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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, Gb(t) = [ w , G , ( ~ ) ' / ~ . ~  + WZGG,(~) ' /~ .~ ]~ .~ ,  where w1 and w2 are the 
weight fractions and G1 and G ,  are the relaxation moduli of the constituent components. Expressions are 
derived for zero-shear viscosity, qob, and steady-state compliance, Jeb0,  of the mixtures. The present theory 
predicts the following: (1) When the viscosity ratio qol/voz of the constitutive components is much greater 
than 1, the log versus blend composition curves show negative deviations from linearity for x < 0 and 
positive deviations for x = 0. (2) When the qol/qoz ratio is close to 1, the value of log 70b has a minimum at 
a certain blend composition for x < 0. (3) The value of J,bo depends on both the viscosity ratio qo1/qo2 and 
the plateau modulus ratio GN:/GN~ of the constituent components, and the value of Jebo may have a maximum 
at a certain blend composition only over certain ranges of qol/qoz and GNf/GNt. The predicted behavior 
of log ?Ob versus blend composition is found to be in agreement with experimental data for blends of poly(methy1 
methacrylate) (PMMA) and poly(viny1idene fluoride) (PVDF) and blends of PMMA and poly(styrene-co- 
acrylonitrile) (PSAN). Also derived are expressions for the dynamic storage and loss moduli, Cb'(w) and G{(w), 
for binary mixtures of compatible polymers. The theoretically predicted behavior of logarithmic plots of Gb/ 
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 (Le., 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, numkrous 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 investigators2-" 
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- 
vestigators24 developed empirical or semiempirical for- 
mulas to correlate, while others'-l' 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 ~ t a t e . ' ~ - ~ ~  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.17J8 

In 1972, Prest and Porter12 reported on both the steady 
and oscillatory shearing flow properties of compatible 
blends of polystyrene (PS) and poly(2,6-dimethyl-l,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 

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 Had3  reported on both the steady 
and oscillatory shearing flow properties of blends of 
poly(methy1 methacrylate) (PMMA) and poly(viny1idene 
fluoride) (PVDF) in the molten state a t  210, 220, and 230 
"C, over the entire range of blend compositions. They 
observed that the zero-shear viscosity for the blends, vob, 
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- 
ear it^.^^ Very recently, WuZ5 also reported negative de- 
viations in a log ?& versus blend composition curve for 
PMMA/PVDF blends a t  200 "C.  Several research 

have reported that PMMA/PVDF blends are 
compatible on the molecular scale. 

In 1984, Aoki14 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 qo = limW4 
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G”(w)/w, we can show that Aoki’s data exhibit negative 
deviations from linearity in the log ?ob versus blend com- 
position plots.31 The compatibility of PSANIPSMA 
blends has been reported by several  investigator^.^^-^* 

More recently, Han and Yang15 reported on both the 
steady and oscillatory shearing flow properties of blends 
of poly(styrene-co-acrylonitrile) (PSAN) containing 25.3 
wt 70 acrylonitrile and poly(t-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 ?Ob versus blend composition plot. The 
compatability of PSAN/PCL blends has been investigated 
by several research Han and Yang3e also in- 
vestigated both the steady and oscillatory shearing flow 
properties of blends of poly(methy1 methacrylate) 
(PMMA) and poly(styrene-co-acrylonitrile) (PSAN) at 
various temperatures over the entire range of blend com- 
positions. Their data show that log ?ob 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, Wua also reported 
positive deviations in the log ?ob versus blend composition 
curve for PMMA/PSAN blends at 180 OC. The compat- 
ibility of PMMA/PSAN has been investigated by several 
research 

