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ABSTRACT: The storage (G’) and loss (G’’) shear moduli were measured for dilute solutions of star- and comb-
shaped polystyrenes in Aroclor 1254 with the modified Birnboim transducer. The samples investigated were a
4-arm star of molecular weight M, = 8,58 X 105, a 9-arm star with M,, = 5 X 108, and a 24-branch comb with M, =
1.38 X 108, The range of concentration (c) was 1.3 X 1072 to 5 X 102 g/ml and the temperatures were between 7.2
and 46.0°. The frequency range was 0.25 to 630 Hz. Data at different temperatures for G’ and G” — wns, where w is
the radian frequency and 7, the solvent viscosity, were successfully combined by the method of reduced variables
with a reference temperature of 25°. A comparison with former data on linear polystyrenes shows that all limiting
values of the dynamic viscosity at high frequency, 7=, can be described by the equation In (7'=/75) = [1'}«c over the
whole range of concentration, where [n'] is a constant independent of molecular weight and the type and extent of
branching. For the star-shaped samples, the frequency dependence of G’ and G” could be described by a modifica-
tion of the Peterlin internal viscosity theory appropriate for star-shaped polymers.

Several extensive studies of the dynamic viscoelastic
properties of linear polystyrenes, dissolved in high-viscosi-
ty solvents, have already been reported from this laborato-
ry.23 It has been shown that, in contradiction to the predic-
tions of the Rouse~Zimm model theories,* the real part of
the dynamic viscosity, »’, approaches a finite limiting value
7'« at high frequencies, which is higher than that of the sol-
vent.

In the preceding paper of this series,® hereafter referred
to as I, it was shown that for linear polymer samples no in-
fluence of the molecular weight on %’ could be observed.
The latter quantity only depends on the concentration of
the solution. This agrees with the concept that viscoelastic
measurements at high frequencies provide information
about the short range internal dynamics of the polymer
chain. One may expect that at these frequencies the actual
length and overall shape of the polymer molecules does not
play a role of importance. Only the type of polymer has an
influence, as was shown by differences in 7’ for polysty-
rene and poly(a-methylstyrene).® However, no studies have
yet been made concerning the influence of branching on
the high-frequency viscoelastic behavior of polymers.

In this paper, results obtained on solutions of various
branched polystyrenes in highly viscous chlorinated diphe-
nyl are described. By comparing data on linear and
branched polymers, additional insight is gained into the
physical mechanism underlying the high-frequency dynam-
ic viscosity of polymer solutions.

Experimental Section

Three samples of branched polystyrene were investigated. Sam-
ple LS-13 was obtained from Professor S. Onogi of Kyoto Univer-
sity, Japan. It has the shape of a 4-arm star with a weight-average
molecular weight My of 8.58 X 105 Sample M5E, obtained from
Dr. J.-G. Zilliox of the Centre de Recherches sur les Macromolé-
cules, Strasbourg, France, has the shape of a 9-arm star with a M
of 5 X 108, Sample KI-2 was obtained from Professor M. Nagasawa
of Nagoya University, Japan. It resembles a comb, with a narrow
molecular weight distribution backbone and on the average 24 nar-
row molecular weight distribution branches randomly attached to
the backbone. Its weight-average molecular weight, after fraction-
ation, was 1.38 X 108 Because of the randomness of the branching
the morphology of this sample is not well defined.

The samples were dissolved in Aroclor 1254, lot D-612, by heat-
ing at 60° for about 3 weeks with occasional stirring. The concen-
trations of the solutions are given in Table I.

Storage (G’) and loss (G”) moduli were measured for the solu-

tions with the modified Birnboim transducer, equipped with a
computerized on-line data acquisition and processing system as
described elsewhere.> The frequency range was 0.25 to 630 Hz.
Measurements were usually performed at 5° intervals; the maxi-
mum range was from 7.2 to 46.0°. The viscosity of the Aroclor sol-
vent ranged from 17,400 P at 7.2° to 2.11 P at 46.0°.

