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ABSTRACT: The mean-square optical anisotropy (I'?) was determined for 10 samples of atactic oligo- and
poly(methyl methacrylate)s (a-PMMA), each with the fraction of racemic diads f; = 0.79, in the range of
weight-average molecular weight M, from 3.02 X 102 to 2.95 X 10° in acetonitrile at 44.0 °C (0) and also for
methyl isobutyrate (MIB) (the monomer of PMMA) in acetonitrile at 44.0 °C and in carbon tetrachloride
at 25.0 °C, from anisotropic light scattering measurements with a photometer equipped with a Fabry-Perot
interferometer. The determination was also made for three samples of atactic oligo- and polystyrenes (a-PS)
used in the previous study of (I'2) along with cumene in carbon tetrachloride at 25.0 °C in order to compare
the present procedure for determining (I'?) with the previous one. A comparison is made of the present data
with the helical wormlike (HW) chain theory with the values of the model parameters determined previously
from the mean-square radius of gyration (S?) and with the local polarizability tensor oy properly assigned
on the basis of the group polarizability tensor for the ester group of the a-PMMA chain evaluated from the
polarizability of methyl acetate or MIB. The HW theoretical value of the ratio ((I'*)/x4)« in the limit of
weight-average degree of polymerization x, — « does not completely agree with the experimental one if such
agis used. This is probably due to the fact that the group polarizability of the ester group may be somewhat
altered in the a-PMMA chain. The dependence on x, of the observed ratio ({I'?)/x4)/({I'2)/x). may well
be explained by the HW theory, thus leading to the conclusion that the HW model may give a consistent
explanation of the behavior of (I'?) and (S?) of a-PMMA. A comparison is also made of the present results
for a-PMMA with the previous ones for a-PS; as x, is decreased to 3, the above ratio decreases much more

steeply for the former.

Introduction

In this series of experimental work on dilute solutions
of oligomers and polymers in the unperturbed (0) state,
we have investigated static and/or transport properties of
atactic polystyrene (a-PS) (with the fraction of racemic
diads f; = 0.59),! atactic poly(methyl methacrylate) (a-
PMMA) (with f, = 0.79),23 polyisobutylene,* and poly-
(dimethylsiloxane).5 It has been shown that the results
obtained may well be explained by the corresponding
theories on the basis of the helical wormlike (HW) chain %7
with a rather accurate determination of the model pa-
rameters for these polymer chains. With their values
determined, the local chain conformations have been
discussed in some detail in their relations to solution
properties. In particular, for a-PS, we have started with
an analysis of the data obtained for the mean-square optical
anisotropy (I'?) from anisotropic light scattering (L.S)
measurements,! and it has proved to be one of the useful
properties that provide information about local chain
conformations. Thus, in this paper, we make a study of
(T'2) also for a-PMMA, for which we have already analyzed
the data?? obtained for the mean-square radius of gyration
{S?) and the intrinsic viscosity [7].

In the previous determination of (I'?) for a-PS,! the
experimental procedure proposed by Carlson and Flory®
to eliminate the collision-induced polarizability contri-
bution to anisotropic LS has been applied with the use of
a Fica 50 photometer having a mercury lamp as a light
source, with a modification suitable for this purpose.
However, the a-PMMA chain has an optical anisotropy
much smaller than that of the a-PS chain, so that it is
difficult to determine accurately (I'?) of the former by the
use of that photometer, whose light source is not as strong
as a laser used by Carlson and Flory. Moreover, the optical
anisotropy of acetonitrile to be used as a © solvent for
a-PMMA is rather large compared to that of cyclohexane,
the © solvent used in the previous study of a-PS,! and is
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even larger than that of a-PMMA. Thus, for an accurate
determination of the excess depolarized scattering inten-
sity for a-PMMA in acetonitrile, it is desirable to measure,
instead of the integrated total intensity, the spectra of the
light scattered from the solution and solvent, using a
spectrometer appropriate for a photometer adopted.

In this work, we carry out anisotropic LS measurements
by the use of a photometer originally designed for dynamic
LS measurements by the homodyne method. Thus we
have decided to use as a spectrometer a Fabry-Perot (FP)
interferometer of the piezoelectrically scanning type, which
may be considered most suitable for the present purpose
because of its handiness and compactness. Then the
photometer has been equipped with a newly assembled
detector alignment in order to incorporate an FP inter-
ferometer in it. We note that the interferometer of this
type has been widely used in dynamic LS measurements
by the filter method® and in studies of Rayleigh~Brillouin
scattering by polymer melts!® and anisotropic LS by
polymer solutions.!!