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 Gb(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 ?a, dynamic storage 
and loss moduli Gb’(o) and G<’(w), and the steady-state 
compliance J,bo 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 
Me; (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 a t  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 a2, and 
number of segments, Z1 and 2,; (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 
U. 
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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: 

afl - = D1- a2fl + -(- a D1 au -)fl 
at at12 at1 ~ B T  a h  (1) 

where fl describes the probability that a segment of chain 
1 starting a t  the origin a t  t = 0 will be found a t  a position 
t1 a t  time t later. D1 is the curvilinear diffusion constant 
of chain 1, kB is the Boltzmann constant, T i s  the absolute 
temperature, and U is an external potential. If we assume 
that dU/all can be expressed in terms of the interaction 
parameter x as given below 

where 4z is the volume fraction of polymer 2 and al is the 
tube diameter of chain 1, eq 1 may be rewritten as 

(3) 

The boundary conditions for eq 3 are 
fl(S1,O) = w; f l ( X 1 , t )  = f,(x,-L,,t) = 0 (4) 

where x1 is the position of chain 1 along some initial path 
(0 < x1 < Ll) and L1 is the contour length of chain 1. The 
solution of eq 3 becomes 

where 

2, is the number of segments in primitive chain 1. 
The fraction of all steps initially located a t  xl, which are 

etill occupied after time t ,  can be obtained by integrating 
eq 5,  yielding 

. .  
= - 2 - 1  c - sin (7) ex.[ 7 1  (-x)4zx, 

7r p=1 P 

] (7) 
1 - exp[-(-x)4~z~l 

1 + [(-x)4z~1/Prl2 
Now the fraction of segments in chain 1 a t  time t ,  which 
are still in tube 1 defined at time t = 0 (the original tube), 
can be obtained by integrating eq 7, yielding 

(8) 
where T ~ , ~  is defined by eq 6 and is given by 
H1,p = 

[ l  - (-1)P cash [(-~)4zZill/[1 + [ ( - ~ ) 4 2 z i / P r I ~ I ~  (9) 
Similarly, the dynamics for chain 2 representing polymer 

2 can be expressed as 
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where 

H2,p = 
[1 - (-1)' cash [ ( - X ) + ~ Z Z I I / [ ~  + [ ( -x )@~ZZ/PSI~I~  (12) 

L,  is the contour length and Z2 the number of segments 
in chain 2. 

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

Gb(t) = [ ~ l G l ( t ) l / ~ . ~  + ~ z G z ( t ) ' / ~ . ~ ] ~ . ~  (13) 

where w1 and w2 are the weight fractions and Gl(t) and 
G2(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 F2(t), defined by eq 8 and 10, respec- 
tively, as 
Gb(t) = [ W 1 [ G ~ 1 ~ F l ( t ) ] ~ / ~ ' ~  + W ~ [ G N ~ O F ~ ( ~ ) ] ' / ~ ' ~ ] ~ ' *  (14) 

where G N l o  and GNZo are the plateau moduli of polymers 
1 and 2, respectively. From eq 8, 10, and 14 we have 

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

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

where &* = & and &* = &. 

Polymer Blends. 
compliance J e b o  from 

c. Steady-State Compliance J ,bo  for Compatible 
We can calculate the steady-state 

From eq 15 and 18 we obtain the following approximate 
expression for J e b o  (see Appendix): 
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It can be shown that for x = 0 eq 19 reduces to 

Note that for binary compatible blends in general, the 
plateau moduli of the constituent components, GN: and 
GN2, have different values. However, for binary blends 
with identical chemical structure, we have r = l/rv1/3,4 = 
M2/Ml, where M1 and M2 are the molecular weights of the 
constituent components and G N o  = G N l o  = GNZ0; thus eq 
20 reduces to 

3.4 6 1 1 - W2 + r2W2 
J eb = - -[ ] (22) 

5 G N o  (1 - w2 + rw$ 

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

where rl,p and T~~ are defined by eq 6 and 11, respectively, 
and HIP and H2,p are defined by eq 9 and 12, respectively. 

