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ABSTRACT: A molecular theory is developed to predict the linear viscoelastic properties of binary mixtures
of compatible polymers, using the concept of the tube model of Doi and Edwards. In the development of
the theory, it is assumed that each primitive chain reptates in a respective tube but that molecular interactions
between the two chemically dissimilar primitive chains take place under the influence of an external potential.
The external potential is assumed to be dependent upon the interaction parameter of the constituent components.
In predicting the linear viscoelastic behavior of compatible polymer mixtures, a 3.4-power blending law is
used for the relaxation modulus of the blend, G(¢) = [w;G(£)}/34 + w,G4(t)/34]34, where w; and w, are the
weight fractions and G, and G, are the relaxation moduli of the constituent components. Expressions are
derived for zero-shear viscosity, ng,, and steady-state compliance, J,;°, of the mixtures. The present theory
predicts the following: (1) When the viscosity ratio ng;/7; of the constitutive components is much greater
than 1, the log ng, versus blend composition curves show negative deviations from linearity for x < 0 and
positive deviations for x ~ 0. (2) When the ng, /7, ratio is close to 1, the value of log 79, has a minimum at
a certain blend composition for x < 0. (3) The value of J,,° depends on both the viscosity ratio 5q;/702 and
the plateau modulus ratio Gy,%/ Gy of the constituent components, and the value of J,,° may have a maximum
at a certain blend composition only over certain ranges of ng,/np; and Gn;°/Gno®. The predicted behavior
of log ngy, versus blend composition is found to be in agreement with experimental data for blends of poly(methyl
methacrylate) (PMMA) and poly(vinylidene fluoride) (PVDF) and blends of PMMA and poly(styrene-co-
acrylonitrile) (PSAN). Also derived are expressions for the dynamic storage and loss moduli, Gy/{w) and G}, {(w),
for binary mixtures of compatible polymers. The theoretically predicted behavior of logarithmic plots of Gy’
versus G,” for various blend compositions is found to be in agreement with experimental data for the

PMMA/PVDF blend system.

1. Introduction

Broadly classified, there are two types of polymer blends:
heterogeneous (i.e., immiscible or incompatible) blends and
homogeneous (i.e., miscible or compatible) blends. Due
to their two-phase or multiphase nature, in general the
viscoelastic behavior of heterogeneous polymer blends is
not amenable to molecular theories, and therefore the
subject has been approached from a phenomenological
point of view. During the past 2 decades, numerous ex-
perimental studies have been reported on the viscoelastic
behavior of heterogeneous polymer blends in the molten
state. For a summary of the subject, the readers are re-
ferred to a recent monograph by Han.!

Dating back to the 1960s, numerous investigators®!!
have reported on the viscoelastic behavior of binary blends
of monodisperse homopolymers having identical chemical
structure. Apparently, such effort was motivated by the
desire to help understand the effect of polydispersity on
the viscoelastic behavior of polymer systems. Some in-
vestigators®® developed empirical or semiempirical for-
mulas to correlate, while others”™!! took theoretical ap-
proaches to predict, with varying degrees of success, the
linear viscoelastic properties, namely, zero-shear viscosity
and/or steady-state compliance of binary blends. It should
be mentioned that in these efforts the chemical structure
of the constituent components of the blend was identical,
and thus the question of the extent of compatibility be-
tween the constituent components was not addressed.

On the other hand, when analyzing the viscoelastic data
of polymer blends with dissimilar chemical structure, one
must ask whether or not the blends under consideration
are compatible. Strangely enough, there are relatively few
experimental studies reported on the viscoelastic behavior
of compatible polymer blends in the molten state.}?6 One
of the reasons for this may be due to the fact that there
are only a few compatible polymer blend systems that have
enjoyed commercial success, although in recent years an
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increasingly large number of compatible polymer systems
have been reported.!”!8

In 1972, Prest and Porter!? reported on both the steady
and oscillatory shearing flow properties of compatible
blends of polystyrene (PS) and poly(2,6-dimethyl-1,4-
phenylene oxide) (PPO) in the molten state. However,
apparently due to the highly viscous nature of PPO and
the thermal instability of both components, their mea-
surements were limited to blend compositions containing
50 wt % and less of PPO. Therefore, it is not possible for
one to determine the complete composition dependence
of the viscoelastic properties of the blend system. Note
that the compatibility of the PS/PPO blend system has
been investigated extensively by several research
groups.'>% Also, the PS/PPO blend system is one of the
few compatible polymer blend systems that have enjoyed
great commercial success.