The spectrum of the excess depolarized component of
the light scattered from the solute a-PMMA molecules
may be determined apparently from the FP spectra.
However, we must be careful in doing this in the case of
an optically anisotropic solvent, i.e., acetonitrile, since the
solvent molecules of this kind have in general orientational
correlations with each other!? and an addition of solute
molecules to them may have an effect on those correlations
enough to change the spectrum of the light scattered from
them. Thus, in order to examine possible effects of the
optical anisotropy of the solvent on the evaluation of (I'?),
it is desirable to carry out measurements also for solutions
in an optically isotropic solvent, e.g., carbon tetrachloride,
and to compare the results with those for acetonitrile
solutions. For this purpose, we have carried out some
preliminary measurements for the carbon tetrachloride
solutions. Unfortunately, however, the exposure of these
solutions of a-PMMA samples to a strong laser beam has
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Table I. Values of My, x4, and M,/M, for Atactic Oligo-
and Polystyrenes

sample M, Zw My/M,
0832 3.70 x 102 3 1.00
084 4.74 X 102 4 1.00
A5000-3b 5.38 x 103 51.2 1.03

@ My's of 0S3 and 0S4 had been determined from GPC.! ® M, of
A5000-3 had been determined from LS in methyl ethyl ketone at
25.0 °C.1

Table II. Values of My, xw, and M,/M, for Atactic Oligo-
and Poly(methyl methacrylate)s

sample M, X My/M,
OM3e 3.02 X 102 3 1.00
OM4 4.02 X 102 4 1.00
OM5 5.02 X 102 5 1.00
OMé6 6.02 % 102 6.00 1.00
OM7 7.09 X 102 7.07 1.00
OMS8 7.98 x 102 7.96 1.00
OM11® 1.10 X 103 11.0 1.04
OM18 1.80 X 108 18.0 1.07
0OM22 2.23 X 108 22.3 1.06
OM30 2.95 X 10° 29.5 1.06

@ My's of OM3 through OMS8 had been determined from GPC.%3
b My's of OM11 through OM30 had been determined from LS in
acetone at 25.0 °C.2

proved to denature the precious samples and prevent their
reuse. Therefore, the examination has been restricted to
the monomer of PMMA, i.e., methyl isobutyrate.

We have carried out measurements also for some of the
a-PS samples previously used in order to compare the
present procedure for determining (I'2) with the previous
one. With the new photometer, it may be determined
rather accurately even for a-PMMA, but its accuracy is
still somewhat worse than that for the case of a-PS.
Further, in anticipation of the results, we note that it is
difficult to determine unambiguously all the HW model
parameters for a-PMMA from an analysis of the molecular
weight dependence of (I'?) alone. Inthis paper, therefore,
we examine whether the dependence of (I'?)/x on the
degree of polymerization x may well be explained by the
HW theory!® with the values of the model parameters
determined previously from (S2).2

Experimental Section

Materials. All the a-PS and a-PMMA samples used in this
work are the same as those used in the previous studies,® i.e.,
the fractions separated by gel permeation chromatography (GPC)
and/or fractional precipitation from the standard a-PS samples
A-500 and A-5000 supplied by Tosoh Co., Ltd., and from the
original a-PMMA samples prepared by group-transfer polym-
erization, respectively. The values of the weight-average mo-
lecular weight My, the weight-average degree of polymerization
X, and the ratio of My to the number-average molecular weight
M, are given in Table I for the a-PS samples and in Table II for
the a-PMMA samples.

Methyl isobutyrate (MIB) (Tokyo Kasei Kogyo Co.; 99.0%
purity), the monomer of PMMA, was purified by distillation
after dehydration by passing through a silicagel column. Cumene,
which corresponds to the monomer of PS, and the solvents carbon
tetrachloride (CCly) and acetonitrile (CH3CN) were purified
according to standard procedures.

Anisotropic Light Scattering. (i) Apparatus and Mea-
surements. The photometer used for all anisotropic LS mea-
surements is a Brookhaven Instruments Model BI-200SM
goniometer with a minor modification of its light source part and
with a detector alignment newly assembled to incorporate an FP
interferometer in it.

In Figure 1 is depicted a block diagram of the photometer with
the FP scan generator and photon counter units. The formation
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Figure 1. Block diagram of the anisotropic light scattering
apparatus.

of the detector alignment adopted here is similar to that reported
by Patterson,? it being fixed at a right angle with respect to the
incident light. The vertically polarized incident light beam of
wavelength 488 nm from a Spectra-Physics Model 2020 argon
ion laser equipped with a Model 583 temperature-stabilized etalon
for single-frequency-mode operation is first made highly vertically
(v) polarized by passing through a polarizer, a Glan-Thompson
(GT) prism with an extinction ratio smaller than 10-%, and then
focused at the center of a cylindrical sample cell of outer diameter
25 mm by a biconvex lens of focal length 113 mm. (Note that
the polarizer has been newly introduced.) After passing through
an iris, the light scattered from the center of the cell is rendered
a parallel light beam of diameter ca. 5 mm by a plano-convex lens
of focal length 200 mm and then its vertical component is
eliminated by an analyzer, the same GT prism as used for the
polarizer. A narrow band-pass filter with full width at half-
maximum of ca. 110 cm™! is incorporated into the alignment in
order to remove possible effects of the Raman scattering and
background fluorescence. The spectrum of the horizontal (H)
component of the scattered light, i.e., the depolarized (Hv)
component, is then analyzed with a Burleigh Instruments Model
RC-110 FP interferometer (piezoelectrically scanned) equipped
with a Model RC-670 pair of plane mirrors with a flatness of
M200 and a reflectivity of 97.5%. The light beam, which has
passed through the FP interferometer, then passes through a
spatial filter composed of a pair of plano-convex lenses of focal
length 40 mm and a pinhole of diameter 100 um placed in the
middle of them and is finally imaged on an EMI 9893B/350
photomultiplier (PM) tube.