Note that vob (see eq 17) can be derived from eq 24 and 
Jebo (see eq 19) from eq 23 and 24 with the aid of the 
following relationship: 

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 MI = 7.92 X lo4 and M2 = 1.45 X lo5. It  should 
be mentioned that these values represent the weight-av- 
erage molecular weights (A&) of the polydisperse PMMA 
and PVDF used in the viscosity measurements reported 
by Chuang and Han.13 Using the plateau modulus GNlo  
= 6.0 X lo5 Pa for PMMA and GNZ0 = 4.5 X lo5 Pa for 
PVDF as determined in our we calculated the 
number of segments to be Z1 = 13.8 for PMMA and 2 2  = 
12.2 for PVDF, using the e x p r e ~ s i o n ~ ~  

(26) 

where Mi (i = 1, 2) are the molecular weights and M,i (i 
= 1, 2) are the entanglement molecular weights of the 
constituent components. The entanglement molecular 
weight is determined to be Me, = 7.1 x IO3 for PMMA and 
Me2 = 1.5 x lo4 for PVDF, using the expression Me, = 
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Figure 1. Theoretically predicted dependence of log TOb 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: (0) T = 200 "C and qo(PMMA)/qO(PVDF) = 4.66; (A) 
T = 220 O C  and qo(PMMA)/qo(PVDF) = 1.87; (8 )  T = 230 "C 
and qo(PMMA)/qo(PVDF) = 1.10. 

p,RT/GN: ( i  = 1, 2),  where p is the density, R is the 
universal gas constant, and T i s  the absolute temperature. 

Negative values of the interaction parameter x for 
PMMA/PVDF mixtures are reported in the literature.28*50 
Using the values of 2, and Z2 estimated above and the 
values of -x = 0.3 and 0.5, respectively, we have calculated 
?job 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 vob has 
a minimum value a t  a certain blend composition a t  230 
"C and shows negative deviations from linearity a t  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 a t  230 "C log q0b has 
a minimum value at  a certain blend composition when the 
viscosity ratio, qOl(PMMA)/qo2(PVDF), is close to 1 and 
that a t  200 "C it increases monotonically with increasing 
weight fraction of PMMA, exhibiting negative deviations, 
as the value of 701/~02 becomes much greater than 1. 

versus 
blend composition curves for the PMMA/PSAN blend 
system, obtained by using the value of -x = 0.01 reported 
by Schmitt and co-worker~.~~ In the theoretical predictions 
the following numerical values were used for the various 
molecular  parameter^:^^ (1) MI = 1.05 X lo5 for PMMA 
and M z  = 1.50 X lo5 for PSAN; (2) Z1 = 18.8 for PMMA 
and 2, = 10.3 for PSAN; and (3) GNlo = 6.0 X lo5 Pa  for 
PMMA and GNZo = 2.28 X lo5 Pa for PSAN. It is of 
interest to observe in Figure 2 that the theory predicts 

Figure 2 shows theoretical predictions of log 
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Figure 2. Theoretically predicted dependence of log VOb on blend 
composition for the PMMA/PSAN blends at various tempera- 
tures. Curve 1 at 2000C and curve 2 at 210 "C. Here, x = -0.01 
was used in the computation. Symbols for the data points are 
as follows: (0) T = 200 "C and qo(PMMA)/qO(PSAN) = 6.15; 
(A) T = 210 "C and qo(PMMA)/q0(PSAN) = 5.5.  

positive deviations from linearity in the log vob versus blend 
composition plot. 

