
498 Macromolecules 1990,23, 498-501 

Optical Anisotropy as an Index of Polymer Microstructure in 
Poly(phenylmethylsi1oxane) Chains 

G .  Floudas,+ G .  Fytas,*>+ B. Momper,$ and E. Saizs 

Research Center of Crete, 71110 Iraklion, Crete, Greece, Max-Planck Institut fur 
Polymerforschung, 6500 Mainz, FRG, and Departamento de Quimica Fisica, 
Universidad de Alcala de Henares, 28871 Madrid, Spain. Received April 25, 1989; 
Revised Manuscript Received June  27, 1989 

ABSTRACT Absolute depolarized intensity RvH for newly synthesized poly(phenylmethylsi1oxane) (PPMS) 
chains with different stereochemical structure has been obtained from the low-frequency depolarized Ray- 
leigh spectra of dilute PPMS solutions in CCl, a t  25 "C. The effective optical anisotropy (y2)/x of PPMS 
with degree of polymerization x -- 160 was found to be insensitive to refractive index variation with differ- 
ent solvents. The measured optical anisotropy of the monomer (y2) and polymer were compared with 
computed values based on the rotational isomeric state theory. In the latter, geometry of the chain, con- 
formational energies, and group anisotropies were obtained from the analysis of the experimental molar 
Kerr constant ,K and optical configuration parameter Pa for atactic PPMS. The theoretical calculation 
of ( r 2 ) / x  yields a good qualitative account of its main feature, Le., insensitivity to x (for x > 60) and vari- 
ation with chain tacticity. The theoretical value, however, exceeds the experimental (y2) /x  while agree- 
ment is achieved with the experimental ,K and Pa. Better approximation of y2 and (y2)/x requires mod- 
ification of the conformational energies and a lower value for the group anisotropy Pasiph, whose magni- 
tude is quite uncertain. Possible explanations for this discrepancy are discussed herein. 

Introduction 
Among the sca t te r ing  techniques ,  depolarized Ray-  

leigh sca t te r ing  is a valuable- tool for probing fluctua- 
t ions i n  the anisotropic part (Y of the polarizability ten- 
sor. For  polymer cha ins  composed of optically anisotro- 
pic repea t  units both the configurational average optical  
anisotropy (7') and the relaxation t imes  for segmental  
and overall o r ien ta t ion  can  be obta ined  f rom the depo- 
larized Rayleigh spec t rum IvH(w).1-4 

The in tegra ted  in tens i ty  of the IVH(w) spec t rum,  mea- 
sured  wi th  a Fabry-Pero t  interferometer of suitable free 
spectral range, yields the intrinsic optical anisotropy ( r2) 
assuming the validity of the second-power spherical Lorentz 
local field a p p r ~ x i m a t i o n . ~  T h e  high-frequency compo- 
nen t  of the collision-induced anisotropy appears as a non- 
zero background. Absolute depolarized l ight scattering 
measurements were previously performed without the use 
of a Fabry-Pero t  interferometer by  using a set  of nar row 
band interference filters of different wid ths  and correc- 
t ion factors in  order  to ex t rac t  the contribution of t h e  
intrinsic optical  an iso t ropy  only.5 T h e  collisional scat-  
tering can  also be  removed b y  recording the Rayleigh wing 
of t h e  depolarized R a m a n  scattering on a grating mono- 
c h r ~ m a t o r . ~ , ~  However,  d u e  to s t r ay  l ight only t h e  spec- 
t ra l  region greater than a few reciprocal cen t imeters  was 
recorded and moreover a spectral  decomposition of the 
total  IVH(u)  t o  i ts  components  is needed. 

The optical  anisotropy ( r2) is usually t rea ted  as a con- 
s t i tut ive proper ty  and as such  i t  can  be a sensitive index 
of cha in  conformation and microstructure.  In fact  the 
main  objective of t h e  present investigation is to exam-  
ine  the applicabili ty of the depolarized Rayleigh spec- 
troscopy to probe  variations i n  the cha in  microstructure.  
F o r  th i s  purpose ,  we use poly(phenylmethylsi1oxane) 
( P P M S )  samples  wi th  d i f fe ren t  stereochemical s t ruc-  
tures,  which were recently synthesized. Rota t iona l  iso- 
meric s t a t e  (RIS) calculations of the unpe r tu rbed  cha in  
dimensions (r2) ,  have  shown that the manifestation of 
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the stereochemical microstructure is different i n  PPMS 
than in polystyrene (PS).' RIS model calculations of ( y'), 
which have  already been reported for PS,' are also car- 
r ied o u t  for PPMS to compare wi th  the experimental  val- 
ues. 

