at four different concentrations and the molecular 
weight calculated from these values. The average molecu
lar weight Mn of this fraction was found to be 390. 

Results and Discussion 
In Table I are listed the results obtained for a 

series of polystyrenes prepared at conversions rang
ing from 9.5 to 97%. AU other conditions of 
polymerization were identical: initial monomer 
concentration 1.95 M, stannic chloride concentra
tion 0.023 M, temp. 0°, carbon tetrachloride-nitro-
benzene solvent mixture, with nitrobenzene 40% 
(vol.) of the total charge. Figures 1, 2 and 3 include 
plots of conversion vs. intrinsic viscosity, cumula
tive number average molecular weight (Afn)_and 
cumulative weight average molecular weight (Mw), 
respectively. 

TABLE I 

INTRINSIC VISCOSITY AND EXPERIMENTAL MOLECULAR 

WEIGHT OF POLYSTYRENE AT VARIOUS CONVERSIONS 

Conver

sion, 

% 
9.5 

25.2 
29.8 
34.G 
35.9 
59.9 
04.9 
93.1 
97 

r , , i 
ITJ. 

Butanone 

0.179 
.193 
.194 
.199 
.195 
.197 
.198 
.198 

J 1 / 

di./g. 
Benzene 
0.279 

.300 

.310 

.315 

.317 

.320 

.303 

.313 

.329 

Mn 
(osmotic) 

30,000 
38,000 
38,900 
38,000 
38,600 
43,500 
46,300 
53,000 

Mw 
(Light 

scatter
ing) 

60,000 
65,000 
07,000 
89,000 
89,000 
90,000 
80,000 

106,000 
103,000 

A s u s u a l for p o l y s t y r e n e , c o n s i d e r a b l y different 
v a l u e s of in t r ins ic v i scos i ty a r e o b t a i n e d in b u t a n o n e 
a n d b e n z e n e ( t he l a t t e r is t h e " b e t t e r " s o l v e n t ) . 
I n b o t h so lven t s t h e r e a p p e a r s t o b e a n in i t ia l r ise 
in in t r in s i c v i scos i ty w i t h i nc reas ing convers ion , 
level ing off a b o v e a b o u t 3 0 % to a c o n s t a n t va lue , 
a l t h o u g h t h e s c a t t e r in b e n z e n e cou ld m a s k a smal l 
d e p e n d e n c e . T h e s e r e su l t s a re in acco rd w i t h p re 
v ious f indings. On t h e o t h e r h a n d , t h e n u m b e r 

(10) B. H. Z imm, J. Chem. Phys., 16, 1099 (1948). 
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Fig. 1.—Intrinsic viscosity vs. conversion: O, butanone 

solvent; A, benzene solvent; X, calculated from experi
mental Mw, using eq. 9. 

average molecular weights from osmotic pressure 
measurements (Fig. 2) show a fairly steep rise with 
conversion, as do the weight average molecular 
weights obtained from light scattering (Fig. 3). 
The experimental scatter in the latter measure
ments is again rather large, but the upward trend 
seems clear. 

The reported results for the dependence of poly
mer intrinsic viscosity on initial monomer concen
tration in this system3 were based on polymers pre
pared at intermediate conversions (42-62%). 
Since the viscosities showed little dependence on 
the conversion (at least at initial monomer con
centration 1.95 M), they were assumed to be rep
resentative of the low-conversion polymers as well, 
and the following relationship was derived from 
the data 

l/pB = At/AP(M)C + Am/Ap (I) 
where Pn is the number average degree of poly
merization, (M) o is the initial monomer concentra
tion, and kp, kt and km are the rate constants for 
propagation, spontaneous molecular termination 
and chain transfer to monomer, respectively. Us
ing molecular weights calculated from the intrinsic 
viscosities according to the equation of Pepper11-13 

[r,) = 4.37 X 10"* M0».««(benzene, 25°) (2) 

the rate constant ratios in eq. 1 were evaluated as 
At/Ap = 5.1 X U)"3 mole 1.-', and Am/Ap = 2.4 X 10"3 

(3) 
The validity of the form of eq. 1 under similar condi
tions was rigorously confirmed by Ehrig in experi
ments at low conversion and known co-catalyst 
(water) concentration, which lead to the relation14 

1/-Pn = WAp(M)0 + MH20)/Ap(M)0 + Am/Ap (4) 
which is experimentally equivalent to eq. 1 at con
stant water concentration. The values of the rate 
constant ratios derived from eq. 4 cannot be used 
in the present work, since they were measured at a 
higher temperature and lower dielectric constant, 
and the water concentration in the present work is 
unknown (although presumably constant). 

