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Modification of the Solution Properties of 
Polystyrene in Cyclohexane by the 
Incorporation of Small  Amounts of Foreign 
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Terminal polar groups are reported in the literature to af- 
fect the solution properties of polystyrene. Hydroxyl end 
groups are claimed to produce association in hydrocarbon 
solvents' and butylmercapto2 and carboxyl3 groups to increase 
the theta temperature in cyclohexane. More recently, asso- 
ciation in cyclohexane has been claimed for polystyrene con- 
taining short (1%) center blocks of b ~ t a d i e n e . ~  In order to 
prepare comb-polystyrenes we have modified several polymers 
by the random incorporation of small amounts of polar groups. 
This was found to affect their solution properties in cyclo- 
hexane. No association was found. As cyclohexane is a very 
good solvent for diene polymers, incorporation of short diene 
sequences seems unlikely to provoke association. Two poly- 
mers of this type were therefore prepared and examined in 
cyclohexane. 

Experimental. The preparation of lightly chlorometh- 
ylated polystyrenes (C4bbCH&l, C3bbCHzCl) followed the 
procedure described by Pepper.5 Some of those polymers were 
further modified by changing the chlorine atom to an acetate 
group (C5bbCH2Ac, C3bbCHzAc). Potassium acetate in the 
presence of a crown ether was used to achieve this substitu- 
tion. Details will be reported in a later publication. The 
starting polystyrenes were sharp distribution samples pre- 
pared by sec- butyllithium initiation in benzene. Gel perme- 
ation chromatography elution patterns before and after 
modification showed no change in distribution during the 
process. The block c'opolymers of styrene, SBS-1, and SIS-1 
containing very short center blocks of butadiene and isoprene, 
respectively, were also produced by sec- butyllithium initiation 
in benzene. They were prepared sequentially allowing a t  least 
24 h between successive additions of monomer. Measurements 
of optical density a t  ;330 nm during the process showed that 
the characteristic absorption of polystyryllithium disappeared 
rapidly on the addition of the diene and returned within ex- 
perimental error to its initial value after the second styrene 
addition. Accidental termination was therefore negligible. 
Polymers were terminated with methanol and isolated by 
conventional means. The techniques used have been ade- 
quately described on previous  occasion^.^-^ Light-scattering, 
GPC, osmotic pressure, and viscosity measurements were 
carried out as before.l0-lz 

Results. The characterization of the block copolymers is 
summarized in Table I. GPC traces are shown in Figure 1. The 
polymers have a slightly wider molecular weight distribution 
than comparable homopolystyrenes caused perhaps by the 
slowness of the crossover reaction between the isoprenyl anion 
pair and styrene. There is no evidence of abnormally high 
molecular weights in cyclohexane and the intrinsic viscosities 
in both cyclohexane and toluene are within experimental error 
equal to those expected for homopolystyrenes of the same 
molecular weight. The gn values in toluene areslightly lower 
than the aw values i n  cyclohexane but this is caused entirely 
by the polydispersity as confirmed by an gw measurement 

Table I 
Characterization of Styrene-Diene Block CoDolvmers 

SBS-1 14300Cl 151 000 0.597 0.326 
SIS-1 28 100 31000 0.144 

At 35 "C, the effect of temperature is quite small. SBS-1 has 
[q]  = 0.313 at 31 "C ('42 = 0). 

COUNTS (5 mi 1 
Figure 1. GPC elution patterns of polymers SBS-1 (left) and SIS-1 
(right) in toluene at 35 "C; 3-ft columns of nominal pore size 3 X lo6, 
io6,5 x 105,6.5 x 1 0 4 , ~  x 104,8.5 x 103,2.5 x 103,500,soA. 
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Figure 2. Zimm plot of polymer SBS-1 in cyclohexane a t  35 "C 
(Fica-50 instrument). 

of SBS-1 in toluene. It was found to be 155000, actually 
slightly higher than in cyclohexane but within experimental 
error identical. A Zimm plot for SBS-1 in cyclohexane a t  35 
"C is shown in Figure 2.  A Zimm plot cannot be constructed 
for SIS-1 which is of lower molecular weight since the variation 
in intensity over angle and concentration is only 2%. A small 
positive virial coefficient (2 .2  X ml mol g-2) is observed 
a t  35 "C about one-tenth that calculable from ref 4 (-3 X 
ml mol gP2). The latter value is in fact hardly compatible with 
an associating system being characteristic of a polymer in a 
moderately good solvent. 