It can then be concluded that the shape of log vob 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 versus blend composition plots. Specifically, 
the negative deviations observed in the log qob 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 qob 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 c o - w o r k e r ~ ~ ~ J ~ ~ ~ ~  have shown that logarithmic 
plots of G '  versus G If 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 ' I  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 Han13 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 Gbf 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 a t  fixed values 
of Gb" the values of Gb' are smaller than those measured 
experimentally; however, the dependencies predicted for 
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Figure 3. log G{ versus log G{ for binary blends of PMMA and 
PVDF at 230 OC:13 (0) PVDF (0) PMMA; (A) PVDFIPMMA 
= 80120; (n) PVDFIPMMA = 60140; (8) PVDF/PMMA = 
40160; (0) PVDFIPMMA = 20180. 
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Figure 4. Theoretically predicted log G{ versus log Gbr’ plots 
for PMMAIPVDF blends at 230 O C :  (1) PMMA; (2)  PMMA/ 
PVDF = 80120; (3)  PMMA/PVDF = 60140; (4) PMMAIPVDF 
= 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: (0)  PVDF; (0) PMMA. 

log G{ versus log Gb”  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 JhonM predicted that for 
monodisperse linear entangled homopolymers log G ‘ versus 
log G”p1ots in the terminal region can be described by the 
expression57 

log G’ = 2 log G”  + log (6/5GN0) (27) 

Very recently, we developed a theory,% which predicts the 
effect of polydispersity on log Gb’ versus log Gbrr  plots for 

o . 2 0 t  

0 0  0 2  0 4  0 6  0 8  10 

PMMA ( w t  f roct ionI  

Figure 5. Theoretically predicted dependence of log (Jebo /  
JepMmo) on blend composition for the PMMAIPVDF blends: 
curve 1 for qol/qoz = 1.11 and x = 0; curve 2 for q o 1 / ~ 0 2  = 4.66 
and x = 0; curve 3 for qo1/qo2 = 1.11 and x = -0.3; curve 4 for 
qOl/qo2 = 4.66 and x = -0.3; curve 5 for qol/qoz = 1.11 and x = 
-0.5; and curve 6 for qo1/qo2 = 4.66 and x = -0.5. 

linear entangled homopolymers in the terminal region as 
follows: 
log G{ = 2 log Gb” + log (6/5G,’) + 3.4 log (Mz/Mw) 

(28) 
where Mz and Mw are z-average and weight-average mo- 
lecular weights, respectively. According to eq 28, the values 
of G< for a polydisperse homopolymer will be shifted 
upward by the amount 3.4 log (Mz/Mw) above the values 
of G’ for monodisperse polymers; thus the shift will be 
greater with increasing polydispersity, MJMW Now, if we 
include the effect of polydispersities of the PMMA (Mw 
= 7.92 X lo4 and M,, = 3.66 X lo4) and PVDF (aw = 1.45 
x io5 and Mn = 6.30 x io4) in the log G b r  versus log G{’ 
plots with an assumption of log normal distribution 
function, the theoretical predictions of log G{ versus log 
Gb”  plots become reasonably close to the experimental 
results, as shown in Figure 4. 

It should be noted that the slope of the log Gb’ versus 
log Gb”  plots for PMMA and PVDF in Figure 4 is equal 
to 2, since eq 28 is valid in the terminal region (Le., as Gbrr  - 0). However, outside the terminal region the slope of 
log G b r  versus log G{’ plots decreases from 2 with in- 
creasing polydi~persi ty .~~ Since the polydispersity of 
PVDF is 2.31, whereas the polydispersity of PMMA is 2.16, 
the slope of log Gb’ versus log G<’ 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”p1ots for pure PVDF is 
smaller than that for pure PMMA. 

4. Discussion 
It is a well-established fact7J1p59 that the steady-state 

compliance Jebo 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 Jeb0  
has a maximum value at  the composition 

( W J C  = 1/(1 + r )  (29) 
where r is the ratio of the component molecular weights, 

Figure 5 gives plots of log ( J e b o / J e p M ~ o )  versus blend 
composition for the PMMA/PVDF blends, where J e p M o  
is the steady-state compliance of the PMMA. Note that 

M2IM1. 
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the curves in Figure 5 were obtained by using eq 19. I t  
can be seen in Figure 5 that there is no maximum in Jebo  
over the entire blend composition at 200 and 230 "C for 
negative values of x, but a slight maximum in Jebo appears 
a t  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 GN?(PMMA) = 6.0 X lo5 Pa, GNZ0- 
(PVDF) = 4.5 X lo5 Pa, and qol(PMMA)/qo2(PVDF) = 
1.11 at 230 "C and 4.66 at 200 "C. Equation 19 indicates 
that the values of J e b o  depend on both the qO1/qo2 and 
GN?/GN2' ratios. 