Experimental Section 

The depolarized Rayleigh spectra of the PPMS solutions in 
CC1, were taken at  a scattering angle of 90' by using a plane 
Fabry-Perot interferometer with a free spectral range of 40 cm-'. 
The polarizers used for the incident and scattered light have 
extinction coefficients better than lo4 and respectively. 
The experimental spectra of the solvent CCl,, of PPMS (M, = 
2.17 X lo4), and of neat benzene used as a standard a t  25 "C 
are shown in Figure 1. The free spectral range of the interfer- 
ometer permit separation of the spectral component due to the 
intrinsic anisotropy from the high-frequency component of the 
collision-induced scattering resulting in a nonzero background. 
The observed low-frequency IVH(W) for the isotropic CCl, is 
assigned to intermolecular transient anisotropy due to  short- 
range interactions between pairs of molecules and nonvanish- 
ing molecular anisotropy of CC1, molecules in assymetric low 
vibrational states." The orientational motion of liquid CCl, 
has recently been observed by hyper-Rayleigh light scat- 
tering." Integrated depolarized intensities for the narrow spec- 
tra were obtained from numerical integration. On the other 
hand, the broad spectra of the solvents used were represented 
by a single Lorentzian taking into account the overlap of neigh- 
boring orders. 

The depolarized intensity attributed to the solute molecules 
with volume fraction a, Le., ZVH = Zsolu - (1 - @)Isolv, is calcu- 
lated from the measured intensities of the solution and the inert 
neat solvents. The IVH intensity is then converted to the abso- 
lute Rayleigh's ratio, RvH, by comparison with the depolarized 
Rayleigh ratio RBvH of benzene according to 

The RBvH at  X = 488 nm and 25 "C amounts to 2.67 X lo4 
cm-l.12 Refractive indices n of the samples were measured with 
an Abbe refractometer. 

The poly(phenylmethylsi1oxane) (PPMS) samples were very 
recently prepared by an anionic ring-opening polymerization 
of 1,3,5-trimethyl-1,3,5-triphenylcyclotrisiloxane. The full pro- 
cedure and sample characterization is described e1~ewhere.l~ 
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Figure 1. Depolarized Rayleigh spectra of poly(phenylmeth- 
ylsiloxane) (M,, = 2.17 X lo4) in CCl,, neat CCl,, and neat ben- 
zene at 25 "C. 

Table I 
Molecular Characteristics, Depolarized Rayleigh 

Intensities, and Optical Anisotropies of PMMS Samples 

M,, X lo4, RvlP, 
sample g/mol W, 10- cm2 (r2)/x,A6 

PPMS # 10 2.17 0.449 8.3 23.8 f 0.5 
PPMS # 4 2.24 0.569 7.5 21.3 f 0.6 
PPMS # 8 8.42 0.67 6.8 19.6 f 0.8 
PPMS # 12 1.87 0.749 8.5 24.3 f 0.8 
PMS" 6.8 19.1 f 0.9 
dimerb 8.5 22.6 
PS 35.0 0.5 13.2 38f 1 

" Dimethoxyphenylmethylsilane.2 Reference 2. 

The percentage of isotactic (mm), heterotactic (mr), and syn- 
diotactic (rr) triads was obtained from the correspondin 400- 
MHz 'H NMR peaks according to Baratova's assignment.', The 
percentage of meso diads W, = (2W,, + W,,)/2 along with 
the molecular weight obtained from viscosity measurements is 
given in Table I. The assignment of the 'H NMR peaks accord- 
ing to Llorente et al.16 would result to W', = 1 - W,. The 
sample with the highest W,, i.e., more isotactic, was found to 
be partially crystalline. Dust-free samples were obtained after 
filtration through 0 .5 -~m Teflon Millipore filters directly into 
the dust-free rectangular (1 X 1 cm) Hellma cells. 