After passing through an amplifier/discriminator, the signal
from the PM tube enters a photon counter, for which a
Brookhaven Instruments Model BI2030AT autocorrelator is used.
The FP interferometer is scanned by the use of a Burleigh
Instruments Model RC-44 scan generator driven with an external
direct-current signal which is generated by a computer with a
12-bit digital-to-analog (D/A) converter, so that it may be scanned
with 4096 steps at maximum. The total number of photons
accumulated at a (identical) time interval é at each step is
successively stored in the computer. In practice, a frequency
range of twice the free spectral range (FSR) was scanned with
1024 steps and 6 = 0.1 s, so that it took ca. 150 s for each scan.

The apparatus is installed in a temperature-controlled room
(at 25 £ 1 °C) so that the fluctuation in the cavity length of the
FP interferometer due to thermal expansion of its frame and
that in effective optical path length in the cavity due to change
of the air density may be neglected.

The most concentrated solution of each sample was prepared
gravimetrically and made homogeneous by continuous stirring
for ca. 1 day at room temperature for a-PS and at ca. 50 °C for
a-PMMA. These solutions and solvents were optically purified
by filtration through a Teflon membrane of pore size 0.1 um. The
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Figure 2. Fabry-Perot spectra of depolarized light scattered

from CCl, and its solutions of cumene and MIB at 25.0 °C, their
mass concentrations ¢ being 0.1837 and 0.1787 g/cm?, respectively.

]

1 (k) (arbirary units)

-0.50 -0.25 0 0.25 0.50
Ak (arbitrary units)

Figure 3. Fabry-Perot spectra of depolarized light scattered
from CH%CN (@) and its solution of MIB at ¢ = 0.4013 g/cm? (O)
at 44.0 °C.

solutions of lower concentrations were obtained by successive
dilution. Asfor the solutions of cuamene and MIB, the solute was
filtered and added to the purified solvent in a sample cell. The
weight concentrations of the test solutions were converted to the
solute mass concentrations ¢ (in g/cm?®) by the use of the densities
of the solutions.

Before and after each measurement on the solution or solvent,
the spectrum of the Hv component scattered from pure benzene
sealed in a Pyrex nuclear magnetic resonance tube of outer
diameter 10 mm, which we used as a working standard (WS), was
measured without the narrow band-pasa filter in order to monitor
any possible changes in the photometer system. Before every
set of three measurements on pure benzene, on solution or solvent,
and again on benzene, the FP interferometer was tuned to obtain
the highest finesse. The value of the finesse was 60-70 just after
the tuning and usually decreased to 40-50 after the set of
measurements, which took ca. 1 h. The FSR was adjusted to be
5-50 cm™,

(ii) Data Acquisition and Analysis. Figure 2 shows FP
spectra of the depolarized component Iyy(Ak) of the scattered
light intensity as a function of the wave number difference Ak
between the incident and scattered light in the range of one FSR
for CCl, and its solutions of cumene at ¢ = 0.1837 g/cm?® and of
MIB at ¢ = 0.1787 g/cm? at 25.0 °C, and Figure 3 shows those
for CH3;CN and its solution of MIB at ¢ = 0.4013 g/cm? at 44.0
°C. All the values of Iy, have been reduced by the total intensity
of the Hv component for the WS determined from the mea-
surements mentioned above. We note that the intensity was
found to be almost independent of temperature in its range from
25.0 to 44.0 °C.

As mentioned in the Introduction, the depolarized scattering
intensity from solutions in an optically anisotropic solvent may
be affected by the change in the depolarized scattering from the
solvent molecules themselves. Such a change may possibly occur
even for the case of optically isotropic solvents, since the
anisotropic fluctuation in the density of the pure solvent may
give rise to anisotropic scattering and an addition of solute
molecules may in general affect this fluctuation.1415 In practice,
however, as far as optically isotropic solvents are concerned, this
change must be small, so that the excess Hvcomponent Al (Ak)
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Figure 4. Fabry-Perot spectra of the excess depolarized

scattered light. They are for cumene in CCly at ¢ = 0.1837 g/cm?®

at 25.0 °C, for MIB in CCl, at ¢ = 0.1787 g/cm?® at 25.0 °C, and

{‘)or MIB in CHCN at ¢ = 0.4013 g/cmS3 at 44.0 °C, from top to
ottom.

of the scattered light intensity may be calculated from?
Al (AR) = Iy poin (AR) = ¢lyy 41, (BK) 0

with the values of Iy,(Ak) for the solution and solvent, where ¢
is the volume fraction of the solvent. Although eq 1 is not
necessarily guaranteed in the case of optically anisotropicsolvents,
we may conclude that it is approximately valid if it gives the
same value of (I'?) as that determined in an optically isotropic
solvent. This working criterion is checked in the next section.
Figure 4 shows spectra of Aly,(Ak) thus evaluated for the same
solutions of cumene and MIB in CCl, as in Figure 2 and for the
same solution of MIB in CH,CN as in Figure 3, from top to
bottom.