Results

Storage and Loss Moduli. All data obtained by mea-
surements at various temperatures were reduced to 25° by
means of the method of reduced variables.* For this pur-
pose the reduced storage modulus G’p = (poT0/pT)G’ and
the reduced loss modulus (G — wns)p = (poTo/pTHG” —
wns) are plotted against the reduced radian frequency war
with logarithmic scales; p and T are the density of the solu-
tion and the absolute temperature, respectively, at which
the measurements were made; the subscript zero refers to
the standard temperature of 25°, and 7, is the viscosity of
the solvent. The shift factor ar can be calculated from the
viscosity of the solution at the limit of small « as pgTo(n —
7s)/pT (1 — ns)o. For the lower temperatures, where no di-
rect data on n were available, ar was determined from an
empirical shift along the log w axis. The dependence of the
shift factor on temperature was essentially the same for all
samples at these low concentrations.

Figure 1 shows the data for a solution of sample LS-13
with a concentration of 2.69 X 1072 g/ml. This figure close-
ly resembles that for a linear polystyrene with M,, = 2.67 X
103, as shown in L. At the inflection point between the ter-
minal (low frequency) zone and the intermediate frequency
region, however, a slight bump is observed, characteristic
for star polymers.®-8 From the data in the terminal zone
the steady flow viscosity n and the steady-state compliance
J 0 of the solution may be calculated as

o= lim G /w
w={
and
J,0 = lim G/ /why?

c
w0

The results are given in Table 1. At high frequencies the
slope of log (G” — wns), against log war becomes unity
again, indicating that ., = .. Values of »’. are also given
in Table 1. ‘
Figure 2 shows the results for a solution of sample M5E,
with a concentration of 1.52 X 10~2, Because of the higher
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Table 1
Parameters at Low and High Frequencies, Reduced to 25°, for Star- and Comb-Shaped
Polystyrenes in Aroclor 1254

Sample (M, x 107%)

LS-13 (858) M5E (5000) KI-2 (1380)
¢ x 102 g/ml 1.81 2.69 3.54 1.52  3.12 5,00 1.34  2.73  3.25
n,PO 423 700 1297 690 2577 10569 229 548 760
log J, - -3.65 -3.67 -3.72 -2.99 -3.26 -3.40 -3.57 -3.48 -3.51
[n/(n = 1) 1% 0.165 0.204 0.219 0.095 0.089 0.100 0.130 0.214 0.217
N'es P 86.8 98.6 117.3 78.6  100.7 139.2 78.7 99.6 108.9
h* 0.09 0.07 0.05 0.05 0.03
P/N 15.8 15.8 15.8 15.8 15.8
@/fy 1.4 1.45 1.4 1.15 1.15
log 7y -0.72 ~0.61 -0.40 0.00 0.27
log (M,,/M,) 0.10 0.14 0.18 0.07 0.12
log G’ 4.92 5.03 5.13 4.88 5.18
log (G'/15) 6.69 6.62 6.61 6.72 6.71
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Figure 1. Storage (G’,) and loss ((G” ~ wns)p) moduli, reduced to
25°, plotted logarithmically against frequency for polystyrene
LS-13 in Aroclor 1254, concentration 2.69 X 10~2 g/ml. Directions
of pips show temperatures of measurement: pip up, 9.3°; 45° clock-
wise rotations, 14.7, 20.1, 25.0, 30.0,-and 35.7°, respectively. Curves
drawn according to theory with Ny = 130, h* = 0.07, and (¢/fo) =
1.45.

molecular weight of this sample, compared with LS-13, the
terminal zone is shifted to lower frequencies. This results
for example in a higher viscosity of the solution at a compa-
rable concentration. An increase in concentration dimin-
ishes the spacing between the G’ and G”' — wns curves until
at high concentrations a crossover region develops in which
G’ > G” — wns, as shown in Figure 3. In this figure the re-
sults are shown for a solution of sample M5E with a con-
centration of 5.00 X 102 g/ml. This behavior has been re-
ported earlier for linear polystyrenes by Holmes et al.? It is
associated with the familiar behavior of undiluted poly-
mers, corresponding to a plateau zone in G’, which is at-
tributed to entanglement coupling. The high-frequency
pattern remains unaffected as can be seen by comparing
Figures 2 and 3.

tog (6"~ wng)p. log 6

e, | L - L L

-l 0 ! 2 3 4 5
log woy at 25°C.