Results 

per monomer unit can be computed from 
The effective mean-square optical anisotropy ( r2) / x  

(2) 
where x is the degree of polymerization, X, the wave- 
length of light in vacuo, p the number density of mono- 
mer units, andf(n) = ((n2 + 2)/3)2 the second-power spher- 
ical Lorentz local-field correction. The exact form of the 
local field and its power are still points of contra- 
v e r ~ y . ' ~ ~ ' ~  The solvent can affect the solute anisotropy 
either by introducing a Oform" anisotropy or by anisotro- 
pic dipole-induced-dipole solute-solvent interactions16 not 
accounted for by a spherical dielectric cavity. The former 
contribution should depend on the solute molecular weight 
and the refractive index of the s ~ l v e n t . ~ , ' ~  This "shape" 
anisotropy is generally small.'s Recent optical anisot- 
ropy measurements on polyisoprene with different molec- 
ular weights show no evidence for a contribution from 
shape ani~otropy.~ On the other hand, a quantitative 
account for the anisotropic nature of the local field would 
require either detailed knowledge of molecular pair dis- 
tribution functions16 or application of ellipsoidal Lorentz 
or Onsager-Scholte internal fields with unknown shape 

(7') / x  = 15(h,/ 2d4f(n)-'(R&4 
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Figure 2. Depolarized Rayleigh ratio and optical anisotropy 
of PPMS solutions (Mq = 2.17 X 10') in different solvents plot- 
ted versus their refractive indices at 25 O C  (a, acetone; 0, diox- 
ane; A, CHC1,; gr, CC1,). 
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Figure 3. Absolute ratio R,/p.of PPMS (M = 2.17 X 10') 
in CCl, versus solute concentration at 25 "C ?e, dilute solu- 
tions; 0, bulk). 

and distance parameters and elements of the solute polar- 
izability tensor as This ill-conditioned prob- 
lem has probably caused the persistence of the second- 
power Lorentz internal field correction for the depolar- 
ized Rayleigh intensit?l7 and consequently for the optical 
configuration parameter ACY and molar Kerr constant.21 

To check for the full substraction of the collision-in- 
duced depolarized scattering and examine the effect of 
the refractive index on the computed (r2), we have mea- 
sured the IVH of PPMS (M, = 2.17 X lo4) solutions in 
different solvents. Figure 2 shows that while RVH/p 
increases with increasing n, the optical anisotropy is insen- 
sitive to the variation of n. This behavior, which is 
expected for a spherically symmetric cavity, can also be 
the result of cancellation of several corrections to the local 
field factor. Nevertheless, the results of Figure 2 allow 
the determination of a solvent-independent molecular 
anisotropy (r2) for PPMS to be compared with subse- 
quent theoretical calculations. 

The absolute R,, intensity was also measured at  dif- 
ferent solute concentrations to verify the presence of 
appreciable intermolecular orientation correlations in 
( r2) / x .  The concentration dependence of RVH/p is 
depicted in Figure 3 for PPMS (M, = 2.17 X lo4) solu- 
tions in CCl, a t  25 "C. The ( r2) / x  is insensitive to con- 
centration variations in the considered dilute range.2 The 
values of ( r2 ) /x  thus calculated are listed in Table I 
together with the optical anisotropy used to estimate the 
depolarized light scattering from the repeating unit in 
PPMS. For comparison the experimental ( y 2 ) / x  of an 
atatic PS (M, = 3.5 X 10') is also given in Table I. The 
RIS result for a-PS is reported to be 33 A.' 
Theoretical Calculations 

Values of ( r 2 ) / x  for chains with degrees of polymer- 
ization up to x = 100 were computed according to stan- 
dard methods of matrix Values shown 
below for heterotactic samples (i.e., 0 C W, C 1) are aver- 
ages over 20 independently generated Monte Carlo chains 
with Bernoullian placement of meso and racemic diads. 
Exploratory calculations proved that ( y2)/x increases with 
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x reaching asymptotic limits at x = 60 with typical dif- 
ferences between the results computed for x = 60 and x 
= 100 on the order of 1-2 % . All the values shown below 
were computed with x = 100. 

