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ABSTRACT: The excluded volume effect in chemically homologous polymer blends was studied by dielec- 
tric normal mode spectroscopy on binary blends of narrow molecular weight distribution cis-polyisoprenes 
(cis-PI). Dielectric measurements of the mean-square end-to-end distance ( r 2 )  of the high molecular weight 
cis-PI component (hmc) were carried out on the blends containing 0.54% hmc with the degree of oly 

being larger than unity, (r2) of hmc was greater than the unperturbed value, as predicted earlier by Flory. 
In some semidilute blends containing 5% hmc of P, > 300, the expansion factor a2 of ( r 2 )  became inde- 
pendent of P2. This behavior was qualitatively in agreement with the theory of Joanny et al. 

merization (DP) = P, in low molecular weight cis-PI (lmc) with DP = P,. In dilute blends of P,' P -  '/P, 

Introduction 
Polymer chains in the undiluted state are known to 

assume the conformation of the unperturbed state.',' How- 
ever, in a binary mixture of polymers of chemically same 
species but with different molecular weight (MW) M ,  
and M ,  (M, C M,), we expect that this does not neces- 
sarily hold under all conditions. When M ,  and M2 are 
widely separated but M ,  is still sufficiently large relative 
to the monomer unit, the low molecular weight compo- 
nent (lmc) conceivably works as an athermal solvent, and 
therefore the high molecular weight component (hmc) 
could have an expanded conformation due to the excluded 
volume effect. On this problem, Flory' proposed as early 
as the 1940s that the lmc acts as a good solvent when 
M,'12 Ml exceeds a certain critical value. Recently, Joanny 
et  a ld4  applied a scaling concept to describe the concen- 
tration dependence of the dimension of hmc in the dilute 
to semidilute blends. However, few experimental stud- 
ies have been reported on this problem except that of 
Kirste and Lehnen in 1974.5 

We reported previously that cis-polyisoprene (cis-PI) 
has the component of dipole moment aligned in the same 
direction parallel to the chain contour and is thereby clas- 
sified as a type-A polymer6 that exhibits dielectric nor- 
mal mode relaxation.'-1° From the relaxation strength 
of cis-PI of known MW, we thus can determine the mean- 
square end-to-end distance (?).*9g9'1 In 1976, Jones, Stock- 
mayer, and Molinari" first observed the excluded vol- 
ume effect by the dielectric method for dilute solutions 
of poly(ecapro1actone). This method was developed by 
us recently.*" Since the normal mode relaxation time 
depends strongly on MW, we can observe the dielectric 
relaxations of the two components in the blend in widely 
separated frequency ranges. Then, from the area under 
the loss curve for the hmc, we can determine its (?). In 
this paper, we report the expansion factor for the end- 
to-end distance of hmc in binary blends of narrow MW 
&-PIS. 

Theory 
Excluded Volume Effect in Binary Blends. Flory 

calculated the dimension of hmc based on the Flory- 
Huggins lattice mode1'~2~'2 assuming a balance between 
the elastic free energy F,, of the hmc and the free energy 
of mixing Fmir of the hmc and lmc present inside of the 
random coil of the hmc. 

We consider a binary blend in which a small amount 
of hmc of index 2 is dissolved in lmc of index 1. The 
expansion factor CY of the hmc molecule is defined as 

CY' = ( r 2 ) / ( r 2 ) o  (1) 
where ( r 2 ) ,  is the mean-square end-to-end distance in 
the unperturbed state. According to Flory,'.2 CY is writ- 
ten as 

(2) 
where x is the interaction parameter between the both 
components and C, is given by 

a5 - a3 = 2C,(1/2 - x)MZ1" 