The total intensity Alyyma of the intrinsic molecular part of
the excess Hv component may be obtained by integration of
[AIny(Ak) — Inase] Over Ak in the range of one FSR as follows:

A‘Il'lv,mol = fFSR[AIHv(Ak) - Ibm} d(Ak) (2)

where I1ae is the intensity of the flat base part of the FP spectrum,
which includes all the contributions of 1, (Ak) from the ranges
of |Ak|/FSR 2 0.5 and therefore arises from the scattering due
to the collision-induced polarizability. Inpractice, theintegration
may be replaced by summation.

Now the intrinsic molecular excess Hv component ARyy,mo of
the reduced intensity may be calculated from

o,
Hv,mol = T Al Hv,mol (3)
max

with the value of Alyyma determined above, where 7 is the
refractive index of the solvent used, Tna is the maximum (or
peak) transmittance of the narrow band-pass filter, and ¢, is the
apparatus constant dependent on the photometer used. In eq
3, the A2 correction of Hermans and Levinson*® has been applied,
and also a correction of the absorption by the narrow band-pass
filter to Alyymo has been simply made by the factor 1/ Ty since
the width of the resultant spectrum of the excess scattering
intensity (shown in Figure 4) is sufficiently narrow compared to
the full width at half-maximum of the filter. The value of ¢, is
usually determined so that the value of the Hv component
g 20aT 1y, of the reduced intensity of the light scattered
from pure benzene measured at a scattering angle of 90° by the
use of the photometer may coincide with the value of the Hv
component Ruy menzeney Of the reduced intensity determined
absolutely, where Iy mensene) i8 the (total) intensity of the Hv
component measured under the same condition of the apparatus
(including the sample cell) as in the case of the measurements
on the test solutions but without the narrow band-pass filter.




Macromolecules, Vol. 26, No. 15, 1993

|
10 \ AS000-3 4

[o]
° 084

e x10° (cm’fg)

ARy
o]
7]
o

6 L
0 0.1 ‘0.2 0.3
¢ (g/em’)

Figure 5. Plots of ARyymo/c against ¢ for a-PS samples (O) in
CCl, at 25.0 °C. The triangles represent the values for cumene.

Then ¢, may be obtained from

¢ = Ry (benzeney it Tatoo C))

Ryv,benzeney 18 & quantity depending only on the pressure,
temperature, and wavelength of the incident light and must
therefore be determined without a narrow band-pass filter, so
that the intensity Iy benseney (r€lative to the WS) must also be
determined without & narrow band-pass filter.

Although there have been reported some absolute values of
the reduced intensities at A¢ = 488 nm, from which we may
evaluate Ruy, bensene), We cannot decide which value is most reliable.
Thus, in order to establish its value, we first determined the
value of Ryy for pure benzene at 25.0 °C and A\ = 488 nm in such
away that the value of M, determined for a standard a-PS sample
in benzene at 25.0 °C with the incident light of A¢ = 488 nm may
coincide with that determined with the incident light of Ay = 436
nm in the standard manner using a Fica 50 light scattering
photometer in our laboratory.24 This procedure is in principle
thesame asthat adopted by Bender et al.,” whoused a commercial
standard a-PS sample with the nominal value 3.92 X 10° of M,
reported by Pressure Chemical Co.

For this purpose, we used an a-PS sample (F80a-2)1® that was
afractionseparated by fractional precipitation from the standard
sample F-80 supplied by Tosoh Co., Ltd. The value of My, of this
sample had already been determined to be 7.32 X 105 with the
ratio Mo/M, = 1.03.1%8 Static LS measurements of the Uv
component (without use of a narrow band-pass filter) were carried
out for the benzene solutions of the sample in the range of mass
concentration ¢ from 3.5 X 10~4t0 2.0 X 10-% g/cm? using the same
photometer as that used for the present anisotropic LS mea-
surements but with the standard detector alignment used for the
previous dynamic LS measurements.!%% The scattered light
intensities reduced by that for pure benzene at a scattering angle
of 90° were analyzed by an application of the Berry square-root
plot.2! Thus the value of Ry, was determined to be 39.8 X 10-%
cm-l, This value is somewhat larger than the value 35.4 X 10-%
cm-! obtained by Bender et al.'” The value of Ryy,enzene) at 26.0
°C, scattering angle 90°, and A\ = 488 nm was then determined
to be 8.16 X 10-% cm-! from the value of Ryy by use of the value
0.41 for the depolarization ratio p, determined previously?* for
benzene at 25.0 °C and A, = 436 nm. We note that p, is almost
independent of Ao. Since Iy, benzene) is almost independent of
temperature in its range from 25.0 to 44.0 °C as mentioned above,
we used the value 8.16 X 108 cm! of Ruy,bensene) als0 at 44.0 °C.

