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ABSTRACT Polystyrene chains in semidilute solutions have been cross-linked through the action of 6oC 
y-rays. The reaction has been stopped at different stages before the gel point, and the sol phase has been 
diluted in a good solvent. Light scattering measurements have been analyzed in terms of theories of sol-gel 
transition and conformation of randomly branched molecules. The measured dependence of the average 
molecular weight and the average radius of gyration on the irradiation time suggests that the critical exponent 
T characterizing the polydispersity of the pregel phase is smaller than the mean field prediction T = 5 / 2 .  

I. Introduction 
The gelation of polymer melts through the action of 

cross-linking agents (vulcanization) or of high-energy ra- 
diation is of substantial industrial importance and has been 
studied experimentally for many years. A statistical theory 
of such a gelation process was proposed by Flory‘ and 
Stockmayer2 some 40 years ago. de Gennes3 has shown 
recently that despite the fact that the Flory-Stockmayer 
theory neglects the effects of cyclizations and steric hin- 
drances it should give an adequate description of a vul- 
canization process in a melt of long polymer chains. Hence, 
the theory is able to predict the distribution of the mo- 
lecular weight of chains in a sol phase, its evolution as a 
function of the reaction time, and the gelation threshold. 

Less is known about the formation of gels through the 
cross-linking of precursor polymer chains in a solution. 
The properties of the gelation transition depend both on 
the molecular weight of precursor chains and on their 
concentration. In a relatively dilute solution and/or for 
short chains cyclizations and steric hindrances should play 
an important role in the critical region near the gel point.4 
Daoud4 argues that the gelation transition is then analo- 
gous to the connectivity transition in the percolation model 
and is described by the percolation critical exponents. 
Such an asymptotic behavior in the vicinity of the gelation 
threshold would be very different from that predicted by 
the Flory-Stockmayer t h e ~ r y . ~  

The irradiation with y-rays offers a particularly con- 
venient method of cross-linking the polymer chains in a 
solution. The cross-linking action of high-energy radiation 
has been demonstrated for a large number of polymers 
(e.g., poly(viny1 alcohol)6, polystyrene7, and poly(viny1 
chloride)*) and ~ o l v e n t s . ~  In this paper we present new 
experimental results concerning the gelation of polystyrene 
solutions in cyclopentane induced by 6oCo y-rays.’O We 
study the solutions with concentration close to the overlap 
concentration c* for which it may be expected that the 
critical region is fairly large and that it is possible to make 
a distinction between the classical and the percolation-type 
behavior. 

The sol-gel transition can be studied by in situ or di- 
lution experiments. In an in situ experiment one studies 
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one particular sample during the gelation process without 
affecting the reaction bath. Typical examples are the 
measurements of the viscoelastic properties of the sol or 
gel phase with the use of a magnetic sphere rheometer”J2 
or of the quasi-elastic light ~cattering.’~ The principal 
obstacle in using in situ observation lies in a difficulty of 
characterizing the polymer molecules in a concentrated 
solution by standard physicochemical methods. This 
difficulty does not exist in dilution experiments in which 
the reaction is stopped a t  some stage and the system is 
then diluted. However, the dilution experimenb have one 
major drawback; they require a preparation of many ab- 
solutely identical samples in which reaction proceeds under 
strictly identical conditions. In usual chemical systems this 
is not really possible and for instance, the fluctuations of 
a few percent in the gel point for identically prepared 
samples are not unusual. Such fluctuations do not allow 
one to determine precisely the distance from the gel point 
for each particular sample, and it is difficult to determine 
the critical exponents near the gelation threshold. This 
problem may be overcome by measuring simultaneously 
two different types of averages (moments) of the distri- 
bution of the molecular weight of polymer molecules in the 
sol phase. It is possible then to test the validity of different 
theories without knowing exactly the advancement of the 
reaction with respect to the gel point for each particular 
~amp1e. l~ 