C, = ( K U ~ / N ~ V , ) (  ( r 2 ) o / ~ 2 ) - 3 / 2  (3)  
where N is the Avogadro number, K a constant equal 
to 27/(2fi21r3/'), u the specific volume of the hmc, and 
V ,  the molar volume of the lmc. When the hmc and lmc 
are of chemically the same kind, x = 0, and eq 2 becomes 

cy5 - ct3 = (Ku/N~M, , ' /~) (  ( r2)o/M2)-3/2(P2112/P1) (4) 
where M ,  is the molecular weight of the repeat unit and 
P the degree of polymerization. When CY is sufficiently 
large, the term a3 is neglected, and eq 4 predicts 

CY2 Kfp21/5p1-2/5 (5) 
where K' is a constant independent of the molecular weight 
of the components. Since the excluded volume effect 
expressed by eq 5 is limited in the range CY 1 1, eq 5 pro- 
vides a criterion for the occurrence of excluded volume 
effect of the hmc and is written as 

P,'l2/Pl > K' -' (6) 
Joanny et al.334 pointed out that K' is of the order of 
unity. 

Semidilute Regime. Joanny et al.3*4 extended the Flory 
theory to include the concentration dependence of the 
radius of gyration S of hmc in binary blends. Their results 
are summarized as follows. When the mass concentra- 
tion C ( = p + , ,  with p being the density) of the hmc is 
lower than the overlapping concentration C* (the criti- 
cal threshold) given by14 

C* = 3M/ (4rNAs3) (7) 
with N A  being the Avogadro constant, the blend is said 
to be in the dilute regime, for which the expansion fac- 
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Table I 
Characteristics of cis-Polyisoprene 

Blends M I  /M2 

0 Monodisp. 
\ 
Bi 

B 
B f  

a\ 

code 
PI-0.5 
PI-01 
PI-02 
PI-03 
PI-05 
PI-06 
PI-12 
PI-32 
PI-53 
PI-101 
PI-174 

10-3~,  

0.63 
1.01 
1.55 
2.62 
4.80 
5.80 

12.0 
31.6 
52.9 

101 
174 

10-3~,, 

0.45 
0.72 
1.40 
2.42 
4.52 
5.47 

11.01 
30.1 
40.0 
92.7 

154 

MWIK 
1.39 
1.40 
1.11 
1.09 
1.07 
1.06 
1.09 
1.05 
1.08 
1.09 
1.13 

tor (Y (=(Ydil) is already given by eqs 4 and 5. 
On the other hand, in the concentration range C* C C 

< pP1-l, the blend is in the semidilute regime, where a2 
is proportional to (Yd2(C*/C)”4. From the equations given 
above, we see that a’ in the semidilute regime is inde- 
pendent of P2 and given by 

(Y2 c - 1 1 4 ~  1 -114 (8) 
Finally, in the range C > pP1-l, which is the concen- 
trated regime, the hmc assumes the unperturbed confor- 
mation: (Y = 1. 

Dielectric Relaxation Strength. From the relax- 
ation strength A€ of the dielectric normal mode process 
for cis-PI solutions of concentration C, (r2) of cis-PI of 
M, can be determined by’,’ 

Ac/C = 4rNAp2(r2)/(3k,TM,) (9) 
where p is the dipole moment per unit contour length of 
&-PI and is equal to 4.80 X 10-l’ esu. 

When eq 9 is applied to determine (r2), the effects of 
the internal electric field and concentration should be 
considered. As to the former effect, it has been dis- 
cussed fully in our previous papers.’,’ To summarize, 
the reaction field for the type-A dipole of an overall mol- 
ecule is expected to be very small, and hence the ratio of 
the internal field to the external field is close to unity. 

The effect of concentration was also discussed pre- 
v io~s ly .~  In semidilute or concentrated solutions, we expect 
that type-A dipoles orient antiparallel due to their dipole- 
dipole interaction. Such interaction causes a decrease 
in At with increasing concentration even if (r2) is inde- 
pendent of concentration. However, as far as polyiso- 
prene is concerned, the electric interaction between the 
type-A dipoles is negligibly small, as is evidenced by the 
observation that At/C in the 8 solvent dioxane is almost 
independent of concentration.’ 