(11) D. C. Pepper, Sci. Proc. Roy. Dublin Soc, 26, 239 (1951). 
(12) D. C. Pepper, J. Polymer ScI, 7, 347 (1951). 
(13) M. J. Hayes and D. C. Pepper, Proc. Roy. Soc. (London), 

A263, 63 (1961). 
(14) C. G. Overberger, R. J. Ehrig and R. A. Marcus, J. Am. Chern. 

Soc.. 80, 2456 (1958). 
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Fig. 2.—Cumulative number average molecular weight 
vs. conversion: Q, experimental osmotic data; X, calculated 
from experimental intrinsic viscosity, using eq. 2; + , calcu
lated from experimental intrinsic viscosity, using eq. 7; 
dashed curve, calculated from eq. 6. 
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Fig. 3.- -Cumulative weight average molecular weight vs. 
coiivcrsi(Mi: O, experimental light scattering data; dashed 
curve, calculated from cq. 8. 

As pointed out by Sehulz and Blasehke,lr> in a 
chain reaction polymerization where high polymer 
is being formed, the dependence of the cumulative 
number average degree of polymerization P n on the 
conversion is given to a close approximation by 

(M) - (M)0 
Pu = 

/ . 
M 

(5) 
(1/PJd(M) 

Substituting from cq. 1 and integrating, there is ob
tained 

I/Pn 
(M)0 

Ai, (M)1, 
(M) Ap ' (M) A,; CO) 

which, of course, predicts a decrease in degree of 
polymerization with increasing conversion. Sub
stituting the values of eq. 3, the expected number 
average molecular weights as a function of conver
sion can be calculated, and the corresponding curve 
is included in Fig. 2. The experimental data are a 
poor fit, indeed, showing an opposite trend. 

Another apparent contradiction can be seen in 
the data of Table I. The experimental ratio of 
weight to number average molecular weight ~Mw/Mn 
remains within experimental error of 2, even at high 
conversion, which would be consistent with a 
"most probable" molecular weight distribution. 
However, as pointed out in the Introduction, a 
much broader distribution is expected in the present 
system. 

(15) G. V. Schulz and F. Blaschke, Z. fhysik. Chtm., 61, 75 (1942). 
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A clue to the source of these difficulties can be 
seen in Fig. 2, in the curves for molecular weight 
calculated from the experimental intrinsic viscosi
ties in benzene, using eq. 2 and also the following 
equation given by Gregg and Mayo16 '17 

Mn = 178,000 [7,V-" (benzene, 30°) (7) 

The two equations yield markedly different results 
for low molecular weight polystyrenes, as already 
pointed out by Pepper. The difference has been 
ascribed11.12 to the fact tha t in the derivation of 
eq. 2 polystyrenes of very low molecular weight 
were included, and these were unfractionated 
whole polymers isolated by steam distillation of 
monomer and solvents. Equation 7 is based on 
higher polymers isolated by precipitation, where 
considerable low polymer was known to be lost.16 

Since the experimental osmotic molecular weights 
a t low conversion found in the present work agree 
more closely with eq. 7 than with eq. 2, it is inferred 
tha t such precipitation losses might have occurred 
in the present work as well. 

This possibility was tested experimentally by 
carrying out a polymerization to high conversion 
under the conditions of Table I, and precipitating 
the reaction mixture in methanol as usual, giving an 
8 0 % yield of precipitated polymer. An osmotic 
molecular weight of 50,000 is assumed, from the 
experimental curve of Fig. 2. The filtrate was sub
jected to stripping and steam distillation to remove 
the solvents and unreacted monomer, yielding a 
further 2 .8% of residue, of number average molec
ular weight 390 (cryoscopic determination). I t is 
readily calculated t ha t combination of these two 
fractions yields 8 3 % of polymer with number 
average molecular weight 9,400. This point on Fig. 
2 would fall quite close to the theoretical curve 
calculated from eq. 6, accounting for the observed 
discrepancies. 