Figure 2. Plots of G’p and (G” — wns)p, reduced to 25°, as in Fig-
ure 1 for polystyrene M5E in Aroclor 1254, concentration 1.52 X
10-2 g/ml: pip up, 7.2°; 45° clockwise rotations, 13.7, 19.6, 25.1,
30.0, and 34.5°, respectively. Curves are drawn according to theory
with Ny, = 338, h* = 0.05, and (¢/fp) = 1.15.

Figure 4 shows results for one solution of sample KI-2,
2.73 X 1072 g/ml. Smooth curves are obtained in which
sharp transitions between the different frequency regions
are absent. At low enough frequencies, however, a terminal
zone is attained at which n and J.° can be determined. At
high frequencies the unit slope of log (G — wns), against
log wa again provides for calculation of y'..

High-Frequency Viscosity. As was shown in I, a useful
way of expressing the concentration dependence of n’ is to
plot log (7'=/ns) against ¢, where ¢ is the concentration in
grams per milliliter. Figure 5 includes the present results as
well as the data in I, obtained on linear samples of polysty-
rene in the same solvent.

At this stage it may be worthwhile to summarize the dif-
ferent conclusions which can be drawn from this figure: (i)
log (n’=/7s) is a linear function of ¢ up to the highest con-
centration investigated, i.e., 7.6 X 1072 g/ml; (ii) 7'« is in-
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Figure 3. Plots of G’ and (G” — wns)p, reduced to 25°, as in Fig-
ure 1 for polystyrene M5E in Aroclor 1254, concentration 5.00 X
10~2 g/ml: pip up, 9.8°; 45° clockwise rotations, 14.7, 20.4, 25.0,
30.0, 35.8, 40.2, and 46.0°, respectively.
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Figure 4. Plots of G’y and (G” — wne)p, reduced to 25°, as in Fig-
ure 1 for polystyrene KI-2 in Aroclor 1254, concentration 2.73 X
1072 g/ml: pip up, 9.4°; 45° clockwise rotations, 14.7, 20.2, 24.9,
30.0, and 35.8°, respectively.

dependent of the molecular weight of the polymer within
the range covered, as the data for all linear and branched
samples fall on the same line; (iii) 7’ is also independent of
the geometrical structure of the polymer; (iv) the time-
temperature superposition can be applied at high frequen-
cies, in spite of large changes in solvent viscosity with tem-
perature. This indicates that the relative viscosity at high
frequency, n’«/ns, does not depend on the solvent viscosity
for the Aroclor solvents. A measurement made on a solu-
tion of a linear sample in Aroclor 1248 falls on the same
line as the star samples.

The intrinsic viscosity at high frequency, [']«, as ob-
tained from the slope of the line in Figure 5, is 14.3 ml/g, a
value already reported in 1.
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Figure 5. Plot of log (7'=/ns) against concentration for all polysty-
rene samples investigated. (O) Linear samples, where the pips in-
dicate different molecular weights: no pip, 2.67 X 105 up, 8.2 X
10%; right, 5.1 X 10% down, 1.98 X 10% and left, 8.6 X 10 The
small circle represents an experiment with Aroclor 1248 (ns = 2.57
P at 25°) as solvent:; (0) sample LS-13; (v) sample M5E; (¢) sam-
ple KI-2.