Thus, we apply eq 9 to both dilute and semidilute blends 
of &-PI. If the contribution A€ of hmc to the dielectric 
normal mode strength of the blend is estimated sepa- 
rately from that of lmc, eq 9 holds for that of the hmc 
by replacing M, with M, and C with pc#J2, where p is the 
density of bulk cis-PIS. 

As discussed above, the type-A dipoles of &-PI mol- 
ecules are electrically independent each other. There- 
fore, we expect the linear blending law of the dielectric 
loss factor e’’: 

(10) 
where c#Ji may be either the volume fraction or the weight 
fraction of the component i in the blends. 

Experimental Section 
Samples of cis-PIS were prepared by anionic living polymer- 

ization with sec-butyllithium in n-heptane a t  about 20 “C. Some 
samples reported previously1° were also used. The weight-av- 

€”blend = c#J1€”1 + ‘$2€”2 
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Figure 2. Master curves of the frequency cf, dependence of 
loss factor e'' at 273 K for blends of PI-12, PI-32, and PI-53 
dissolved in PI-0.5. Concentration of the high molecular weight 
component is 5.0%. Curves 1 and 2 are shifted upward by 0.02 
and 0.01, respectively. Dashed line indicates e" for pure PI-0.5. 

Figure 3. Master curves of the loss factor e'' at 273 K for blends 
containing 5.0% of the high molecular weight component in 
the matrix of PI-02. Solid line represents e" for pure PI-02. 

PI- 101 / p I -02 ooo3t - .- 5.0  O h  2 7 3 K  

1 ---25 
I - -  1 3  i i  

- 
u 

1 ,-:", 1 
- L  2 4 

Figure 4. Concentration dependence of the master curves of 
8' for the PI-lOl/PI-O2 system at 273 K. Solid line represents 
the e'' curve of pure PI-02. 

bump seen for each blend in the audio frequency range 
is due to the normal mode process of the hmc, whereas 
the dashed line indicates the low-frequency tail of the 
loss curve for pure PI-0.5. 

Figure 3 shows similar loss curves for PI-02 matrix blends 
which contain 5% of an hmc in the matrix of lmc PI-02. 

tog(  f i H z )  

Table I1 
Expansion Factor 2 in Binary Blends of &-PI 

blend system concna PZ1I2/P,  At/C (9) 2 
PI-12/PI-0.5 5.0 1.96 0.139 1.08 1.28 
PI-32/PI-0.5 5.0 2.80 0.192 3.94 1.77 
PI-53/PI-0.5 5.0 4.06 0.191 6.57 1.71 
PI-12/PI-01 5.0 1.21 0.099 0.77 0.89 
PI-53/PI-01 5.0 2.53 0.165 5.67 1.48 
PI-12/PI-02 5.0 0.67 0.091 0.70 0.80 
PI-32/PI-02 5.0 1.02 0.128 2.62 1.13 
PI-53/PI-02 5.0 1.30 0.153 5.26 1.21 
PI-lOl/PI-O2 0.50 1.79 
PI-lOl/PI-O2 1.30 1.79 0.146 9.58 1.31 
PI-lOl/PI-O2 2.50 1.79 0.148 9.71 1.33 
PI-lOl/PI-O2 5.0 1.79 0.137 8.98 1.23 
PI-174/PI-02 5.0 2.31 0.156 17.6 1.40 

' Concentration of hmc in percent by volume. 

! " " " ~ " " ' ' ' ' ~  in Pi-0,5 A*,) 

' A  
0 in P i -0  I 
A i n  PI-02 

mmo disp. 

/* 

log  M, 
Figure 5. Molecular weight dependence of mean-square end- 
to-end distance (r2) for monodisperse &-PI (solid circle) and 
( r 2 )  of the high molecular weight component (hmc) in binary 
blends. Concentration of hmc in blends is 5.0%. 