In the present work we have characterized the diluted 
sol phase by elastic light scattering. We measured the 
weight-average molecular weight M,(t) and the z-average 
radius of gyration (R;( t ) ) ,  of polymer molecules as a 
function of the irradiation time t for two different mo- 
lecular weights of precursor chains. An analysis of the 
variation of the radius of gyration as a function of the 
average molecular weight gives information about the 
distribution of the molecular weight of molecules in a 
pregel phase and the validity of different theories of the 
gelation process. 
11. Experimental Section 

We used two different anionically prepared polystyrenes as 
linear precursors: one of molecular weight 55 000 and polydis- 
persity 1.2 and the other with M ,  = 205000 and M,/M, = 1.07. 
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They were diluted in cyclopentane (0 solvent a t  20.5 "C) a t  a 
concentration c = 0.1 g/cm3. The solutions were put in small 
tubes, carefully degassed, and sealed under a residual pressure 
in oxygen of torr. They were first kept a t  70 "C for 2 weeks 
and then a t  22 "C during several weeks. The solutions were 
irradiated a t  a temperature of 22 "C by a 6oCo source a t  a dose 
rate of 10.5 Gy. Gels were formed after lo5 min for the smallest 
precursor and after 2.05 X 104 min for the second one. We stopped 
the irradiation and quenched the reaction at different times before 
the gel point and we washed the solutions in toluene. The irra- 
diated samples were then lyophilized in benzene and dried under 
vacuum at 60 "C. 

Molecular weights and radii of gyration were measured by 
elastic light scattering with a Sofica 50 (A = 436 or 546 nm) or 
a Sofica 4200 (A = 632 nm) photogoniometer. The dried samples 
were diluted in toluene, and five concentrations were prepared 
from the initial solution. Careful centrifugation allowed the use 
of scattering angles 6 between 15 and 150'. The wavelength A 
of the incident beam was progressively increased for more irra- 
diated samples. 

Light Scattering Results. A typical Zimm plot is shown in 
Figure 1. A strong curvature in the Zimm plot is characteristic 
for all highly irradiated samples. I t  is essentially due to the 
polydispersity effects and to  the fact tha t  the scattering vector 
is comparable with the inverse of the radius of gyration. 

In such a case one can try a linear extrapolation to zero 
scattering angle through the smallest values of scattering angles. 
Here we prefer to use a more general parabolic or cubic expansion 
of the scattered intensity including higher moments of the mo- 
nomer spatial distribution. Such a procedure has been already 
applied to linear polymers15 and critically branched polycon- 
den~ates . '~J '  

For very dilute solutions, for which one can neglect intermo- 
lecular interaction, the scattered intensity is proportional to 

Ip(q) a xp(N)N"fN(q)  (1) 
N 

where P(M is the number of molecules with N monomers and 
q is the scattering vector q = 4 7  sin (8/2)/A. fN(q) is given by 

where ( )T denotes the thermal average over all spatial configu- 
rations of an N-mer. Developing fN(q) up to the fourth order in 
scattering vector q one gets 

(3) 
q2 q4 

fN(q) = 1 - -R: + -p4 
3 12 

where 

(4) 

The total scattered intensity due to polymer is then 

where (R:), and (p4), denote the z average of R: and p4, M ,  is 
the weight-average molecular weight of the branched molecules, 
c is the concentration in polymer, and K is a constant. 
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Figure 1. Typical Zimm plot for an  irradiated sample. The 
sample has been irradiated during 17 930 min and then diluted 
in toluene. The precursor chain molecular weight was M ,  E 2.05 
X lo5. Continuous lines are obtained by fitting the data with eq 
7 .  One finds M ,  = 4.9 X lo6, (E:), = 1540 A, and (p4)21/4 
1670 A. Dashed lines represent linear extrapolation through the 
smallest values of the scattering angles. 

Figure 2. Variation of the average molecular weight M,(t)  as 
a function of irradiation time t for two different precursor chains: 
(D) M,(O) N 5.5 X lo4; (0) M,(O) - 2.05 X lo5. The continuous 
lines are theoretical variations obtained with the use of the classical 
kinetic theory (eq 15). 