The values of the refractive index we used for benzene at 25.0
°C, CClL, at 25.0 °C, and CH3CN at 44.0 °C are 1.520, 1.465, and
1.337, respectively.

Results

Mean-Square Optical Anisotropy (I'?). (i) a-PS.
For convenience, we begin by presenting results obtained
for a-PS. Figure 5 shows plots of the ratio of the intrinsic
molecular excess depolarized component ARHyma Of the
reduced intensity to the mass concentration ¢ against ¢
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Table III. Values of (I'?)/xy and (I2)/(I?)camens) for
Atactic Oligo- and Polystyrenes in Carbon Tetrachloride at

25,0 °C

(T2) /24, As (Pz)/<r2)(c\mene)
sample this work previous work® this work previous work
cumene 38,5 19.5
083 41, 214 3.2 3.2
084 50.g 23.2 5.2 4.6¢
A5000-3 56.5 30.3 5.4 78.4

s See ref 1.

for the three a-PS samples indicated and cumene (trian-
gles) in CCly at 25.0 °C. The data points for each sample
follow a straight line and can be rather easily extrapolated
to infinite dilution to obtain (ARHymel/¢)c=0- The error in
the extrapolation for the sample 0S4 is somewhat larger
than those for the others. We note that the dependence
on ¢ of ARyymel/c for each sample is very similar to that
reported previously.!

If the effect of the internal field is taken into account
by the use of the Lorentz-Lorenz equation, the mean-
square optical anisotropy (I'?) may be calculated from

15\, M( 3
167 Na\a? +2

with the observed value of ARnymo determined above,
where Ao is the wavelength of the incident light in a vacuum
and is equal to 488 nm, M is the solute molecular weight,
N, is Avogadro’s number, and 7 is the refractive index of
the solvent. The adoption of the internal field correction
of the second power type in eq 5 requires some comments.
Brunham et al.22 recommended the fourth-power-type
correction along with the ellipsoidal Onsager—Scholte
model on the basis of a detailed analysis of their data for
isotropic and anisotropic components of the light scattered
from several pure solvents. Strictly, however, the fourth-
power-type “correction” factor appearing in the density
scattering does not directly arise from a correction of the
internal field but from the fact that the dependence of the
refractive index of a pure solvent on the pressure may be
described by the Lorentz—Lorenz equation.z? Then, their
results do not necessarily support the adoption of the
fourth-power-type correction for the case of the compo-
sition scattering. Further, the value of the depolarization
ratio p, evaluated from their observed value 0.20 of the
depolarization ratio p, for benzene at 25 °C and Ay = 514.5
nm is 0.33 and appreciably smaller than our established
value 0.41 £ 0.01 at Ay = 436 nm.24 (Note that p, and p,
of a given pure liquid are functions only of the pressure,
temperature, and wavelength of the incident light as its
absolute reduced intensities and never depend on the
apparatus used and that those quantities are almost
independent of the wavelength.) Thus the basis for their
recommendation of the ellipsoidal Onsager—Scholte model
seems to be weak. Considering the above circumstances,
we have simply adopted the second-power-type correction
as in the previous study.! This adoption is convenient for
a comparison of the present results with the previous ones
and also with literature data and may be considered to be
sufficient for the present main purpose to analyze the
dependence of {I'2)/x on xon the basis of the HW model.

The values of (I'?)/xy for cumene and the three a-PS
samples in CCly at 25.0 °C calculated from eq 5 with the
values (ARyy mol/C)c=o determined above are given in Table
IIT along with those determined previously.! There are
also given the values of the ratio of (T'?) for the a-PS
samples to (I'?) cumene) fOr cumene. Although the present

(r3) =

)2(ARHv.mol/c)c-0 )
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Figure 6. Plots of ARuyma/c against ¢ for a-PMMA samples
OM3 through OM6 and MIB in CH;CN at 44.0 °C (O) and for
MIB in CCl; at 25.0 °C (®).
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Figure 7. Plots of ARyyme/c against ¢ for a-PMMA samples
OM?7 through OM11 in CH,;CN at 44.0 °C.