The steep increase in d' above the 1-kHz range is due to 
the normal mode of PI-02, while the small bumps below 
the 1-kHz range are due to the hmc. Figure 4 shows the 
loss curves of PI-lOl/PI-O2 blends containing different 
amount of the hmc. From these e'' curves for &-PI blends, 
the contribution of hmc was determined by eq 10. The 
relaxation strength of the hmc is determined with eq 11 
and listed in Table 11. 

Molecular Weight Dependence of End-to-End Dis- 
tance. The ( r 2 )  data of hmc in the blends are com- 
pared in Figure 5 with those for monodisperse &PIS 
reported previo~s ly .~* '~  The ( r2)o data of the monodis- 
perse system are proportional to M ,  in agreement with 
the theoretical prediction.- The solid line passing through 
the data points for the monodisperse systems in Figure 
5 is expressed as 

(12) 

Several authors have already pointed out that they have 
confirmed by small-angle neutron scattering (SANS) on 
blends of deuterated and undeuterated polystyrenes that 
the radii of gyration of undiluted polymers are equal to 
their unperturbed values.l"ls 

On the other hand, the data points for hmc of the blends 
deviate upward from eq 12 beyond a certain value of M,,, 
(=AI,) ,  indicating the onset of the excluded volume effect 
taking place. For example, the ( r 2 )  of hmc in the 5% 
hmc/PI-02 blends deviates from the unperturbed value 
at log M ,  E 4.2: ( r 2 )  increases with the slope of 1.2 f 
0.1. With further increase in M ,  beyond log M ,  N 4.7, 

log ( r 2 ) o  = log M, - 16.14 
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Figure 6. Double logarithmic plot of expansion factor a2 ver- 
sus Pz1/2/P1 for &-PI blends in dilute regime. The solid line 
indicates eq 4 and the dashed line eq 5 with K' = 1.35. 

however, the plot again becomes almost parallel to that 
of eq 12. This result suggests that the excluded volume 
effect in the hmc in the blends becomes independent of 

This behavior qualitatively agrees with the theoretical 
prediction of eq 8.1-4 When M ,  of the hmc in the 5% 
blends is relatively low, eq 6 is not satisfied, and hence 
( r 2 )  of the hmc in the blends is close to the unperturbed 
value. In the range where eq 6 is satisfied, ( r 2 )  increases 
with increasing M ,  with a higher exponent than unity. 
In these blends, the exponent is 1.2 f 0.1, as given by eq 
5. However, with further increase in M2 at a fixed con- 
centration of hmc (5% in this case), random coils of the 
hmc begin to overlap and thus begin to obey the behav- 
ior of semidilute solutions as given by eq 8. 

Using eq 7, we estimated the overlapping concentra- 
tion C* (=p4,* )  of hmc for PI-12, PI-32, and PI-53 to be 
8.6%, 5.3%, and 4.190, respectively. Thus, at the con- 
centration of 5% employed in this study, the blends con- 
taining an hmc with M ,  > about 30 000 (log M ,  = 4.5) 
are in the semidilute regime. The value of log M ,  = 4.5 
thus estimated is in agreement with the observed log M ,  
of 4.7, at  which the M ,  dependence of ( r2 )  becomes par- 
allel to the line given by eq 12. 

Expansion Factor. From the estimated crossover con- 
centration, C*, of hmc in each blend, we may assume 
that the blend containing 5% PI-32 is just in the cross- 
over region between the dilute and semidilute blends. 
Thus, the blend containing 5% PI-32 and that contain- 
ing 1.3% PI-101 is in the dilute regime. The values of 
a2 of these dilute blends are plotted against P21/2/P1 in 
Figure 6. In Table 11, we see that the PI-12/PI-01 and 
PI-12/PI-02 blends are also dilute blends. However, as 
seen in Figure 3, the 6'' curve for PI-12 heavily overlaps 
the loss peak of the lmc over a wide range of frequency, 
and hence the area of the e'' curve for PI-12 determined 
by resolving the e'' curve of the PI-12 blends includes 
relatively large error. We thus neglected the data for 
PI-12 hmc blends in constructing the plot of Figure 6. 