Since it is not easy to obtain an analytical expression 
from eq 19 for the composition at which the value of Jebo 
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 Jebo has a maximum value at the compo- 
sition 
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the dependency of qOb 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 ?)ob. Therefore we obtained 
approximute analytical expressions for qob, Jebo, G,l(w), and 
G,,"(o) (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 gob versus blend 
composition plot, can occur. 

At  this juncture it should be mentioned that, according 
to the experimental data by Masuda et al.:l the zero-shear 
viscosity qo of PMMA for molecular weights M > lo5 
follows the 3.4-power law, which is consistent qualitatively 
with the predictions of the tube model by Doi and Ed- 
w a r d ~ . ~ ~  However, the steady-state compliance J,O of 
PMMA was found to increase with molecular weight even 
when it was as high as 3.4 X lo5. This seems to suggest 
that the elastic behavior of PMMA for M = 3 X lo5 is not 
consistent with the predictions of the tube model since, 
according to the tube model, J,O should become inde- 
pendent of molecular weight for M > Me. On the other 
hand, it has been found empirically'j2 that J,O becomes 
independent of molecular weight when M > M l ,  where the 
value of M,' was found to be 6-7 times that of Me. Ac- 
cording to Masuda et a1.,6l the value of Me for PMMA 
varies from 6.7 X lo3 to 1.3 X lo4, depending on its mo- 
lecular weight (4.5 X lo4 to 3.4 X lo5), and Graessley62 
speculated that the value of M,' for PMMA might be 
greater than 1.5 X lo5. We believe that the tube model 
will predict the viscoelastic behavior of PMMA with mo- 
lecular weight sufficiently high (say M > 3 X lo5). 
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"p1ots may not necessarily warrant the use of the tube 
model approach, at least until experimental values of G '  
and GI' 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 ?)ob, steady-state compliance Jebo, dy- 
namic storage modulus Gb'(o), and dynamic loss modulus 
Gb"(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,47 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 q0b 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 TOb 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 I  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- 

It can be seen from eq 30 that Jebo has a maximum value 
only over a limited range of rv and re Specifically, eq 30 
indicates that as rv - 1, ( ~ 0 ~ ) ~  - m, which is physically not 
possible. However, if rG 
Je2) ,  eq 30 reduces to 

1 &e., G N l o  = G N ~ ~  and Jel0 

indicating that Jebo always has a maximum value a t  the 
composition (wJC defined by eq 31. Note that for com- 
patible polymer blends with dissimilar chemical structure, 

( q 0 ~ / q 0 2 ) ~ / ~ . ~  cannot be equated to l / r  = M l / M 2 ,  
since qol = K1M13.4, qO2 = K2M23.4, and K1 is not equal to 
K P  Only when K1 = K 2  (Le., for binary blends with 
identical chemical structure) does r,1/3.4 = l / r ,  and con- 
sequently eq 31 reduces to eq 29. Therefore, it can be 
concluded that both rG and rv play an important role in 
determining the blend composition a t  which the value of 
J e b o  is a maximum. 