I t is also possible to compare the experimental 
cumulative weight average molecular weights with 
prediction on the basis of eq. 1. Litt18 has derived 
the following equation for the dependence of P* 
on conversion, for a system where there is both 
spontaneous molecular termination and chain 
transfer to monomer 

p = p h r \ V : '> „ , i_+ W M ) A a ] 
" km L (M)0 - (M) 1 + 4„(M)/ i , a J ~* 

(8) 

In the case under consideration, where there is as
sumed to be no chain transfer to solvent, a = 
kt/kp. Using again the values of eq. 3, the theoreti
cal curve included in Fig. 3 was calculated. The 
weight average molecular weight is predicted to fall 
with increasing conversion, although not quite as 
steeply as the number average, resulting in a 
theoretical My1ZMn = 2.68 a t 9 5 % conversion. 
Again, agreement with experiment is poor, the data 
showing a strong upward trend. In this case, the 
loss of a low fraction in the precipitation isolation 

(16) R. A. Gregg and F. R. Mayo, / . Am. Chem. SoC, 70, 2373 
(1948). 

(17) F. R. Mayo, R. A. Gregg and M. S. Matheson, ibid., 73, 1691 
(1951). 

(18) M. Litt, private communication. The equation shown as 8 in 
ref. 4 contains typographical errors. 

cannot explain the discrepancy, since weight aver
age molecular weights are not very sensitive to low 
fractions. However, these polymers are known to 
be branched.6 If branching occurs by chain trans
fer to the polymer, number average molecular 
weights will be unaffected, bu t weight average molec
ular weights will tend to rise, since the distribution 
is broadened. The upward trend of the da ta can 
thus be readily accounted for on this basis. Note 
tha t the corrected molecular weight ratio Mw/Ma is 
ca. 10 at 8 3 % conversion. 

The two curves in Fig. 3 should ideally extrapo
late to the same intercept a t zero conversion. The 
experimental curve appears to indicate a higher in
tercept, bu t the scatter does not permit a reliable 
extrapolation. 

Finally, the dependence of intrinsic viscosity on 
conversion (Fig. 1) now appears to be rational. 
In general, the intrinsic viscosity of a linear polymer 
will tend to reflect its weight average molecular 
weight rather than its number average. T h a t is, 
the "viscosity average" molecular weight, to which 
the intrinsic viscosity is related through the M a r k -
Houwink equation, is usually considerably closer to 
the weight average.19 However, for a given molec
ular weight, a branched polymer will exhibit a 
lower intrinsic viscosity than a linear one.5'20 In 
Fig. 1 are plotted the intrinsic viscosities in butan-
one calculated from the experimental weight 
average molecular weights, using the relation of 
Atkins and Billmeyer for linear polystyrene.6 

h] = 3.9 X 10-* MW
0H (butanone, 25°) (9) 

I t is seen tha t the experimental viscosities agree 
rather well with these a t low conversions bu t show 
an increasingly negative deviation a t higher con
versions, as the polymers become more highly 
branched. 

I t is evident that , in the system under investiga
tion, the intrinsic viscosity a t high conversions does 
not accurately reflect the changes in either weight 
or number average molecular weights, and is of Ht-
tle interpretive value. In the present case the prin
ciple reason for this appears to be branching through 
chain transfer to polymer. However, the molec
ular weight distribution will broaden with increas
ing conversion in any system where the instantane
ous degree of polymerization is a function of the 
monomer concentration; tha t is, in any system 
where the physical chain length is not determined 
solely by chain transfer to the monomer. 

In a study of polymerization mechanism based 
on kinetics, number average molecular weights of 
the products are usually desirable. If stationary 
conditions can be assumed, it will usually be satis
factory to calculate these from intrinsic viscosities 
if conversions are kept low. If conversions must be 
high, such as in extremely rapid polymerizations, 
direct measurement of molecular weights is recom
mended as the only really safe procedure. This is 
normally not difficult as far as weight averages are 
concerned, but if the degrees of polymerization are 

(19) P. J. Flory, "Principles of Polymer Chemistry," Cornell Uni
versity Tress, Ithaca, N. Y., 1953, p. 313. 