Discussion

Low-Frequency Behavior. The infinite dilution visco-
elastic properties at low frequencies of the samples investi-
gated here have been studied previously®10.11 with the aid
of the Birnboim-Schrag multiple lumped resonator. Al-
though the present data are not accurate enough to allow
an extrapolation to infinite dilution, in general the form of
the frequency dependence is similar. From the steady flow
viscosity n and the steady-state compliance, as given in
Table I, another important quantity may be derived, char-
acterizing the linear viscoelastic behavior at low frequen-

cies
n )2J 0 CRT( n )Zjo
—l = = . 1
(n = ng/ °R M \n-ng) "¢ w

where R is the gas constant and J¢g° is called the reduced
steady-state compliance. In the limit of zero concentration

;0 ; Ui S 2
j = lim <————> J = S5,/8,° (2)
eR ol n - ns eR 2 1
where j.r? is the intrinsic reduced steady-state compliance.
According to the Zimm-Kilb!? theory for star polymers
with f arms the quantities S; and S, are defined by

ANp =1 Wy

S;= (-1 2 (7,/7) + 2 (7,/7) (B
p=2

p=1
odd even
i=1, 2

where 7, are the individual relaxation times and 7, the lon-
gest one; Ny is the number of subchains per arm. (Note
that in ref 6, eq 6 and 7, the ranges of the summations are
incorrectly designated.)

Values of [n/(n — ns)]2J.r% obtained according to eq 1,
are given in Table I. They are slightly higher than the
values of J.r" obtained by Mitsuda®1%1! from infinite dilu-
tion data. The difference may be attributed to the higher
concentrations and the greater solvent power in the present
investigation. Both tend to increase!® the value of [n/(n —
ns)|2Jr%. With increasing branching, j.r° is predicted to
decrease rapidly and this behavior has been confirmed ex-
perimentally.!* The present data on [n/(n — 7,)]2J.r® for
the 4- and 9-arm stars in Table I show the same trend.

High-Frequency Behavior. The data at high frequen-
cies are consistent with the expectation that short-range in-
ternal dynamics of the polymer chains are involved. The
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observed concentration dependence of 7’ is expected if the
viscosity increment due to one element corresponds to a
constant relative amount, independent of the length or the
type of branching of the whole chain.

Considerable theoretical work has been done recently to
seek the origins of this high-frequency behavior. Probably
the most likely sources, all of which are ignored in the
Rouse-Zimm treatment of chain dynamics, are: (i) fre-
quency-dependent hydrodynamic interaction which cannot
be replaced by its equilibrium average; (ii) excluded vol-
ume effects; (ii1) the effect of chain stiffness on extensibil-
ity (real chains with constant bond lengths and bond angles
_are not satisfactorily approximated by an infinitely exten-
sible ideally flexible subchain model); (iv) the influence of
chain structure characterized by internal viscosity, which
accounts for an additional energy loss not included in the
subchain model.

In connection with (iii), various theories like those of
Kirkwood and Auer'® and of Cerf and Scheraga'®!? which
are based on stiff rodlike models provide an infinite fre-
quency dynamic viscosity higher than that of the solvent.
The study of Warner!® on finitely extensible dumbbells
shows that the incorporation of non-Hookean springs in
these models results in the appearance of an infinite-fre-
quency contribution to the dynamic viscosity. According to
Bird et al.!® and Hassager?® the latter is a characteristic
feature of approximating a macromolecule by a bead-rod
type model as opposed to a Rouse-Zimm type bead-spring
model.

Fixman and Kovac,2! Nakajima et al.,?2 and Edwards
and Freed?? studied the effects of the introduction of con-
straints of constant bond lengths and constant bond angles
in model theories. They show in general that the intrinsic
viscosity at high frequency must be independent of the mo-
lecular weight of the polymer. This agrees with our experi-
mental observations. The elaborate work of Fixman and
Kovac?! on a freely jointed linear bead-rod model predicts
frequency dependence of the moduli G’ and G” which
agrees fairly well with the general behavior observed on lin-
ear samples.23 However, a comparison of some of their pre-
liminary results with data on an appropriate sample of lin-
ear polystyrene shows that their treatment still slightly un-
derestimates the infinite-frequency viscosity. Probably this
can be improved if a model incorporating constraints on
bond angles as well as on bond lengths is treated. This has
already been shown by Hassager?® for the relatively simple
case of three beads connected by two rigid rods.