Hence, the quantity Kc/Z(q)  appearing in the Zimm repre- 
sentation may be approximated by 

12 q 4  1 - K c  = -[ 1 1 + -(R:), q2 - -M44 + 2A2c ( 7 )  I&) Mw 3 

with 

The last term in ( 7 )  proportional to c takes into account small 
interactions between different molecules and is supposed to, be 
independent of scattering vector, which is a rather good ap- 
proximation a t  low concentrations. 

For the data plotted in Figure 1, a least-squares analysis with 
the use of eq 7 gives M ,  N 4.9 X lo6, (R,2),1/2 E 1540 A, and 
(p4),lI4 N 1670 A. A linear extrapolation through small-angle 
values would introduce a nonnegligible error since it gives M ,  N 

5.6 X lo6 and (R,2)21/2 = 1810 A. 
Moreover, (p4),, the parameter which characterizes the cur- 

vature of Zimm plots, is not just a fitting parameter. I t  provides 
information about the structure of irradiated molecules. This 
point is discussed in the Appendix. 

Figure 2 shows the variation of the molecular weight of the 
irradiated samples as a function of the irradiation time. Figure 
3 presents the variation of the z-average radius of gyration. 
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where 7 is proportional to the irradiation time t and the 
proportionality constant ensures that the coefficient in (11) 
is 1. The solution of (11) reads 

r ( ~ , ~ )  = U ( Z  + 7 r ( ~ , T ) )  (12) 

with u(E) being determined by the initial mass distribution 
of polymers, i.e. 

u( t )  = r(5,O) = 1 - Ce-Nt$(N,O) (13) 

The knowledge of the generating function enables one 
to calculate all the moments of the distribution function. 
For instance, the average molecular weight 

N 
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Figure 3. Variation of the average radius of gyration as a function 
of irradiation time t for the precursor chains of molecular weight 
M,(O) N 2.05 X lo5. The continuous line is a theoretical variation 
obtained with the use of the classical kinetic theory (eq 19). The 
arrow indicates the gel point t ,  N 20500 min. 

Both molecular weight and radius of gyration diverge when the 
gelation threshold is approached. Beyond the gel point some 
fraction of the sample is no longer soluble in toluene. The gel 
point is defined as the highest irradiation time for which all the 
sample is soluble. The error in determination of the gelation 
threshold is about 3-5%. 

mol-mL.g-' for linear polystyrene solutions (M,  = 200000). This 
coefficient decreases for irradiated samples and is extremely small 
(- 3 X mobml-g-') for samples near the gelation threshold. 
This effect is due to the increase of the average molecular weight 
and the branching of the chains. The quantitative analysis of 
the dependence of A2 on the irradiation time is much more difficult 
than that of the average molecular weight or that of the radius 
of gyration because of the relatively large error (20%) in measuring 
A2 by elastic light scattering. 

111. Discussion and Conclusions 
The simplest interpretation of the variation of the dis- 

tribution of molecular weight of molecules as a function 
of the reaction time t is to assume that the probability of 
cross-linking of two different molecules is proportional to 
the product of their concentrations. Then the number of 
N-mers in the sample P(N,t) varies with the time according 
to a simple Smoluchowski equation:18 

The second virial coeffieint A ,  is of the order of 4.7 X 

r+l=N 

where Kc, controls the rate of cross-linking of species i and 
j .  In a standard mean field approximation, the rate of 
cross-linking of two species i and j is supposed to be 
proportional to the product of the number of monomers 
i and j .  In that case, eq 8 may be solved exactly.1s23 A 
particularly convenient method of solving (8) is to intro- 
duce the generating functionz4 