value of (I'?)/x, for each sample is about twice as large
asthe previous one, the values of the ratio {I'2)/(I'2) (cumene)
are in good agreement with each other. The disagreement
between the absolute values in the present and previous
studies may be regarded as arising from some defects in
the procedure of Carlson and Flory® adopted previously.!
Fortunately, however, as seen from the above comparison,
it may give the correct dependence on xy of the ratio of
{T2)/xy to its value ((I'?)/xy)- in the limit of x4 — =.
Thus the previous analysis of (I'?)/x on the basis of the
HW chain is still valid, since its absolute values do not
affect the determination of the basic HW model param-
eters. In the previous analysis for a-PS, the local polar-
izability tensor assigned to the contour of the HW chain
was evaluated from the literature values of the bond
polarizabilities and group polarizability tensors determined
by Flory and his co-workers with the use of the procedure
of Carlson and Flory. Thus, inorderto correct the previous
experimental and theoretical values of (I'2}, it is sufficient
to multiply both of them by the ratio 42 of its present to
previous experimental values for cumene in CCly, which
is equal to 1.9,

(ii) a-PMMA. Having made a comparison of the
present results with the previous ones for a-PS, we now
proceed to present results for a-PMMA. Figure 6 shows
plots of ARnvmei/¢ against ¢ for the latter samples OM3
through OM6 and MIB in CH;CN at 44.0 °C (8) and also
for MIB in CCl, at 25.0 °C. Figures 7 and 8 show similar
plots for samples OM7 through OM11 and for OM18
through OMB30, respectively, in CH3CN at 44.0 °C. The
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Figure 8. Plots of ARuyma/c against ¢ for a-PMMA samples
OM18 through OM30 in CH;CN at 44.0 °C.

Table IV, Values of (I?)/x, for Atactic Oligo- and
Poly(methy! methacrylate)s in Acetonitrile at 44.0 °C

sample ({T'2)/x, A8 sample (T'2)/ 2y, A8
MIB 4.1g OMs 6.47
OM3 1.99 OM11 6.9
OM4 2.8 oM18 7.14
OMS5 3.9 OoM22 7.2y
OMé6 5.9; OMB30 7.80
oM7 6.32
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Figure9. Plotsof (I'?)/x,againstlog x4 for the a-PMMA samples
with f, =0.79 in CH3CN at 44.0 °C (0). The solid curve connects
smoothly the data points for x4 = 3.

data points for each sample follow a straight line as in the
case of the a-PS samples in CCl, and can be extrapolated
to infinite dilution to obtain (ARyyme/C)e=o. Except for
the data for MIB in CCl, the relative errors in the
extrapolation are somewhat larger than those for the a-PS
samples.

The value of {I'?) for MIB in CCl, may be calculated
from eq 5 with the value of (ARyymo/¢)c=0 determined
above and is obtained to be 8.7, A®, which is nearly twice
as large as the value 2.0 A® obtained by Flory et al.% with
A9 = 633 nm at the volume fractions of the solute ranging
from 0.3 to 1. This disagreement may be regarded as
arising from the same source as in the case of cumene and
a-PS.

The values of (I'?)/x,, determined for MIB and the
a-PMMA samples in CH3;CN at 44.0 °C are listed in Table
IV. The value 4.15 A6 of (I'?) for MIB, for which (I'?) =
(T?)/xy, agrees fairly well with that in CCL, indicating
that the effect of the optical anisotropy of CHyCNisrather
small if any, and (I'?) in CH3CN has been determined
successfully.

Dependence of (I'%)/xy 0n x,. Figure 9 shows plots of
(I'?)/x+ against the logarithm of x,, for -PMMA in CH;-
CN at 44.0°C (6). The solid curve connects smoothly the
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H,C COOCH,

Figure 10. Localized Cartesian coordinate system assigned to
the PMMA chain.

data points for x4 = 3, and the dashed line segment
connects those for x4 = 1 and 3. It is seen that, as x, is
increased from unity, (I'2)/xy, (the mean-square optical
anisotropy per repeat unit) is first reduced by half at x
= 3, then increases very steeply up to xy = 7, and finally
approaches a constant asymptotic value. From Figure 9,
this value is estimated to be ca. 7.8 A8, The precise value
is determined later through a comparison with the HW
theory, but we only note here that it is about 1 order of
magnitude smaller than the corrected corresponding value
(ca. 61 A)! for a-PS.

Discussion

Local Polarizability Tensor. Before proceeding to
make a comparison of the present experimental results
with the corresponding theory!? on the basis of the HW
chain, we must first assign a proper local polarizability
tensor o per unit contour length to the chain. For this
purpose, it is necessary to assign a localized Cartesian
coordinate system (£, 1, {) affixed to the HW chain to the
repeat unit [CHz~C*(CH3)(COOCH3)-CHjs] of the PMMA
chain. The procedure of this assignment has already been
established for both the isotactic (i-) and syndiotactic (s-)
PMMA chains in the previous analysis? of the rotational
isomeric state model?® data for the angular correlation
functions, as depicted in Figure 10. That is, for both i-
and s-PMMA chains and therefore also for the a-PMMA
chain, the { axis is taken along a line passing through the
two successive methylene C atoms, the ¢ axis is in the
plane of the C-C* and C»-C bonds with its positive
direction chosen at an acute angle with the C*=—C bond,
and the 7 axis completes the right-handed system. We
note that in the figure, the C~C= bond is I-chiral and the
C>—Cbond is d-chiral, following the new Flory convention?
for describing stereochemical configurations of asymmetric
chains.