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

fi& = WlMw, + w2Mw2 (32) 
where w1 and w2 are the weight fractions of components 
1 and 2, respectively, and ATwl and Md are weight-average 
molecular weights of components 1 and 2, respectively. 
Thus, when the zero-shear viscosities, qol and qO2, of the 
constituent components follow the 3.4-power law with 
respect to MWi (i = 1, 21, i.e., qoi 0: i@wi3.4, the zero-shear 
viscosity of the blend, qob, can be expressed as 

(33) 
It  is clear from eq 33 that in no way can log qob 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 Gb(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 

rv1'3.4 = 

?Ob = [w17011/3'4 + w27)021/3'4]3'4 
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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 Gb(t) is known, the zero-shear viscosity ?Job can be 
determined from 

tot, = JmGb(t) dt (AI) 

Substitution of eq 15 into eq A1 gives 
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Now, integration of eq A7 gives eq 19. 

from 
The dynamic storage modulus G<(w) can be obtained 

(-48) Gb’(w) = WJmGb(t) sin ut dt  

and the dynamic loss modulus G{’(w) from 

G{’(w) = wJmGb(t) COS wt dt (A9) 

Substitution of eq 15 into eq A8 gives 

where rl,p and T ~ , ~  are defined by eq 6 and eq 11, respec- 
tively, and H1,p and HZ9 are defined by eq 9 and 12, re- 
spectively. Because an analytical integration of eq A2 is 
not possible, the following approximate expression is ob- 
tained: 

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

When an analytical expression for the relaxation mo- 
dulus Gb(t) is known, the steady-state compliance Jebo  can 
be determined from 

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

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

J e b o  = - * x  
A27)Ob2 

J 
113.4 3.4 G N ~ ~ C  H2,P 7 e ~ p ( - p ~ t / ? ~ , ~ ) ]  ] sin w t  dt 

P = l  P 

and substitution of eq 15 into eq A9 gives 

(Al l )  
With the same approximation procedure as that used to 
derive the expression for Jebo above, we obtain approxi- 
mate expressions, namely, eq 23 for G<(w) and eq 24 for 

We are well aware of the fact that the approximate 
expressions do not satisfy Kramers-Kronig’s relations,@ 
also referred to as the generalized susceptibility. The 
magnitude of the errors that may arise as a result of using 
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 ?Job, Jebo, G<(w), 
and G,,”(w) increase as the viscosity ratio of the constituent 
components, t01/i702, and the interaction parameter x in- 
crease. Specifically, we have found that for the 
PMMA/PVDF blend system considered above the errors 
for ?fob and J e b o  are about 12%, and the errors for G{(w) 
and Gb”(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, 

Gb”(  w )  . 

9003-54-7. 
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ABSTRACT: Mean-square optical anisotropies ( r2) were determined from anisotropic light scattering for 
atactic polystyrenes of narrow molecular weight distributions in cyclohexane a t  34.5 "C and in carbon 
tetrachloride at 25 OC over a wide range of molecular weight, including the oligomer region. No appreciable 
differences were observed between the results for ( r2) in the two solvents. A preliminary consideration on 
the basis of the rotational isomeric state model for atactic polystyrene showed that ( r2) appreciably depends 
on the stereochemical composition. Thus the fractions of racemic dyads f, in the samples were determined 
by 13C NMR prior to  the measurements and were found to be almost the same, ca. 0.59. From an analysis 
of the experimental data for ( Y 2 )  on the basis of the helical wormlike chain, its model parameters, Le., the 
constant differential-geometrical curvature K~ and torsion T~ of the regular helix that its chain contour takes 
a t  the minimum of its potential energy, the stiffness parameter A-I, and the shift factor ML (molecular weight 
per unit contour length), were determined for the atactic polystyrene off, = 0.59 as = 3.0, X-'ro = 6.0, 
A-' = 22.7 A, and ML = 37.1 A-1. Theoretical values of (r2) calculated with these parameters well reproduced 
the data for ( r2) for rl 5 with x the degree of polymerization of the sample. The values of ( r2) calculated 
for the rotational isomeric state model coincided with the experimental results for x 5 4 but deviated somewhat 
upward for x > 5. 

I. Introduction theoretical basis for calculations of their di lute  solution 
As far as the global properties of long flexible polymers properties.' However, a more  precise polymer model re- 

are concerned, the Gaussian chain model provides a good flecting the details of the chain s t ruc ture  is needed t o  
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