In 1984, Chuang and Han®® reported on both the steady
and oscillatory shearing flow properties of blends of
poly(methyl methacrylate) (PMMA) and poly(vinylidene
fluoride) (PVDF) in the molten state at 210, 220, and 230
°C, over the entire range of blend compositions. They
observed that the zero-shear viscosity for the blends, ng,,
has a minimum value at a certain blend composition for
temperatures of 210, 220, and 230 °C, but it increases
monotonically with blend composition at temperatures of
190 and 200 °C, exhibiting negative deviations from lin-
earity.?* Very recently, Wu® also reported negative de-
viations in a log 7, versus blend composition curve for
PMMA/PVDF blends at 200 °C. Several research
groups® 2 have reported that PMMA /PVDF blends are
compatible on the molecular scale.

In 1984, Aoki!* reported on the oscillatory shearing flow
properties of blends of poly(styrene-co-acrylonitrile)
(PSAN) and poly(styrene-co-maleic anhydride) (PSMA)
at temperatures from 140 to 240 °C, over the entire range
of blend compositions. Using the relationship ny = lim, g
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G"(w)/w, we can show that Aoki’s data exhibit negative
deviations from lmeanty in the log ng, versus blend com-
position plots.®! The compatibility of PSAN/PSMA
blends has been reported by several investigators.32-3

More recently, Han and Yang!® reported on both the
steady and oscillatory shearing flow properties of blends
of poly(styrene-co-acrylonitrile) (PSAN) containing 25.3
wt % acrylonitrile and poly(e-caprolactone) (PCL) over the
entire range of blend compositions at several temperatures
and showed that the blend system shows negative devia-
tions in the log g, versus blend composition plot. The
compatability of PSAN/PCL blends has been investigated
by several research groups.?3® Han and Yang® also in-
vestigated both the steady and oscillatory shearing flow
properties of blends of poly(methyl methacrylate)
(PMMA) and poly(styrene-co-acrylonitrile) (PSAN) at
various temperatures over the entire range of blend com-
positions. Their data show that log g, versus blend com-
position curves exhibit positive deviations from linearity.
This observation is quite opposite to that made for the
PMMA/PVDF blends. Very recently, Wu* also reported
positive deviations in the log g, versus blend composition
curve for PMMA /PSAN blends at 180 °C. The compat-
ibility of PMMA /PSAN has been investigated by several
research groups.i-46

To the best of our knowledge, there has been no mo-
lecular theory reported on the prediction of the viscoelastic
behavior of compatible polymer mixtures. In this paper
we will report on our recent development of a molecular
theory for the viscoelasticity of compatible polymer mix-
tures in the molten state.

2. Theory

In this section, using the concept of the tube model of
Doi and Edwards,*” we will develop a molecular theory
which predicts the linear viscoelastic behavior of com-
patible polymer mixtures. For this, we will assume that
two primitive chains with dissimilar chemical structure
interact in an external potential and that the relaxation
modulus Gy(t) of a blend is described by the 3.4-power
blending law. Under these assumptions, we will derive
expressions for the zero-shear viscosity 7y, dynamic storage
and loss moduli Gy'(w) and Gy”(w), and the steady-state
compliance J,,° for binary compatible blends of flexible,
linear monodisperse entangled polymers.

a. Dynamics of the Primitive Chains with Inter-
molecular Interactions. Let us consider two primitive
chains, 1 and 2, representing a mixture of two polymers
1 and 2 with dissimilar chemical structure, which reptate
in respective tubes. Following Graessley,* let us make the
following assumptions: (1) the molecular weight M of each
polymer is larger than the entanglement molecular weight
M,; (2) each polymer is monodisperse; (3) for each chain,
fluctuations in chain density along the tube are negligible;
(4) for each chain, the path length is constant, and changes
in occupation of path steps take place only by movements
of the chain as a whole; thus a step located at position x
along some initial path (0 < x < L) will be occupied at a
later time only if neither chain end has passed through it
during that interval. This will be the case only if the chain
has never moved farther than x in one direction along the
tube or L — x in the other. In addition, we make the
following assumptions: (1) the two tubes, after being
mixed, retain their original diameters, a, and a,, and
number of segments, Z, and Z,; (2) after the mixing, the
motions of the two respective primitive chains are affected
by the presence of other chains, and the interaction be-
tween chains can be represented by an external potential
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Then the dynamics of the primitive chain 1, representing
polymer 1, can be expressed in the form of the Smolu-
chowski equation:

o h D, U
Bt DIT + agl(kBT agl) ! )

where f, describes the probability that a segment of chain
1 starting at the origin at ¢ = 0 will be found at a position
£, at time t later. D, is the curvilinear diffusion constant
of chain 1, kg is the Boltzmann constant, T is the absolute
temperature, and U is an external potential. If we assume
that dU/ 8%, can be expressed in terms of the interaction
parameter x as given below

af U Y _ 20X
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where ¢, is the volume fraction of polymer 2 and a; is the
tube diameter of chain 1, eq 1 may be rewritten as
0 82 2(—x)#sD, 9f;
% - pTh 208D oh 3
ot aEl a 6‘;’1
The boundary conditions for eq 3 are
f1(£1,0) = 8(£1);  frlxyt) = fl(xl—Ll’t) =0 4)

where x, is the position of chain 1 along some initial path
(0 < x; < L;) and L, is the contour length of chain 1. The
solution of eq 3 becomes

prz,\ [ prix, - &)
fl(El,t;xl) = L—l p;sm( le) sin (WLI—II) X

expl[(-x)¢2£1/a,] exp[-p?t/71,] (5)

)]

Z, is the number of segments in primitive chain 1.