(9) 

where $(N,t) denotes the fraction of monomers which 
belong to an N-mer 

r(z,t) = 1 - C$(N,t)e-NZ 
N 

$(N,t) = NP(N, t ) /CWK,t )  (10) 
k 

Then eq 8 reduces to 

is given by 

where t ,  is the gel time, proportional to T ,  = l/Nw(0).1,23z5 
In Figure 2 the experimental data are compared with 

the theoretical predictions of eq 15. The agreement is quite 
reasonable for the beginning of the reaction. Unfortu- 
nately, it is meaningless to make a comparison near the 
gelation threshold because of uncertainty in determining 
the gelation time t ,  (cf. section 11) and the fluctuations of 
the gel point from one sample to another (cf. section I). 
This last effect and not the precision of light scattering 
is responsible for the scattering of the experimental points 
near the gelation threshold. Therefore the time depen- 
dence of the average molecular weight alone does not allow 
one to compare the validity of classical and percolation 
theories. 

The average radius of gyration provides indirect infor- 
mation about the distribution function P(N,t). However, 
the interpretation of the results is much more subtle than 
that of M,(t). In fact, the observed radius of gyration 
reflects not only the polydispersity effects but also the 
swelling effects of the good solvent in which the sol phase 
is diluted: 

The mean radius R,(N) of N-mers is a function of the 
total number of monomers N and also of the molecular 
architecture of branched molecules, which depends on the 
conditions under which the gelation reaction occurs (e.g., 
polymerization index of precursor chains No, their con- 
centration, and the quality of the solvent in the reaction 
bath). 

If one supposes that diluted sol molecules behave like 
randomly branched chains swollen in a good solvent, 
R,2(N) is proportional to the total number of monomers 
in the molecule.26 The mean radius of gyration of an 
N-mer depends also on the average number of monomers 
between cross-links N,: 

Equation 17 may be obtained by the Flory-de Gennes 
method.27 It may be interpreted in terms of a blob model 
in which one treats the molecule as a randomly branched 
molecule of N/Nx units each of the length NxvL (with uL 
= 3/5 within the Flory approximation). 

In the case of the gelation of chains the average distance 
between two cross-links N, should be close to No if the 
reaction is stopped before the gel point. Then the mea- 
sured z-average radius of gyration of a diluted sol (R,2(t))z 
(eq 16) may be approximated by 
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In writing eq 18 we suppose that all polymer molecules 
swell in the same manner according to the formula (17) 
for branched chains. Although an important fraction of 
linear chains remains in the system even near the gel point, 
eq 18 is a good approximation since No/Nx is small. First, 
for linear chains, the difference between their actual radius 
of gyration R, - N:" and the approximate value Nfl2I5 
is small. Second, small molecules contribute very little to 
the wave vector dependent part of the scattering intensity 
since for these molecules qR, << 1 (cf. eq 7 ) .  Actually the 
largest contribution to the measured radius of gyration 
comes from branched chains with high molecular weight. 

Within the kinetic theory the variation of the radius of 
gyration as a function of the irradiation time is readily 
obtained through eq 18, 12, and 9: 

(R,2(t))* (R ,2 (0 ) )J ( l  - t/t,Y (19) 

where (R,2(0))z denotes the average radius of gyration of 
precursor chains swollen in a good solvent. The compar- 
ison of the kinetic theory and the experimental results is 
shown in Figure 3. The discrepancy between the classical 
theory and our results for the most irradiated samples may 
suggest that deviations from the classical picture are im- 
portant. The 2-average radius of gyration is determined 
by higher moments of the molecular weight distribution 
(cf. eq 18) than those determining the average molecular 
weight Mw(t ) .  This is the reason why deviations from 
random intermolecular cross-link are easier to detect when 
one studies (R,2(t))*. However, the precise analysis of the 
asymptotic behavior of (R,2( t ) ) ,  in the vicinity of the ge- 
lation threshold is hazardous because of the error in de- 
termining the gel time t ,  and because of the gel point 
fluctuations. 