Geometry of the chain, conformational energies, and 
optical parameters were taken from previous pub- 
l i c a t i o n ~ . ~ ~ ' ~ ~ ~ ~ - ~ ~  In brief, valence angles 0 = 143.0" and 
109.5' were used for skeletal bonds meeting at the 0 and 
Si atoms, respectively. Rotational isomers were placed 
a t  the perfectly staggered position O,f120". Dipole 
moments of k0.6 D and bond lengths of 1.64 A were used 
for skeletal Si0 bonds. Conformational energies, in kcal/ 
mol, are E ,  = 0.35, E,  = 1.6; E ,  = -2.5, E,,, = -0.9, Ew,,, 
= -0.5, and E,  = -1.0. Finally, the opti$al anisotropies 
required to formulate the traceless tensor a for the repeat- 
ing unit are h s i p h  = 5.1, h + s i p h  = -3.0, Sasio = 1.3, 
and AaYSiCH, = 1.25, all in x'. 

Values of conformational energies and optical param- 
eters quoted above will be referred to as the "main set". 
They were assigned by critical analysis of the results of 
the optical configuration parameter15 Aa and the molar 
Kerr constant23 ,K of this polymer. Experimental val- 
ues of these magnitudes are Aa = -12.1 A3 (unswollen 
sample) and -8.5 A3 (sample swollen with decalin) at 25 
' C  for PPMS with W, = 0.5, and ,K = 1.9 f 0.5 X 
m5 V-' mol-' at 21 "C for PPMS with W ,  = 0.5 using 
p-dioxane as solvent. It is worth mentioning that the 
same internal optical field factor was used for their cal- 
culation. 

The values of (7') /x computed with the main set of 
parameters are shown as a function of W in line a of 
Figure 4. For the repeating unit (x = l ) ,  y' = 21.1 A6 is 
obtained with this set, while the results of Aa and ,K 
are -12.6 A3 and 1.6 X m5 V-' mol-', respectively. 
Therefore, the main set gives good account of Sa and 
,K of this polymer (in fact, this set was assigned to do 
exactly this); however, it tends to overestimate the val- 
ues of y2. In the case of the repeating unit, the discrep- 
ancy between theory and experiment is ca. lo%, but for 
the polymer, theoretical values of ( y2)/x are roughly twice 
the experimental results. 

The magnitude (y2) /x  is quite sensitive to some of 
the parameters used on the calculation. Thus, it increases 
with increasing E,,, E,, or Aasiph and decreases when Aasio 
increases. Consequently, is is rather easy to lower the 
calculated values into agreement with experiment; it is 
enough to either decrease Aasiph by ca. 1.3 A3 or to increase 
Sasio by ca. 1.0 A3 to bring agreement between theory 
and experiment. The problem is that any of these mod- 
ifications worsens the agreement for the other three exper- 
imental magnitudes, namely, y2 of the repeating unit and 
Aa and ,K of the polymer. 

We have tried to optimize the parameters in order to 
reach the best possible simultaneous fitting for these mag- 
nitudes. The optimization procedure that we have used 
consisted of two steps: First, the optical parameters were 
adjusted until they exactly reproduce the experimental 
value of y2 for the repeating unit, which does not depend 
on any conformational energy. Once these parameters 
were chosen, the energies were adjusted in order to obtain 
the best possible agreement for ( y2)  / x ,  La, and ,K of 
the polymer. 

Figure 5 shows the variation of y2 of the repeating unit 
with the four anisotropies. The value of hSiCH3 is almost 
irrelevant; however, the other three anisotropies have a 
large effect on the result of y2. If only one of the param- 
eters is modified, the experimental value can be repro- 
duced by using AaSiph = 4.8, = -2.5, or haSio = 
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Figure 4. Variation of the mean optical anisotropy per repeat- 
ing unit (y2) /x  with the tacticity of the polymer W,, com- 
puted at 25 "C for chains of x = 100 repeating units. Values 
shown for heterotactic samples (i.e., 0 < W ,  < 1) are averages 
over 20 independently generated Monte Carlo chains; standard 
errors of these averages are roughly represented by the thick- 
ness of the lines. Line a: main set of parameters. Line b: 
Aa+Siph = -2.9, Aasio = 1.3, PaSiCH3 = 1.25, EU,, = 0, and E,  = 
-1.7. 
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Figure 5. Variation of the optical anisotropy of the repeating 
unit y2 with the optical parameters. 