Since the value of f; of the present a-PMMA samples
is rather close to unity, we adopt the polarizability tensor
ap of the repeat unit of the s-PMMA chain for that of the
former, for simplicity. If we assume the additivity of the
bond and group polarizabilities, oy may be written as a
sum of the contribution from the central part [C-C2(CH3)-
(COOCH3)-C] and half of the contribution from the CHy
groups on both sides. Strictly speaking, o depends on
the bond rotation angles around the bonds C-C2 and C+-
C, so that the o averaged over the angles should be used.
Because of the predominance of the t¢ conformation in
the s-PMMA chain,?® however, we may use the values of
the components of a, for the all-trans conformation, for
simplicity. By the use of the literature values of the bond
polarizabilities?8-31 for C-C and C-H and of the polariz-
ability tensor for methyl acetate or MIB,2¢ which have
been corrected by multiplying them by the common factor
v = (1.94)1/2, the (traceless) ag for the repeat unit with the
pair of successive bond chiralities /d as shown in Figure
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10 may then be given by

0581 -0.266 0
a,=|-0.266 0712 0 A3 (6)
0 0 -1.293

In the above evaluation of ag, we have assumed that the
plane of the ester group is perpendicular to the plane of
the C~C= and C=-C bonds in the main chain and that the
ester group occupies the possible two states in the former
plane with equal probability. For the repeat unit with the
pair of successive bond chiralities dl, o is given by eq 6,
with both the £y and #¢ components being 0.266 in place
of —0.266.

In the s-PMMA chain, the pair of successive bond
chiralities of the repeat unit and therefore the sign of the
£nand né components change alternately. Thus the values
of ap obtained above cannot be adopted for « as it stands,
since a to be assigned to the HW chain must be constant.
In light scattering (with A¢ = 488 nm), the fluctuation in
the local polarizability tensor on the length scales of the
repeat unit is immaterial, and it is sufficient to use the one
averaged on somewhat longer length scales. We may then
use ap with vanishing off-diagonal components, i.e.,

a, = diag (0.581, 0.712, -1.293) Al )
The tensor o may be calculated from
a= (M /Mya, ®

with apgiven by eq 7, where My, is the shift factor as defined
as the molecular weight per unit contour length and M,
is the molecular weight per repeat unit.

Comparison withthe HW Theory. Considerthe HW
chain of total contour length L = Myx/My (without
excluded volume), whose conformational behavior may
be described in terms of the three model parameters: the
constant differential geometrical curvature o and torsion
1o of its characteristic helix taken at the minimum zero of
its elastic energy and the static stiffness parameter \-L. Its
{T'?) may be written in the form!13

2
(T%) = )\’ILZCj(a,KO/ v,7y/¥) fj()\L,)\'lu) )]
J=0

where », C;, and f; are given by

v = (k2 + 1HY2 (10)
Colax,y) = %[2(1“— o = oy = 3x2(aﬂ -o,) + nyoz"‘,]2

Cylex,y) = 6[xy(a,, — ap) + (2% - Da, )2 +
6(xa,, + ya“)z

Colax,y) = g—(aEE - yza,m - xza” + 2xya,,r)2 +
8(yay, + xa)® (11)
fi(x.y) = (% + 36) Y6 + 36) + (B - 36)x7 +
x e ®*[(36 - j%y?) cos(jxy) - 12y sin(jxy)1} (12)

with ay; (i, j = £, 0, {) being the ij component of the tensor
a. It is convenient for the analysis of the experimental
data to use the tensor «g instead of «. We then have from



3748 Takaeda et al

eqs 8 and 9

2
(T%)/x = ()\'IML/MD)ch(ao,xo/u,‘ro/v) fOALX ) (18)
=0

where the reduced contour length AL is related to xy by
the equation

log x,, = log(AL) + log(\""M /M) (14)

Thus the quantity A-LM1, may in general be estimated from
a best fit of the theoretical curve of (I'?)/x against the
logarithm of AL for properly chosen values of A~lx; and
A-l7y to the plot of the observed (I'?)/x, against the
logarithm of x4.

Unfortunately, however, the shape of the theoretical
curve calculated from eq 13 with « given by eq 7 is rather
insensitive to changes of A-lkg and A-lrg around their
respective values 4.0 and 1.1, which have been determined
from an analysis of {S?) in the previous study.? Then, as
mentioned in the Introduction, it is difficult to determine
unambiguously all the HW model parameters from an
analysis of the present data for (I'?). Thus we only make
a comparison of the data with the HW theoretical values
calculated from eq 13 with the previous parameter values?
from (S2),2i.e., A-lkg = 4.0, A-lrg = 1.1, -1 = 57.9 A, and
M L= 36.3 A‘l.