This essential difficulty in determining exactly the ad- 
vancement of the reaction in each particular diluted sam- 
ple may be avoided by considering the variation of the 
average radius of gyration of diluted sol molecules as a 
function of their average molecular weight. In fact for a 
given dilution procedure the relation between the radius 
of gyration and the molecular weight depends solely on the 
distribution function of the molecular weight of sol mol- 
e c u l e ~ . ~ ~  As pointed out by Daoud et al.14 this relation 
should be very different in the vicinity of the gelation 
threshold for percolation and classical behavior. 

In the critical region near the gel point the Flory- 
Stockmayer theory leads to the following distribution 
function: 

P(N) - (N/N0)-5'2 exp(-A(N/No)t2) (20) 

where t = ( t ,  - t ) / t g  denotes the relative distance from the 
gel point and the constant A depends on the length of 
precursor chains, their concentration in the reaction bath, 
and the solvent quality. The same distribution function 
may be obtained from the kinetic model discussed above. 

The distribution (20) is a particular example of a more 
general scaling expression 

P(N) - (N/No)-'f(4N/No)') (21) 

where f (  ) denotes an analytical function and r and u are 
critical  exponent^.^^^ If the sol-gel transition is described 
by a percolation-type behavior, T and u are independent 
exponents and are equal to 2.2 and 0.46, re~pectively.~ A 
similar scaling form may be also obtained in a modified 
kinetic model in which the rate constant in Smoluchowski 
equation (B), K,,, is assumed to be proportional to (ij). 

F /?" I 
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Figure 4. Double-logarithmic plot of the radius of gyration 
(R,2(t))z1/2 vs. the molecular weight M,(t). Symbols are the same 
as in Figure 2. Continuous and dotted lines are linear fits through 
experimental points for longer and shorter precursor chains, 
respectively. 

(with 1 - l /d  < w < 1) in order to account for the fact that 
not all molecules are equally reactive. In such a model the 
exponents r and u are not independent: T = w + 3 /2  and 
u = w - 1/2.29 

Exponents 7 and u determine the divergence of different 
moments of the distribution function a t  the gel point:28 

CP(N)Nk - Nok+lt(r-l-k)lu for k > 1 (22) 
N 

Hence, eq 22, 10, 14, and 18 lead to 

Nw - N0t(7-3)lu (23) 

and 

(R;), - NflX1l5t-'/' (24) 

for the asymptotic behavior of the average molecular 
weight and of the average radius of gyration. By elimi- 
nating t we obtain 

( ~ : ( t ) ) ,  - (R,W ) ~ ( ~ ~ ( t ) / ~ , ( 0 ) ) 1 ' ( 3 - r )  (25) 

where we have approximated NdV,'l5 by the radius of 
gyration of precursor chains (R,2(0))z - N,6I5 in a good 
solvent. Since T must be greater than 2 but smaller than 
3, the apparent swelling exponent 

V,ff = '/(3 - 71-1 (26) 

is very sensitive to the actual value of T .  The difference 
between the classical veff = 1 and percolation exponent veff 
N 0.63 is indeed very i m p ~ r t a n t . ' ~  The very fact that veff 
depends only on the exponent T does not permit us to 
distinguish between percolation and modified kinetic 
theories. 

I t  is to be stressed that the kinetic theory enables one 
to predict the dependence of (R ,2 ( t ) )L  on M,(t) not only 
in the asymptotic region but a t  any time. In fact, eq 9, 
12, 14, and 18 yield (for K ,  - ij) 

) z  Mw2(t) 
(R,2(0) ), A,i,2(o) 

(27) 

which agrees with the classical expression (25) (with T = 
5 / 2  or veff = 1) in the critical region. 

We have plotted in Figure 4 the experimentally mea- 
sured variation of (I?;)* as a function of M,. The least- 
squares analysis of the data for the shorter precursor chains 
(M,(O) N 5.5 X lo3) leads to veff N 0.58 f 0.06. A similar 
analysis gives for the second precursor chains veff  0.64 
f 0.06. As shown in Figure 4 the data are in complete 

=- 
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the whole sample. I t  shows an upward curvature charac- 
teristic for branched molecules (cf. Appendix for a more 
detailed discussion). 