The fraction of all steps initially located at x;; which are
still occupied after time ¢, can be obtained by integrating
eq 5, yielding

S0 et ds

2 &1 . (P (=x)$2%,
™ g p*™ ( ) p[ a; ] *
[ 1 - (-1)? exp[-(-x)¢2Z;] ]
exp (7
1 + [(-x)$5Z,/p7)?

Now the fraction of segments in chain 1 at time ¢, which
are still in tube 1 defined at time ¢t = 0 (the original tube),
can be obtained by integrating eq 7, yielding

where

Fy(xy,t)

i — exp(—p‘t/rl,l,)
(8)

1 L
) = T fo 'Fy(xy,t) dx; =

where 7, is defined by eq 6 and H, , is given by
Hl,p =
[1 - (-1)? cosh [(-x)$2Z1]11/[1 + [(-x)¢2Z;/p]?}* (9)

Similarly, the dynamics for chain 2 representing polymer
2 can be expressed as

Fyt) = i 22 exp(-p%t/ma,) (10)



1916 Han and Kim

Ly? (-x)9:1Z5 \*
Top = (WQDQ)/[l + ( b ) ] (11)
Hyp =

[1 - (-1)? cosh [(-x)¢:Z5]1/[1 + [(-x)$:Z,/p7]*]* (12)

L, is the contour length and Z, the number of segments
in chain 2.

Let us assume that the relaxation modulus Gy(t) for a
binary polymer mixture is given by a 3.4-power blending
law

where

Gy(t) = [w,G1()/34 + wyGy(t)1/34)34 (13)

where w; and w, are the weight fractions and G,(t) and
G,(t) are the relaxation moduli for polymers 1 and 2, re-
spectively. Equation 13 can be rewritten in terms of the
functions F(t) and F,(t), defined by eq 8 and 10, respec-
tively, as

Gy(t) = [w[Gni®F ()13 + wo[ GnOF,(1)]1/34134 (14)

where Gy,® and Gy,° are the plateau moduli of polymers
1 and 2, respectively. From eq 8, 10, and 14 we have

1/3.4

4 e Hyp 2
Gp(t) = —| wi| G 21 '—2 exp(-p“t /1) +
7r =

- H, 1/3.4 734
wz[GmOZ —p—eXp(—pzt/Tz,p)] ] (15)

b. Zero-Shear Viscosity 7y, for Compatible Polymer
Blends. We can now calculate the zero-shear viscosity 7,
for a binary blend from

nop = f Gy(t) dt =

. H 1734734
—f [Zw,[GNiO 2 —‘L;ﬁ eXp(“Pzt/Ti,p)] ] dt
p=1 p

(16)

Because analytical integration of eq 16 is not possible, the
following approximate expression is obtained for 7, (see
Appendix):

=8l s 1
Nob o z' 7701p_l p4

(1 - (1) cosh [(~x)p*Z]) |/ -
(1 + [(~x)$:*Z;/pr]?)?

where ¢* = ¢9 and ¢o* = ¢.

c. Steady-State Compliance J,.,° for Compatible
Polymer Blends. We can calculate the steady-state
compliance J,° from

Jo0= [iGy0 dt/] G &l as)

From eq 15 and 18 we obtain the following approximate
expression for J,° (see Appendix):

576 2 o1
monoy? | i=1 GN p=1 p°

(-1)° h *Z, 1/3.4734
)% cosh [(—x): ])] ] )

(1 + [(=x)¢:*Z;/pm}H*
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It can be shown that for x = 0 eq 19 reduces to

J.0 = 6 1 | (1-whrn2/re)* + w, - (20)
5 G| [(1 = wy)r /34 + wy)?

where
ry = mo/mo2 e = G’/ Gne’ (21)

Note that for binary compatible blends in general, the
plateau moduli of the constituent components, Gy, and
Gno’, have different values. However, for binary blends
with identical chemical structure, we have r = 1/r,1/34 =
M,/ M,, where M, and M, are the molecular weights of the
constituent components and G\° = Gy;® = Gnyl; thus eq
20 reduces to