(20) B. H. Zimm and W. H. Stockmayer, J. Chem. Phys., 17, 1301 
(1949). 
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moderately low and distributions are broad (as will ages. In such cases, separation into low and high 
frequently be the case) there may be no satisfactory fractions and separate determination by appropriate 
method for direct determination of number aver- procedures may be necessary. 

[CONTRIBUTION FROM THE DEPARTMENTS OF CHEMISTRY, WASHINGTON STATE UNIVERSITY, PULLMAN, WASH., 
AND UTAH STATE UNIVERSITY, LOGAN, UTAH] 

Substituent Effects in Pyrolysis. V.1-2 A p~<r+ Correlation in the Pyrolysis of 1-
Arylethyl Acetates 

BY ROGER TAYLOR,33 GRANT GILL SMITHSI> AND WILLIAM H. WETZEL3C 

RECEIVED FEBRUARY 5, 1962 

A kinetic study of the gas-phase thermal decomposition of a number of 1- and 2-arylethyl acetates has been made be
tween 297.8° and 409.2°. Each ester was pyrolyzed at four different temperatures and over a temperature range of not less 
than 50° in a static system at reactant pressures of 6 to 200 mm.; the energies and entropies of activation range, respec
tively, from 41.7 to 44.7 kcal./mole and +0.34 to —2.66 e.u. for the 1-arylethyl acetates, and from 44.8 to 45.9 kcal./mole 
and —3.24 to —3.67 e.u. for the 2-arylethyl acetates. A plot of log kni for the effects of the substituents in the l-aryl series 
at 600°K. against <r +-constants (Brown and Okamoto4) gives an excellent correlation (n = —0.66) thus proving that the 
elimination of acetic acid proceeds via a mechanism in which some charge separation occurs, as has recently been suggested.5 

The importance of the breaking of the carbon-hydrogen and single carbon-oxygen bonds in the reaction mechanism has 
been further evaluated. 

It has been recently emphasized by the work 
of Brown,4 Bartlett,6 Lossing7 and others8 that re
actions which follow a p-c+ relationship must in
volve an electron-deficient intermediate, transient 
or otherwise, which can be stabilized in the rate-
determining transition state by electron release 
from an aromatic ring. If a reaction involves an 
electron deficient center, such as a fully or partially 
formed carbonium ion, the correlation between 
the logarithms of the relative rates and Hammett's 
c-constants is unsatisfactory. 

In a recent study of the gas-phase thermal de
composition of 1,2-diarylethyl acetates, Smith, 
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Bagley and Taylor1 showed that substituents in 
the l-aryl ring caused a greater change in the 
rate of pyrolysis than substituents in the 2-aryl 
ring. A plot of log &rei (log k/k0) for the effects 
of substituents in the l-aryl ring at 6000K. against 
Hammett's o--constants gave a poor correlation.1 

However, when the values of log &rei are plotted 
against <r+-constants (Brown and Okamoto4) a 
very satisfactory correlation is obtained (see Fig. 1), 
with p = -0 .62. 

A series of 1-arylethyl acetates have been pre
pared and pyrolyzed in order to evaluate the effects 
of a large number of substituents in the gas phase 
for the following three reasons: (a) The small 
p-factor for the reaction permits examination of the 
effects of substituents with a wide range of re
activities all under identical conditions, (b) 
The results from this gas phase study can be readily 
compared with condensed phase electrophilic 
aromatic substitution since they are all correlated 
by a +-values, (c) The preparation of the 1-aryl
ethyl acetates involve simpler preparative pro
cedures than the 1,2-diarylethyl acetates. For 
comparative purposes, studies were made on four 
2-arylethyl acetates. 

ArCH---CH2 

ArCH-CH3 ~ * O'' II — ArCH=CH2 -f 
(W \ ' — O "OAc 

CH3 

The thermal decomposition of esters into olefins 
and acids has been shown to be a first-order re
action which is unimolecular, homogeneous, and 
generally has a negative entropy of activation.69 

The thermal stability of the esters has been shown 
to be a function of molecular weight10 and substit-
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