To conclude, the simultaneous studies of the average 
radius of gyration and of the average molecular weight of 
the diluted sol molecules may provide a useful charac- 
terization of the distribution function of the molecular 
weight. Our experiment on gelation of short precursor 
chains in a semidilute regime seems to suggest that the 
exponent r characterizing the decay of number of mole- 
cules with the molecular weight is smaller than that pre- 
dicted by mean field theories. However, this result is based 
on the strong assumption that all high molecular weight 
molecules swell in the same manner like randomly 
branched chains. The analysis of light scattering exper- 
iments shows that the average properties that we measure 
reflect a complex competition between the effects of po- 
lydispersity and the change in molecular architecture of 
chains during the gelation process. We are performing 
experiments which should give more direct information 
about the distribution function and swelling of individual 
molecules after the dilution in a good solvent. 

We are deeply indebted to J. 
Bastide, H. Benoit, S. Candau, M. Daoud, J. F. Joanny, 
A. Lapp, J. Marchal, J. P. Munch, C. Strazielle, and W. 
H. Stockmayer for their interest in this work and helpful 
discussions. We thank A. Lapp for synthesizing precursor 
polystyrene chains for us. 

Appendix 
The curvature of a Zimm plot (cf. Figures 1 and 5) 

provides additional information about the conformation 
of molecules since it enables one to measure 

(p4),  = CP("2p4/CP(N)nr-' (-41) 
with p4 being the fourth moment of the average mono- 
mer-monomer separation defined by eq 4. The moment 
( p4( t ) ) ,  can be measured with sufficient precision only for 
the most irradiated samples. A derivation analogous to 
that of eq 25 yields 

(p4(t)), - M w ( t ) 4 u e f f  (A21 

The measurements are consistent with eq A2 and give 
the value of veff N 0.6 but with an error greater than the 
value determined from the radius of gyration. The coef- 
ficient 
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Figure 5. Zimm plot for the high molecular weight fraction of 
an irradiated sample. It shows an upward curvature characteristic 
of branched molecules. The Zimm plot for the whole sample 
would exhibit a downward curvature due to polydispersity. The 
radius of gyration of the fraction is much smaller than that of 
a linear chain or that of a whole irradiated sample having the same 
average molecular weight. 

disagreement with the classical kinetic model which leads 
to eq 27.  

Hence, our observations seem to indicate that the ex- 
ponent reXp = 2.2 f 0.2 is close to the percolation one and 
is smaller than that predicted by mean field theory, T = 
5 / 2 .  It  should be stressed however that the relation be- 
tween the exponent vef i  and the exponent T (eq 26) is based 
on strong assun;lptions concerning the conformation of 
branched chains (eq 17 and 18). If the branched molecules 
were less swollen than implied by eq 17, the conclusions 
about the actual value of the exponent should be revised. 

I t  is remarkable that the power law (25) is observed for 
almost all reaction times and not only for samples in which 
reaction was stopped near the gel point. This is related 
to the fact that (R,2(t))z depends on a high moment of the 
distribution function which is influenced essentially by the 
presence of large molecules. The number of these mole- 
cules is governed by the scaling law (21). The same 
molecules give the largest contribution to the observed 
scattering intensity. 

Values of u,ff between 0.5 and 0.6 have already been 
observed for various gelation p r o c e s ~ e s ~ ~ , ~ ~ , ~ ~  and are con- 
sistent with the theoretical interpretation of Daoud et all4 

It  is interesting to note that the measured radii of gy- 
ration (R;(t)  of the samples made up from precursor 
chains of different molecular weight are nearly the same 
for the same value of M w ( t ) .  This observation is in 
qualitative agreement with eq 25 and the experimentally 
observed value of uefP The measured radii of gyration are 
not very different from those of linear chains of the same 
average molecular weight. This results frOm the com- 
pensation of two effects: each cross-linked N-mer has 
smaller dimensions than a linear chain made up of N 
monomers but the sample contains many chains with a 
mass much greater than the average Mw(t ) .  To illustrate 
this point we performed light scattering on a high mo- 
lecular weight fraction of an irradiated sample and com- 
pared the result with that obtained for the whole sample. 
Although the molecular weight of the fraction Mf is much 
larger than the average molecular weight of the whole 
sample M w ( t ) ,  the radius of gyration of the fraction Rf is 
smaller than the average radius that would have a more 
irradiated sample with M,(t) = Mf or a linear chain of 
molecular weight Mp Moreover, the Zimm plot obtained 
for the fraction (Figure 5 )  is very different from that of 