If we use ap given by eq 7, the HW theoretical value of
theratio (I'?)/xin the limit of x,,— =, which we designate
by ({I'2)/x4), is calculated to be 14.3 A®, This is
appreciably larger than its present experimental value of
ca. 7.8 A8, This discrepancy clearly indicates that the
values of ag used above are not appropriate. Since the
value of (I'2)/xfor the sample OMS3 (trimer) is appreciably
smaller than that for MIB (monomer) as shown in Figure
9, the values of the group polarizability tensor for the ester
group estimated from the polarizability tensor of methyl
acetate or MIB may be considered to be somewhat altered
in the a-PMMA chain. Thus we multiply the above o by
a factor to obtain good agreement between theory and
experiment, keeping the relative values of its diagonal
components unchanged. Note that this modification
preserves the orientation of its principal axes with respect
to the localized coordinate system and that it does not
change the HW theoretical values of ((I'2)/x)/ ({I'?)/% ).
It is then found that a best fit of the plot of the theoretical
(I'?)/x against log x to the experimental one is obtained
if we replace o by 0.73aq with the value 7.68 A8 for ((I'2)/
Xw) oo

Figure 11 shows plots of ({I'?)/x4)/({I'?)/x4)~ against
the logarithm of xy, with ({(I'?)/x4)» = 7.68 A6. The solid
curve represents the HW theoretical values thus calculated.
It is seen that the theory may explain qualitatively the
steep increase in the experimental value in the range of
xw from 3 to 7 and that there is quantitative agreement
between theory and experiment for x = 6. This indicates
that the HW theory may give a consistent explanation of
the behavior of (I'2), (82), and also [1] as functions of M,,.

Comparison with the a-PS Chain. For comparison,
the previous results for the a-PS samples (filled circles)
and cumene (filled triangle)! in cyclohexane at 34.5 °C are
also shown in Figure 11 along with the best-fit HW
theoretical values (dashed curve).! Here, we have used
the (uncorrected) value 31.5 A8 for ({I'?)/xw)= for the a-PS
chain. It is seen that there is a remarkable difference
between a-PMMA and a-PS; the ratio ((I'?)/x)/({T'2)/
%w) = decreases very steeply with decreasing x, in the range
of log x from ca. 0.5 to ca. 1 for the former. Clearly, this
difference arises from that in the local chain conformation
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05r
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log x,,
Figure 11. Plots of ((I'?)/x)/({I'?)/x+). against log x for the
a-PMMA samples with f; = 0.79 (0) in CH;CN at 44.0 °C and
for the a-PS samples with f, = 0.59 (@) and cumene (A) in
cyclohexane at 34.5 °C.1 The solid and dashed curves represent
the best-fit HW theoretical values for a-PMMA and a-PS,
respectively.

between the two polymers, and the HW theoretical values
may well reproduce this tendency. Itisimportanttorecall
here that those for the a-PMMA chain have been calculated
with the model parameters determined from (S2), which
can explain the observed maximum in (S%)/Ms.2

Concluding Remarks

The values of (I'?) determined for cumene and the three
a-PS samples in CCly at 25.0 °C by the use of the
photometer equipped with the FP interferometer as &
spectrometer have been found to be about twice as large
as those determined previously.! This disagreement may
be regarded as arising from some defects in the procedure
of Carlson and Flory® adopted there. Fortunately, how-
ever, the only change to do in the previous analysis of the
data on the basis of the HW chain is to multiply both the
experimental and theoretical values of {I'?) by a common
factor. Thus we do not have to revise the previous values
of the ratio ((I'?)/x4)/((I'?)/x«)~ and therefore also of the
HW model parameter for a-PS.!

The results for the a-PMMA samples in CHsCN at 44.0
°C cannot be explained by the HW theory with the values
of the model parameters determined previously from an
analysis of (S2), if we assume the local polarizability tensor
ag for the repeat unit of the a-PMMA chain determined
using the polarizability tensor of the ester group evaluated
from that of methyl acetate or MIB2 and properly
corrected as above. This implies that the effective
polarizability tensor of the ester group in the a-PMMA
chain may be somewhat different from that in methyl
acetate or MIB. Thus we have multiplied a¢ by an
adjustable factor C to make the theoretical value of ((I'?)/
Xw)= coincide with the experimental one and found C to
be 0.73. Thenthe theory may well explain the dependence
of (T'?)/xw on xy for xw 2 6, indicating that the model may
give a consistent explanation of the behavior of (I'?), (S2),
and also [1] as functions of M,

Ingeneral, there issome doubt whether we can determine
accurately (I'?) of solute molecules in an optically aniso-
tropic solvent. However, the present agreement between
the two values of (I'?) for MIB in CH3CN and in the
optically isotropic solvent CCly leads to the conclusion
that the effect of the anisotropy of the solvent on the
evaluation of (I'?) is rather small if any, as far as the
solutions of a-PMMA in CH3CN are concerned. Thus the
dependence of (I'?)/x on xy may give useful information
about the local chain conformation also for a-PMMA.
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