1-wy + rfw, I
e e @22
5 GN (1 — Wy + er)z

d. Dynamic Moduli G,/(«) and G (w) for Com-
patible Polymer Blends. With the aid of eq 15, ap-
proximate expressions for the dynamic storage modulus
Gy'(w) and dynamic loss modulus G, (w) are obtained as
follows (see Appendix):

s H,p (wr;p/P?? T1/34734
Gb’(w) = __2 Z GNL ——_-_2—2
7o) i=t p=1 p 1+ (wTi’p/p )
(23)
Gy’ (w) =
1/3.4 734

2 H; wTip/P?
= Zw| Gnd Z — (24)

72| i=1 p=l p? 1+ (wr;,/p?)?

where 7, and 7, , are defined by eq 6 and 11, respectively,
and H; , and H,, are defined by eq 9 and 12, respectively.
Note that 7, (see eq 17) can be derived from eq 24 and
J0 (see eq 19) from eq 23 and 24 with the aid of the

following relationship:

Gy'(w
Jebo ___ﬁ_ (25)
w—»O [Gy'(w)]?

3. Predictions of Theory

We will now show predictions of the theory developed
above. For this, let us consider blends of PMMA and
PVDF and designate PMMA as component 1 and PVDF
as component 2. To be consistent with the assumptions
made in the theory presented above, let us assume that
both PMMA and PVDF are monodisperse, with molecular
weights M, = 7.92 X 10* and M, = 1.45 X 105 It should
be mentioned that these values represent the weight-av-
erage molecular weights (M,,) of the polydisperse PMMA
and PVDF used in the viscosity measurements reported
by Chuang and Han.!® Using the plateau modulus Gy;°
= 6.0 X 10° Pa for PMMA and Gy.? = 4.5 X 10° Pa for
PVDF as determined in our laboratory,*® we calculated the
number of segments to be Z; = 13.8 for PMMA and Z, =
12.2 for PVDF, using the expression?

5 M;
Zi— 4 Mei

where M; (i = 1, 2) are the molecular weights and M,; (i
= 1, 2) are the entanglement molecular weights of the
constituent components. The entanglement molecular
weight is determined to be M,; = 7.1 X 103 for PMMA and
M, = 1.5 X 10* for PVDF, using the expression M,; =

(26)
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Figure 1. Theoretically predicted dependence of log g, on blend
composition for the PMMA /PVDF blends at various tempera-
tures. Curve 1 at 200 °C; curve 2 at 220 °C; and curve 3 at 230
°C. Here, the solid curve was obtained with x = —0.3 and the
broken curve with x = —0.5. Symbols for the data points are as
follows: (®) T = 200 °C and n(PMMA)/7(PVDF) = 4.66; (&)
T = 220 °C and no(PMMA)/9o(PVDF) = 1.87; (@) T = 230 °C
and no(PMMA)/7o(PVDF) = 1.10.

pRT/Gy® (i = 1, 2), where p is the density, R is the
universal gas constant, and T is the absolute temperature.
Negative values of the interaction parameter x for
PMMA /PVDF mixtures are reported in the literature.25
Using the values of Z; and Z, estimated above and the
values of —x = 0.3 and 0.5, respectively, we have calculated
nop for the PMMA /PVDF blends at different temperatures
using eq 17, and the results are given in Figure 1. It can
be seen in Figure 1 that the theory predicts the essential
features of the experimental results, namely, log 7, has
a minimum value at a certain blend composition at 230
°C and shows negative deviations from linearity at 200 °C.
Note that the theoretical predictions in Figure 1 are based
on the assumption that both PMMA and PVDF are
monodisperse, while they are actually polydisperse, and
that a constant value of x was assumed over the range of
temperature considered. For blends exhibiting an LCST,
it is expected that the value of —x will increase with de-
creasing temperature. At present, there is no experimental
data available that describe the dependence of x on tem-
perature for the PMMA/PVDF blend system. It is
gratifying to observe in Figure 1 that at 230 °C log ng, has
a minimum value at a certain blend composition when the
viscosity ratio, 7o (PMMA)/7y(PVDF), is close to 1 and
that at 200 °C it increases monotonically with increasing
weight fraction of PMMA, exhibiting negative deviations,
as the value of 7g;/ngy becomes much greater than 1.
Figure 2 shows theoretical predictions of log 7q, versus
blend composition curves for the PMMA/PSAN blend
system, obtained by using the value of —x = 0.01 reported
by Schmitt and co-workers.5! In the theoretical predictions
the following numerical values were used for the various
molecular parameters:*® (1) M; = 1.05 X 10° for PMMA
and M, = 1.50 X 105 for PSAN; (2) Z, = 18.8 for PMMA
and Z, = 10.3 for PSAN; and (3) G\;® = 6.0 X 10° Pa for
PMMA and Gyo? = 2.28 X 10° Pa for PSAN. It is of
interest to observe in Figure 2 that the theory predicts
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Figure 2. Theoretically predicted dependence of log ng, on blend
composition for the PMMA /PSAN blends at various tempera-
tures. Curve 1 at 200.°C and curve 2 at 210 °C. Here, x = -0.01
was used in the computation. Symbols for the data points are
as follows: (®) T = 200 °C and no(PMMA)/no(PSAN) = 6.15;
(&) T = 210 °C and no(PMMA)/7o(PSAN) = 5.5.

positive deviations from linearity in the log »y, versus blend
composition plot.