3 
4 

j- = - p 4 / ( R , 2 ) 2  

gives some details about the distribution function of mo- 
nomers. For instance, in the case of linear Gaussian chains 
j- = 3 / 4  whereas for excluded volume chain j- = 0.69.32 We 
do not know calculations of j- for randomly branched 
chains which take excluded volume effects into account. 

In experiments one measures a mean value of 

(A4) 

which is very strongly affected by polydispersity. In the 
case of the less irradiated sample for which f is still 
measurable, we find = 1.3. For more irradiated samples 

decreases and tends asymptotically to f N 1.- Such a 
variation may seem paradoxical a t  first, since j- should 
increase when the polydispersity of the sample increases.32 
However, this is only the case when all molecules have the 
same spatial monomer distribution characterized by the 
same value of j-. In the gelation experiment the number 
of linear chains and weakly branched molecules decreases 
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in favor of highly branched h u g e  molecules. Thus a de- 
crease in the mean value of r means that [ of individual  
molecules decreases when the degree of cross-linking in- 
creases. This is confirmed by light scattering on the high 
molecular weight  fraction of an irradiated sample shown  
i n  Figure 5. For the fraction, Zimm plot curves upward ,  
which means that < 1 whereas the nonfractionated 
sample has r > 1. 
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ABSTRACT: Rotational isomeric state models were constructed, based on the mcdel for poly(propy1ene) 
with five states per bond, and assuming mutually independent side groups, for poly(1-butene) (P lB) ,  poly- 
(1-pentene) (P lP) ,  poly(4-methyl-1-pentene) (P4MP), and poly[ (S)-4-methyl-l-hexene] (PS4MH). Values 
for the unperturbed dimensions were calculated and found to be in good agreement with experiment for P1B 
and PlP, and poor agreement with experiment for P4MP and PS4MH. The  reason for the poor agreement 
for P4MP and PS4MH was found to lie in the mutual interdependence between side groups. A remedy is 
offered by direct numerical integration; this approach, however, is limited by the amount of computational 
effort necessary that increases exponentially with the number of rotational degrees of freedom in the side 
chains. Conformational statistics for PS4MH, the optically active polymer investigated, were analyzed. 

Introduction 
The conformation of poly( 1-alkenes) with articulated 

side chains has been the subject of many investigations. 
Crystal structure analysis of partially crystalline, isotactic 
samples revealed the helical nature of these chains shortly 
after the first stereoregular Since then very 
detailed crystal structures have been obtained, and poly- 
morphisms have been observed in several cases (see ref 3-9 
and references cited there in) .  Calculations of the intra- 
molecular potential energy of regular  conformations of 
poly(propy1ene) (PP) as a funct ion of the torsion angles 
were first performed by Natta, Corradini, and Ganis.lo 
Their results were confirmed,” and the method was refined 
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and extended to isotactic po lymers  w i t h  longer side 
chain~.~J~-’* Agreement between experiment and calcu- 
lations was very good. These experiments and the corre- 
sponding computations indicate a strong influence of the 
side chains on the min imum-ene rgy  conformation w i t h  
regular repetition of torsion angles. Unfortunately,  these 
calculations are not directly applicable to polymers in melt 
or in ’solution. 

Experimental results on the conformational character- 
ist ics of isotactic and atactic poly(1-alkenes) in solution 
are also numerous. Foremost a m o n g  them are values for 
the characteristic ratio of the unperturbed end-to-end 
distance and its temperature they  comprise 
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