1.5 A3. Of course, any equivalent combination of modi- 
fications of two or three of the parameters can also be 
used. Exploratory calculations were carried out with sev- 
eral sets of parameters that reproduce y2 of the repeat- 
ing unit, and all of them gave almost the same results 
for the polymer. In all the calculations presented below, 
the combination Aasiph = 4.9, Aa+siph = -2.9, Aasio = 
1.3, SaSiCH3 = 1.25 was used. Thus, the modifications 
are introduced in the parameters representing the phe- 
nyl group on which the additivity of tensors is most likely 
to fail due to delocalization of the electrons. 
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The most effective way of lowering the theoretical Val- 
ues of (y2 ) /x  is to decrease the energy E,. Unfortu- 
nately, agreement with experience requires the use of E,  
= -2.1 kcal/mol, for which theoretical values of both Aa 
and ,K are smaller than the experimental ones. A rea- 
sonable compromise for the three magnitudes can be 
obtained with a simultaneous adjustment of both E,  and 
EW,,. Both energies represent second-order interactions 
of the phenyl ring (with the CH, group in the case of EWt, 
and with the 0 atom for E,) and therefore their values 
are not particularly accurate. Thus, taking EW,, = 0 and 
E,  = -1.7 kcal/mol, values of Aa = -10.7 A3 and ,K = 
1.5 X 

The value of A a  is roughly in the middle of the exper- 
imental results obtained for unswollen and swollen sam- 
ples, while ,K is still within the limits of experimental 
error for this magnitude. Values of ( y2)/x obtained with 
Eut, = 0, E,  = -1.7 kcal/mol are shown as a function of 
W, in line b of Figure 4. Although theoretical results 
are still larger than experimental, differences are much 
smaller than those obtained with the main set, and on 
the other hand, the shape of the variation of ( y2) / x  with 
W ,  is very similar to that obtained in the Experimental 
Section, with a minimum at W,  = 0.6-0.7. The sharp 
increase of ( y2) / x  for highly isotactic polymers ( W, = 
1) is due to the predominance in the meso diad of the tt 
conformation, which produces extended, and therefore 
anisotropic, chains. In the case of syndiotactic polymers 
(W, = 0), the preferred conformations are tg- and g-t, 
which generate helices and therefore also increase the 
value of (y2)/x.  

We can conclude that the theoretical calculation of 
(7’) / x  for PPMS gives good qualitative account of the 
main features of this magnitude, like its insensitivity to 
x at x > 60 and the variation with tacticity. However, if 
standard values of the parameters are used, theoretical 
values are much larger than experimental results. To 
improve the agreement with experiment requires modi- 
fications of almost 1 kcal/mol in some of the conforma- 
tional energies and implies a worse agreement for other 
conformation-dependent properties like Aa and ,K. 

An alternative explanation for the failure of quanti- 
tave comparisons would be to assume that the optical 
parameters Aa are not exclusively determined by the chem- 
ical nature of the polymer, but instead they depend on 
the environment of the chain. This kind of dependence 
has been postulated several times as responsible for the 
disagreement between theoretical and experimental Val- 
ues of Aa for many polymers. Up to now there has been 
no attempt to incorporate any modifications of the Aa’s 
by either the physical state of the polymer or the solvent 
into the scheme of the calculation. However, if we assume 
just as a hypothesis that the solvent can modify the opti- 
cal parameters of the chain, it is conceivable that a sym- 
metrical solvent, like CCl,, could decrease the anisot- 
ropy of the polymer units. Thus, theoretical values of 
y2 computed with standard sets of Aa’s will overesti- 
mate the results for a single repeating unit and even more 

m5 V2 mol-’ are obtained. 
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severely for a whole chain for which the modification of 
parameters could be much larger. However, this conjec- 
ture is not along the line of the data of Figure 2. On the 
other hand, the optical configuration parameter shows a 
large decrease upon swelling with decalin, which cannot 
be accounted for only by weak positive intermolecular 
correlations,2 but instead nice agreement can be achieved 
by decreasing the mostly uncertain value AaSiPh.l5 Con- 
versely, if collisional effects (and hyperpolarizabilities) 
contribute to the optical Kerr then the reported 
,K is likely to exceed its intrinsic value. Finally, correc- 
tions for the small dispersion in the polarizability aniso- 
tropies2’ due to the different wavelengths (488,632.8 nm) 
used would not improve the differences. 
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