It can then be concluded that the shape of log 7g, versus
blend composition curves depends very much on the values
of the interaction parameter x between the constituent
components in a given blend system, i.e., the larger the
value of —x, the greater the extent of negative deviations
in the log 5, versus blend composition plots. Specifically,
the negative deviations observed in the log 7q, versus blend
composition curves for the PMMA /PVDF blends are at-
tributed to the rather large negative values of the inter-
action parameter x between the PMMA and PVDF. The
positive deviations observed in the log g, versus blend
composition curves for the PMMA /PSAN blends are at-
tributable to the nearly zero value of x between the PMMA
and PSAN.

Han and co-workers31852-% haye shown that logarithmic
plots of G’ versus G are very useful in investigations of
linear viscoelastic properties of flexible linear homo-
polymers and their blends. It has been found that log G’
versus log G’ plots are virtually independent of temper-
ature and molecular weight for monodisperse polymers and
that the slope of log G’ versus log G” plots decreases from
2 in the terminal region to a lower value in the linear
region. In their recent paper, Chuang and Han!? have
presented log G’ versus log G” plots for PMMA /PVDF
blends, as reproduced in Figure 3. It can be seen in Figure
3 that for a fixed value of G” values of G’ of the blends
lie between those of the constituent components. Figure
4 gives theoretically predicted plots of dynamic storage
modulus Gy’ versus dynamic loss modulus G, on loga-
rithmic coordinates for the PMMA /PVDF blends. Note
that the plots were obtained by using eq 23 and 24 and
the same numerical values of the parameters used to
generate the results given in Figure 1. A comparison be-
tween Figure 3 and Figure 4 indicates that at fixed values
of Gy the values of G,/ are smaller than those measured
experimentally; however, the dependencies predicted for
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Figure 3. log Gy’ versus log Gy for bmary blends of PMMA and
PVDF at 230 °C 13 (o) PVDF (@) PMMA; (A) PVDF/PMMA
= 80/20; (@) PVDF/PMMA = 60/40; (v) PVDF/PMMA =
40/60; (©) PVDF/PMMA = 20/80.
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Figure 4. Theoretically predicted log Gy’ versus log G,” plots
for PMMA /PVDF blends at 230 °C: (1) PMMA; (2) PMMA/
PVDF = 80/20; (3) PMMA/PVDF = 60/40; (4) PMMA/PVDF
= 20/80; (5) PVDF. Here, x = ~0.3 was used in the computation.
The broken curves (---) were obtained by using eq 28 for poly-
disperse PMMA and PVDF. Symbols for the data points are as
follows: (@) PVDF; (@) PMMA.

log G}’ versus log Gy” plots on blend composition are
consistent with those observed experimentally.

Note, however, that eq 23 and 24 were derived under
the assumption that the constituent components are
monodisperse. Earlier, Han and Jhon® predicted that for
monodisperse linear entangled homopolymers log G’ versus
log G” plots in the terminal region can be described by the
expression®’

log G'= 2 log G + log (6/5GY°) 27

Very recently, we developed a theory,? which predicts the
effect of polydispersity on log Gy’ versus log G plots for
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Flgure 5. Theoretically predicted dependence of log (Jg%/

Jepmma®) on blend composition for the PMMA /PVDF blends:

curve 1 for ng;/ng = 1.11 and x = 0; curve 2 for ng;/nge = 4.66

and x = 0; curve 3 for ng/nee = 1.11 and x = —0.3; curve 4 for

1701/1102 = 4.66 and x = -0.3; curve 5 for ng;/ng = 1.11 and X =
5; and curve 6 for 1701/1102 = 4,66 and x = -0.5.

linear entangled homopolymers in the terminal region as
follows:

2 log Gy + log (6/5G\°) + 3.4 log (M,/M,)
(28)

where M, and M,, are z-average and weight-average mo-
lecular weights, respectively. According to eq 28, the values
of Gy’ for a polydisperse homopolymer will be shifted
upward by the amount 3.4 log (M,/M,,) above the values
of G’ for monodlsperse polymers; thus the shift will be
greater with increasing polydispersity, M,/M,. Now, if we
include the effect of polydispersities of the PMMA (M,
= 7.92 X 10* and M, = 3.66 X 10%) and PVDF (M, = 1.45
X 10° and M, = 6.30 X 10%) in the log Gy’ versus log G},”
plots with an assumption of log normal distribution
function, the theoretical predictions of log Gy’ versus log
Gy plots become reasonably close to the experimental
resuits, as shown in Figure 4.