In I it was shown that the experimental data on the lin-
ear samples could be fitted by the Thurston-Peterlin for-
mulation?4 of the Peterlin theory?® which incorporates in-
ternal viscosity into the Rouse-Zimm theory. In view of
this, an attempt was made to modify the Peterlin theory in
order to make it applicable to star polymers. BazGa and
Williams28 recently modified the Peterlin theory; however,
especially for small amplitude oscillatory flow, the differ-
ences between the treatments are surprisingly minor, so we
may safely use the original Peterlin formulation. In essen-
tially the same way as was done by Peterlin with the
Rouse-Zimm theory, the Zimm-Kilb theory for star poly-
mers!2 may be modified to include the effect of internal
viscosity. This results in the following relations (eq 4 and 5)
for the storage and loss moduli for solutions of star poly-
mers with f arms and Ny, submolecules per arm, where 7, is
the pth relaxation time given by eq 6. Here f; is the friction
coefficient of a bead and x = 3kT/b2 i.e., the spring con-
stant (b2 being the mean square end-to-end distance of the
subchain). The quantity A, is the pth eigenvalue of the
H-A matrix defined in the Zimm-Kilb paper. In eq 4 and 5,

Macromolecules

G’ = (cRT/3)w® x

( Wy =1 _

i 7,0 {

£ (4)
1+ (w1l + B)“\
even

G - wn, =

( N -1

(cRT/mw}(f— > -2
=1
| odd

INp

p; 1+ (w7)X1 + B \
even /

T, = fo/26%, (6)

B,, describes the influenc of internal viscosity (eq 7),

B, = UP% <2§,b> p = odd

O -—
= Vbﬁ <—[f——2—\—:1£> b = even
where the eigenvalues v, are the ratios of A, to a set of ei-
genvalues up and are unity for the free-draining case; ¢ is
an internal viscosity parameter. Following Thurston and
Peterlin,?* the u, may to a first approximation be put
equal to the A, of the free-draining molecule: A\, (0). Under
this condition

(n

v, = A0%) /2,(0) (8)

where h* is the reduced hydrodynamic interaction parame-
ter (= h/N'Y2, where h is the hydrodynamic interaction pa-
rameter of the Zimm-Kilb theory and N = fN}, the total
number of subchains in the whole star molecule). The ratio
¢/fo may be treated as a characteristic parameter of the
polymer molecule. It is zero in the case of the absence of in-
ternal viscosity and increases as the latter increases.

Considering the nature of the normal modes in a star-
shaped molecule, one intuitively arrives at the conclusion
that the internal viscosity factors Bp should be weighted
differently for even and odd normal modes. According to
the Zimm-Kilb theory, for even normal modes the motions
of all branches of the molecule are coupled, while for odd
normal modes the motions of branches are decoupled. This
explains why odd normal modes give a (f — 1) times degen-
erate contribution to G’ and G”. In the case of f = 2, a lin-
ear molecule, the above equations become identical with
those of the original Peterlin theory. At high frequencies
the form of the equation for G” becomes similar to that for
a linear molecule, indicating that the specific differences
between the behavior of branched and linear polymers van-
ish at those frequencies.

The data on the 4-arm star and the 9-arm star (except on
the solution with the crossover, Figure 3) were fitted to the
above given equations. The parameters needed to describe
the shape and the spacing of the curves are the finite num-
ber of submolecules per arm Ny, the hydrodynamic inter-
action parameter h*, and the ratio ¢/fo. The choice of Ny,
has to be made primarily on the basis of the assumption
that P/N (the number of monomer units per subchain, P
being the degree of polymerization) should be equal for lin-
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Table 11
Revised? Parameters at Low and High Frequency, Reduced to 25°, for Linear Polystyrenes in Aroclor 1254
Sample