The randomly modified polystyrenes have negative second 
virial coefficients in cyclohexane a t  35 "C. The temperatures 
a t  which A2 = 0 are shown in Table 11. Again in no case was 
any evidence obtained for association in solution. The theta 
temperatures of the whole group of polymers can be above or 
below 35 "C but the deviation correlates with the nature of the 
extraneous groups. Poly(viny1 acetate) is insoluble in cyclo- 
hexane so 0 is increased by incorporation of acetate groups 
whereas this solvent is better for diene Kolymers resulting in 
a decrease of 0. I t  seems unlikely that AS1 would be changed 
appreciably by such small modifications in polymer structure 
and hence A0 is mainly caused by changes in Figure 3 
shows the plot of A2 against (1 - 0/T)  for several of the poly- 
mers having M - 150000. No change in the initial slope 
around (1 - B/T) = 0 is observed within experimental error 
indicating little change in asl. If no change in a1 is assumed, 
A0 is a very sensitive measure of small overall changes in ml. 
The results here would require, assuming ml is an additive 
function of the mole or volume fractions of normal and ab- 
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Table I1 
Theta Temperatures of Some Modified Polystyrenes in 

Cyclohexane 

I 1 I 

Mol 
o/o added 2, 

Polymer groups Location 0, "C x 10-5 

SBS-1 1.77 Center 31.8 1.51 
SIS-1 1.57 Center 32.0 0.31 
C4bbCH2Cl 1.47 Random 38.2 1.38b 
C3bbCH2Cl 3.88 Random 44.0 1.57 
C5bbCHnAc 1.77 Random 43.2 1.53 
C3bbCH2Ac 3.88 Random 49.3 1.58 
CObb3ca 1.93 Random 41.0 1.58 

a A fraction of a rAndom styrene-vinyl acetate copolymer de- 
scribed in ref 12. b M, of the original polystyrene (unmodified) 
was 134 000. 
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normal groups, that the heat of dilution is roughly twice as 
great for chloromethylated groups and about half as great for 
diene groups as for normal polystyrene units. 

Depression of the theta temperature (A2 = 0) has been 
noted for cornbl3J4 and star polystyrenes."J5 This effect has 
been attributed to the high segment density in such poly- 
mers.l6 The present work indicates the possibility of another 
effect connected with changes in f l l  a t  the junction points. 
The latter points have the properties of a foreign group whose 
nature depends on the coupling reaction used. This effect 
could be important particularly at low molecular weights. The 
presence of unreacted chloromethyl groups in incompletely 
coupled comb polystyrenes would affect 6' but in the opposite 
direction to that normally observed in com5 polymers. In one 
casell up to 1% of isoprene units were present a t  the junction 
point of some star polystyrenes to facilitate the coupling re- 
action. The 6' depression was observed however in the absence 
of isoprene and in addition the maximum effect on 6' would be 
2" in the polymer of lowest molecular weight where the per- 
centage of isoprene reached 1%. 
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Radiation-Induced Pyrolysis of 
Poly(a-methylstyrene). Formation of 
1,1,3-Trimethyl-3-phenylindane by an Ionic 
Chain Reaction 

We wish to report an ionic chain reaction which occurs 
during the radiation-induced pyrolysis of poly(a-methyl- 
styrene) and results in the formation of a dimer, 1,1,3-tri- 
methyl-3-phenylindane (TMPI). Pyrolysis of poly(a-meth- 
ylstyrene) under vacuum, where the decomposition by a 
radical chain reaction is important, was studied long ago, and 
it is known that below about 400 "C polymer decomposes al- 
most completely into monomer.' The present investigation 
on the radiation-induced pyrolysis is concerned with the de- 
composition by ionic reactions initiated by irradiation a t  high 
temperature. Poly(cu-methylstyrene) powder was evacuated 
a t  a pressure of 10-6 mm for 24 h in a Pyrex tube equipped 
with a cold finger and then sealed.2 The sample was heated 
a t  200 "C under irradiation of fioCo y rays (the dose rate, 9.2 
X lo5 rad/h), and the volatile products were collected in the 
cold finger which was cooled with liquid nitrogen and pro- 
tected by a leadblock from radiation. The products both 
trapped in the cold finger and remaining in the irradiated 
polymer were analyzed with a gas chromatograph using a 
Apiezon L column. 

I t  was found that the products almost exclusively consist 
of monomer and a dimer, TMPI, while the only product de- 
tected was monomer when heated a t  200 "C in the absence of 
radiation. The dimer was identified by its nmr spectrum 
[S(C&) 2.91 (9 H,  m), 7.56 (1 H, d, J = 13 Hz), 7.89 (1 H, d ,  
J = 13 Hz), 8.39 (3 H, s), 8.71 (3 H, s), 9.00 (3 H, s)] and mass 
spectrum (M+ a t  m/e 236). The dimer produced was also 
contained in the irradiated polymer and the amount of the 
dimer remaining in the polymer was comparable with that 
trapped in the cold finger, while the monomer almost com- 
pletely passed over into the cold finger. The total yield of the 
dimer was proportional to the irradiation time in the range 
studied, up to 3 h. The G value of the dimer was 34, and such 
a high yield suggests that it is formed by a chain reaction. 
When the polymer was irradiated a t  room temperature or 
heated a t  200 "C after irradiating a t  room temperature, the 
yield of TMPI was much smaller, G(TMP1) < 1. Thus, it is 
indicated that the chain reaction generating TMPI occurs a t  
high temperature under irradiation. 