It should be noted that the slope of the log G’ versus
log Gy plots for PMMA and PVDF in Figure 4 is equal
to 2, since eq 28 is valid in the terminal region (i.e., as Gy”
— 0). However, outside the terminal region the slope of
log Gy’ versus log Gy,” plots decreases from 2 with in-
creasing polydispersity.”® Since the polydispersity of
PVDF is 2.31, whereas the polydispersity of PMMA is 2.16,
the slope of log Gy’ versus log Gy’ plots for the PVDF
should be smaller than that for the PMMA. This now
explains why in Figure 3 the slope of the experimentally
determined log G’ versus log G plots for pure PVDF is
smaller than that for pure PMMA.

4. Discussion

It is a well-established fact™!1:%° that the steady-state
compliance J,,° for binary polymer blends with identical
chemical structure has a maximum value at a certain blend
composition. This can be seen through eq 22, where J;°
has a maximum value at the composition

(wo)e =1/(1 + 1) (29)

log Gy =

where r is the ratio of the component molecular weights,
M,/M,.

Figure 5 gives plots of log (Ju°/J.pmma® versus blend
composition for the PMMA /PVDF blends, where J papma®
is the steady-state compliance of the PMMA. Note that
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the curves in Figure 5 were obtained by using eq 19. It
can be seen in Figure 5 that there is no maximum in o/;°
over the entire blend composition at 200 and 230 °C for
negative values of x, but a slight maximum in J,,% appears
at a weight fraction of PMMA of about 0.1 at 200 °C for
x = 0. Note that for the PMMA/PVDF blend system
under consideration Gy,*(PMMA) = 6.0 X 10° Pa, Gy,’-
(PVDF) = 4.5 X 10° Pa, and 7(PMMA)/54,(PVDF) =
1.11 at 230 °C and 4.66 at 200 °C. Equation 19 indicates
that the values of J,.° depend on both the 74, /74, and
Gn:i®/ Gno® ratios.

Since it is not easy to obtain an analytical expression
from eq 19 for the composition at which the value of J,;°
is a maximum, let us consider, for the purpose of illus-
tration, a situation where x = 0 in eq 19. It can be shown
from eq 20 that J,,0 has a maximum value at the compo-
sition

P84 4 (1,2 /pg)V/34(p 134 — 9)

(wg), = [(r2/rg)/34 = 1](r,1/34 = 1) (30)

It can be seen from eq 30 that J,,° has a maximum value
only over a limited range of r, and rq. Specifically, eq 30
indicates that as r, — 1, (wy), — =, which is physically not
possible. However, if rg =~ 1 (i.e., Gy® = Gl and J,,° =
J.o"), eq 30 reduces to

(wZ)c

1
T4 (1/r,)1/

indicating that J,.,° always has a maximum value at the
composition (w,), defined by eq 31. Note that for com-
patible polymer blends with dissimilar chemical structure,
/34 = (n9;/7109)Y/34 cannot be equated to 1/r = M,/ M,,
since ng; = KiM34, 75 = K,M,34, and K is not equal to
K,. Only when K; = K, (i.e., for binary blends with
identical chemical structure) does r,'/%* = 1/r, and con-
sequently eq 31 reduces to eq 29. Therefore, it can be
concluded that both r¢ and r, play an important role in
determining the blend composition at which the value of
Jo? is a maximum.

Note that for binary blends of monodisperse homo-
polymers with identical chemical structure log 7, varies
monotonically with blend composition, exhibiting positive
deviations from linearity.®® Note that when a blend con-
sists of two components with identical chemical structure,
the weight-average molecular weight M, of the blend can
be given by

(31)

Mwb = wlel + wZMWZ (32)

where w; and w, are the weight fractions of components
1 and 2, respectively, and M, and M, are weight-average
molecular weights of components 1 and 2, respectively.
Thus, when the zero-shear viscosities, 79, and 7, of the
constituent components follow the 3.4-power law with
respect to M,,; (i = 1, 2), i.e., ny; = M4, the zero-shear
viscosity of the blend, ng,, can be expressed as

fob = [wimer/3* + wangpl/34]34 (33)

It is clear from eq 33 that in no way can log ng, exhibit
negative deviations with respect to blend composition. It
should be pointed out that the use of eq 32 is not valid for
blends whose constituent components have dissimilar
chemical structure.