2a Ta S102 8102 8108 S108 5108 S108 ga’
M, x 107 19.8 51 82 82 2617 267 267 267 860
¢ x 102, g/ml 7.57 7.56 5.09 7.57 1.53 2.74 3.83 5.54 1.52
n, P 358 660 455 980 270 440 700 1410 19.8
log J,° ~5.96 —5.19 4.8 —4.62 -3.97 —4.15 —4.06 —4.11 -3.19
n'e, P 200 218 146 218 88.6 102 120 163.5 3.28
h* 0.22 0.20 0.21 0.20 0.19 0.15 0.12 0.08 0.09
P/N 15.8 15.8 15.8 15.8 15.8 15.8 15.8 15.8 15.8
/1y 5.0 3.0 2.6 2.0 2.4 2.0 1.8 1.7 2.0
log 7, -3.06 -2.08 -1.87 -1.54 -1.28 -1.10 —0.85 ~0.65 ~0.54
log (M,,/M,) -0.22 0.02 0.07 0.16 0.05 0.11 0.20 0.21 0.18
log G’ 5.46 5.44 5.29 5.42 4.80 5.02 5.12 5.28 4.71
log (G'./rs) 6.60 6.58 6.60 6.56 6.64 6.60 6.56 6.56 6.65

@ Results in Aroclor 1248 (ns = 2.57 P at 25°).

ear and star-shaped polystyrenes. In paper I the compari-
sons of theoretical predictions and experimental data were
made on the basis of computations with approximate ei-
genvalues.?” More recently Thurston and Morrison?® and
Lodge and Wu?? have shown that the use of exact eigenval-
ues leads to appreciably different values for N, h*, and pos-
sibly also for ¢/fo. A value of P/N = 15.8 was chosen so as
to agree with recent data on oscillatory flow birefringence3°
which were fitted to the Peterlin theory using exact eigen-
values. The parameters needed for fitting the star data
with the aid of exact eigenvalues® are given in Table L.

In order to compare the present results with the linear
samples the measurements reported in paper I° were refit-
ted to the Peterlin theory using exact eigenvalues. The pa-
rameters used are given in Table II. A comparison of these
data with the former ones in Table I of paper I shows that
more realistic values of h* are obtained; h* approaches a
value of 0.21 at low concentrations and low molecular
weights, a value close to but lower than the nondraining
limit of 0.25. This is in contrast with rather unrealistic
values of h* of 0.30 and 0.40 needed to fit the data with
inexact eigenvalues. Curiously, rather high values of ¢/fo
are obtained for the low molecular weight samples, the sig-
nificance of which is still unknown.

The curves drawn from eq 4 and 5 fit the data over the
whole frequency range, as shown in Figures 1 and 2. The
values of ¢/fo are somewhat smaller than those obtained
for the highest molecular weight linear samples. The calcu-
lated magnitudes of G’ and G” have been adjusted slightly
as indicated by the position of the crosses in Figures 1 and
2, whose ordinates correspond to G+ = ¢cRT/M in the theo-
ry. The experimental value of G4 corresponds to a molecu-
lar weight M. which is slightly higher than the actual mo-
lecular weight, as found also for linear polymers. However,
this is simply a concentration effect, and as the concentra-
tion decreases M./M,, goes to unity as seen in Tables I and
IL. The position of the curves along the frequency scale is
determined by the magnitudes of the relaxation times in
the solvent used. In particular the longest relaxation time
71 may be obtained from matching the theoretical and ex-
perimental curves along the frequency axis. Its values are
given in Tables I and 11 also.

As one can deduce from Figures 1 and 2, the Peterlin
theory provides us with a means of extrapolation to obtain
limiting high-frequency values of G’. The values of G’.. ob-
tained in this way are given in Tables I and II. The ratio of
G’«/vy, where vg is the volume fraction of the polymer, ap-

pears to be nearly constant for the linear as well as for the
star-shaped polystyrene samples: log (G’./v2) = 6.6 = 0.1.
No significant influence of concentration or branching on
this quantity can be observed. Although G’. cannot be
measured directly because of relatively large errors encoun-
tered with the present technique if G’ < 0.1 X G”, in prin-
ciple G’» can also be derived from an integration of G”
dataZ by means of the equation

G, = % wn' = )d ln w (9)
where n” = G”/w is the real part of the dynamic viscosity of
the solution. In practice, very high precision is required for
7’ in the vicinity of n’. in order to evaluate the integral. Ac-
tually, only for the data shown in Figure 1 did this method
appear to be sufficiently accurate. A planimetric integra-
tion of the appropriate graph provided log G’.. = 4.98 +
0.10, which agrees with the result from the Peterlin theory.
It should be stated, however, that G’ is the only quantity
in the Peterlin theory which depends on the number of mo-
nomer units per subchain P/N. For a slightly different
choice of P/N one can obtain theoretical curves which fit
the data as well by small changes in the values of h* and
¢/fo. The value of G’ is a direct function of the value of
P/N, which in terms of the Peterlin theory plays the role of
an adjustable parameter. This may explain differences in
G’ as obtained by different methods.