In the theoretical development presented above we have
assumed that the relaxation modulus Gy(t) of a binary
blend follows the 3.4-power blending law. Admittedly, the
choice of this blending law is arbitrary, and therefore other
blending laws can be used. Note that a linear blending
law, for instance, does not correctly predict the trend in
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the dependency of ng, on molecular weight, but the 3.4-
power blending law does. One of the limitations of using
the 3.4-power blending law is that, due to the highly
nonlinear nature of its expression, eq 15 is not amenable
to an analytical solution for ng,. Therefore we obtained
approximate analytical expressions for ng, J°, Gy (w), and
G}/ (w) (see Appendix). The obtainment of approximate
analytical expressions has enabled us to explain under
what circumstances the seemingly strange experimental
observations, such as a minimum in the log 7, versus blend
composition plot, can occur.

At this juncture it should be mentioned that, according
to the experimental data by Masuda et al.,*! the zero-shear
viscosity ny, of PMMA for molecular weights M > 10°
follows the 3.4-power law, which is consistent qualitatively
with the predictions of the tube model by Doi and Ed-
wards.*” However, the steady-state compliance J,.° of
PMMA was found to increase with molecular weight even
when it was as high as 3.4 X 105 This seems to suggest
that the elastic behavior of PMMA for M =~ 3 X 10° is not
consistent with the predictions of the tube model since,
according to the tube model, J.° should become inde-
pendent of molecular weight for M > M,. On the other
hand, it has been found empirically®? that J,% becomes
independent of molecular weight when M > M/, where the
value of M, was found to be 6-7 times that of M,. Ac-
cording to Masuda et al.,®! the value of M, for PMMA
varies from 6.7 X 10% to 1.3 X 10%, depending on its mo-
lecular weight (4.5 X 10* to 3.4 X 10°), and Graessley®?
speculated that the value of M, for PMMA might be
greater than 1.5 X 105, We believe that the tube model
will predict the viscoelastic behavior of PMMA with mo-
lecular weight sufficiently high (say M > 3 X 10%).
Therefore, for the PMMA with M < M/, which is the
situation referred to in Figure 4, we maintain the view that
the reasonable agreement observed between theoretical
predictions and experimental data in the log G’ versus log
G " plots may not necessarily warrant the use of the tube
model approach, at least until experimental values of G’
and G” for monodisperse PMMA having the same mo-
lecular weight as that used in our theoretical investigation
become available.

5. Concluding Remarks

We have presented a molecular theory that predicts the
zero-shear viscosity nqp, steady-state compliance J,.°, dy-
namic storage modulus Gy'(w), and dynamic loss modulus
Gy,"{w) for compatible polymer mixtures having dissimilar
chemical structures. The theory is based on the concept
of the tube model due to Doi and Edwards,*” but never
before, to the best of our knowledge, has the tube model
originally developed for flexible homopolymers been ex-
tended to mixtures of two compatible polymers having
dissimilar chemical structures. We have shown above that
the interaction parameter x plays a central role in deter-
mining the shape of the log 7g, versus blend composition
curve for compatible polymer mixtures. The present
theory explains the physical origin of some of the linear
viscoelastic properties observed experimentally in com-
patible polymer mixtures, namely, negative deviations
from linearity in the log nq, versus blend composition plots
for the PMMA /PVDF blends and positive deviations for
the PMMA /PSAN blends. The present theory correctly
predicts the general dependence of log G’ versus log G
plots on blend composition for compatible polymer mix-
tures.

Although we feel that theoretical approach taken to
determine the viscoelastic properties of compatible poly-
mer mixtures expressed in terms of the interaction pa-
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rameter x is a step in the right direction, the good agree-
ment observed between theory and experiment does not
necessarily warrant the use of the position-independent
potential function (see eq 2). In a future study, we will
employ a position-dependent potential function and will
also include constraint release in the tube model of Doi
and Edwards, in the investigation of the viscoelastic be-
havior of compatible polymer mixtures.

Appendix
When an analytical expression for the relaxation mo-

dulus Gy(t) is known, the zero-shear viscosity ng, can be
determined from

= f, Gult) (AD)

Substitution of eq 15 into eq Al gives
1/3.4

Hy, .
Moy = —f [ [GNIOZ — eXP(’PZt/ﬁp)] +

1/3.4 Y34
wz[ GN2° Z —I—J_ exp(-p%t /7y p) ] ] dt (A2)

where 7, , and 7y, are defined by eq 6 and eq 11, respec-
tively, and H; , and H,, are defined by eq 9 and 12, re-
spectively. Because an ana]ytlcal integration of eq A2 is
not possible, the following approximate expression is ob-
tained:

1/3.4

4 © Ll Hl,p
Nop = ;;E[wl[ j; GNloz_: “T exp(-p?t /7, p) dt +

Now, integration of eq A3 gives eq 17. Note that in the
derivation of eq 17 use is made of the relationships®

1 Ly?

Ly
o1 = ‘1‘2'GN1°‘D—1§ Moz = GNz0 (A4)

When an analytical expression for the relaxation mo-
dulus Gy(t) is known, the steady-state compliance J,;° can
be determined from

o= f G0t at/| f. af (@A)

Substitution of eq 15, with the aid of eq Al, into eq A5
gives

4
JebO =

w? nob

1/3.4
f [wl[GmOZ — exp(—pzt/rlp)] +

1/3.4 734
w2[ Gne Z —_— exp(—pzt/fzp)] ] t dt (A6)

Because analytical integration of eq A6 is not possible, the
following approximate expression is obtained:

1/8.4

o had Hl,p
[wl[ j; GNlopgl -1—3-2— exp(-p%t /)t dt +

H, 1/3.4 34
® hd P
wg[ S, oz — P/t dt] ] (A7)
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Now, integration of eq A7 gives eq 19.

The dynamic storage modulus Gy'(w) can be obtained
from

Gy = “Gy(t) sin wt dt (A8)
and the dynamic loss modulus G, (w) from
G 124 = ®
V(w) = o fo Gy(t) cos wt dt (A9)
Substitution of eq 15 into eq A8 gives
® « H
i Wy GN1 Z j X
0 m

1/34
exp(-p%t /71p) +

Gb’(w) = w

- H,, 1/3.4 Y34
wz[ GNZOZ — exp(—pzt/rz,p)] ] sin wt dt
p?

(A10)
and substitution of eq 15 into eq A9 gives

© -« H
Gy’ (w) = wf iz[wl[cmoz —1p X
o T p=1 p

1/34
exp(-p?t /11,) +

- H, 1/3.473.4
w2[ Gno® Zl _;22 exp(-p¥t /1q,) ] cos wt dt
o=

(Al11)

With the same approximation procedure as that used to
derive the expression for J,,° above, we obtain approxi-
mate expressions, namely, eq 23 for G/ (w) and eq 24 for
Gy (w).

We are well aware of the fact that the approximate
expressions do not satisfy Kramers-Kronig’s relations,5
also referred to as the generallzed susceptibility. The
magnitude of the errors that may arise as a result of usmg
the approximate expressions, in lieu of exact expressions,
was estimated by numerically integrating the exact ex-
pressions. We have found that the errors incurring from
the use of the approximate expressions for ng,, Ju’, Gy'(w),
and Gy”(w) increase as the viscosity ratio of the constituent
components, 7g; /702, and the interaction parameter x in-
crease. Specifically, we have found that for the
PMMA /PVDF blend system considered above the errors
for ng, and J,° are about 12%, and the errors for G}’ (w)
and G,”(w) are about 10% and 8%, respectively, at 200
°C, but the errors become less than 2% at 230 °C.

Registry No. PMMA, 9011-14-7; PVDF, 24937-79-9; PSAN,
9003-54-7.
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ABSTRACT: Mean-square optical anisotropies (I'?) were determined from anisotropic light scattering for
atactic polystyrenes of narrow molecular weight distributions in cyclohexane at 34.5 °C and in carbon
tetrachloride at 25 °C over a wide range of molecular weight, including the oligomer region. No appreciable
differences were observed between the results for (I'?) in the two solvents. A preliminary consideration on
the basis of the rotational isomeric state model for atactic polystyrene showed that (I'?) appreciably depends
on the stereochemical composition. Thus the fractions of racemic dyads /; in the samples were determined
by 1¥C NMR prior to the measurements and were found to be almost the same, ca. 0.59. From an analysis
of the experimental data for (I'?) on the basis of the helical wormlike chain, its model parameters, i.e., the
constant differential-geometrical curvature «, and torsion 7, of the regular helix that its chain contour takes
at the minimum of its potential energy, the stiffness parameter A™!, and the shift factor My, (molecular weight
per unit contour length), were determined for the atactic polystyrene of f, = 0.59 as N1k, = 3.0, A7y = 6.0,
A1=227 A, and My, = 37.1 A-L. Theoretical values of (I'?) calculated with these parameters well reproduced
the data for (I'?) for x- = 5 with x the degree of polymerization of the sample. The values of (I'?) calculated
for the rotational isomeric state model coincided with the experimental results for x < 4 but deviated somewhat
upward for x > 5. i

theoretical basis for calculations of their dilute solution
properties.! However, a more precise polymer model re-
flecting the details of the chain structure is needed to

I. Introduction
As far as the global properties of long flexible polymers
are concerned, the Gaussian chain model provides a good

0024-9297/89/2222-1921$01.50/0 © 1989 American Chemical Society