Some direct measurements of ('~ by Plazek et al3! by
analysis of creep data on a 1.25% solution of linear polysty-
rene 6a in tricresyl phosphate showed a value of log G’ =
4.56 compared with a value of 4.71 shown in Table II for a
solution of the same polymer in Aroclor 1248 with about
the same concentration. This agreement is satisfactory con-
sidering the fact that different solvents were used in both
investigations.
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Sequence Distribution-Glass Transition Effects in
Copolymers of Vinyl Chloride and Vinylidene Chloride

with Methyl Acrylate
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ABSTRACT: The conformational entropies of copolymer chains are calculated through utilization of semiempirical
potential energy functions and adoption of the rotational isomeric state model of polymers. It is assumed that the
glass transition temperature, Tgp, is inversely related to the intramolecular, equilibrium flexibility of a copolymer
chain as manifested by its conformational entropy. If, for example, the conformational entropy of a 50:50 copoly-
mer of A and B monomer units is larger (smaller) than half the sum of the entropies of the two homopolymer chains
(poly-A and poly-B), then the copolymer Ty should be lower (higher) than that predicted by bulk additive rela-
tions such as the Fox equation. This approach is applied to the vinyl copolymers of vinyl chloride and vinylidene
chloride with methyl acrylate, where the stereoregularity of each copolymer is explicitly considered, and correctly
predicts the observed deviations from the Fox relation when they occur. It therefore appears that the sequence dis-
tribution-T', effects observed in many copolymers may have an intramolecular origin in the form of specific molec-
ular interactions between adjacent monomer units, which can be characterized by estimating the resultant confor-

mational entropy.

It has recently been suggested! that the frequently ob-
served?? sequence distribution dependent deviations of
the glass transition temperatures Tgp of copolymers away
from the values predicted by simple bulk additive rela-
tions, such as the Fox equation® [1/Typ = (Wa/Tea) +
{(Wg/Typ), where Wa and Wy and Tga and Tgp are the
weight fractions of the comonomer units A and B and the
glass transition temperatures of their homopolymers, re-
spectively], may have their origins in specific intrachain in-
teractions. The conformational entropy was calculated and
employed as a measure of the equilibrium flexibility of a
copolymer chain, and an inverse relation between Ty, and
copolymer flexibility was assumed. If, for example, the con-
formational entropy of a 50:50 copolymer of A and B mono-
mer units is larger (smaller) than half the sum of the en-
tropies of the two homopolymer chains (poly-A and poly-
B), then the copolymer Ty is expected to be lower (higher)
than that predicted by bulk additive relations such as the
Fox equation.

This approach was applied! to the copolymers of styrene
and a-methylstyrene with acrylonitrile and was successful
in predicting the sequence distribution dependent devia-
tions from the Fox equation observed?47 for these two co-
polymers. In the present work we extend the previously
proposed! correlation of conformational entropy with Ty,

to the copolymers of vinyl chloride (VC) and vinylidene
chloride (VDC) with methyl acrylate (MA).

Calculation of Homo- and Copolymer Chain Entropies

Adoption of the rotational isomeric state (RIS) model® of
polymer chains permits the utilization of matrix multipli-
cation methods!® to evaluate the conformational entropy!!
S of a polymer chain of n bonds

RT { dz
= J* :l;I:U‘ J (2)
4
1
1
J* = [100...0[(1 x v);J = | 1{lv x1) (3
1

where the v X v (v rotational states assumed about each
backbone bond) statistical weight matrix for bond i