To compare these data with the theory, we calculated 
eq 4 with the experimental values of ( r 2 ) o  given by eq 
12 and plotted in Figure 6 with the solid line. Here u is 
taken to be 1.10 cm3/g. The theoretical value for eq 5 is 
also plotted with K' = 1.35 with the dashed line. As is 
seen in Figure 6, eq 4 predicts the slope of the plot much 
lower than the limiting value of 0.4 in the range of P;/'/Pl 
covered in this experiment. We see that the present exper- 
imental slope is higher than that given eq 4 and agrees 
well with eq 5. Thus, we conclude that a in the binary 

M2. 
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Figure 8. Dependence of expansion factor a' of PI-101 on ita 
volume fraction 4, in PI-lOl/PI-O2 system. Dashed line rep- 
resents the theoretical prediction by Joanny et al.3 

blends is described with eq 5 rather than eq 4. 
Semidilute Blends. When blends are in the semidi- 

lute regime, eq 8 predicts that Pl1l4a2 is independent of 
P, as long as the concentration of the hmc is fixed to be 
a certain value. Figure 7 shows a test of this prediction 
for all the blends containing 5% hmc. As is seen in Fig- 
ure 7, P11/4a2 is almost independent of P,. This result 
is equivalent to the fact that the M ,  dependene of ( r 2 )  
of hmc becomes parallel with that for the monodisperse 
samples, as already seen in Figure 5. Thus we conclude 
the experimental result in the semidilute regime agrees 
with eq 8. 

Strictly speaking, however, we see a trend that P11/4a2 
increases slightly with increasing M,. This is explained 
by considering the behavior of crossover of a real system 
as follows. Since the crossover from the dilute to semi- 
dilute takes place over a certain concentration range, the 
value of a' in the crossover concentration region is slightly 
smaller than the theoretical one, which assumes a sharp 
crossover a t  C*. In Figure 7, the hmc coils a t  lower M ,  
region are still in a crossover region, but those at  higher 
M ,  are not. Thus P11/4a2 increases slightly with increas- 
ing M,. 

Figure 8 shows the dependence of log ( ( r z ) / ( r 2 ) b d k )  
of hmc PI-101 on the volume fraction 4, in the four 
PI-lOl/PI-O2 blends containing 1.3-570 PI-101. The 

is the value for pure undiluted PI-101. The dashed 
line in the figure represents the prediction of the theory 
of Joanny et al.3 We see that the concentration depen- 
dence of ( r 2 )  is much weaker than expected from eq 8. 
We also see that the crossover concentration from the 
semidilute to concentrated regime appears to be higher 
than l/Pl expected from the Joanny theory. This dis- 
agreement may be explained as follows. The scaling the- 
ory assumes that even if P, << P, the lmc has a high 
degree of polymerization. On the other hand, the lmc in 
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our experiment has low molecular weight, which does not 
satisfy the condition assumed in the  theory. 

Conclusion 
1. In dilute blends, the high molecular weight compo- 

nent has an expanded conformation, and the expansion 
factor a2 is proportional to P21/5P1-2/5, where PI and P, 
are the degree of polymerization of the low molecular 
weight and high molecular weight components, respec- 
tively. 

2. In semidilute blends, P11/*a2 is independent of P,. 
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ABSTRACT: The dielectric behavior was studied on binary blends through observation of the normal 
mode relaxation time 7, of a small amount of a test chain component blended with a matrix component, 
both of which were narrow molecular weight cis-polyisoprenes (cis-PIS). The test chain was a low molecu- 
lar weight component (lmc) and the matrix a high molecular weight component (hmc) and vice versa. The 
7, of the lmc test chain was somewhat increased from that of its pure undiluted state: when the molecular 
weight M ,  of the lmc test chain was higher than 3000, the 7, was proportional to MW3.O. The behavior is 
in agreement with the original tube theory proposed by de Gennes. For the binary blends composed of an 
hmc test chain and an lmc matrix, the T,  of the hmc test chain was first corrected for the excluded volume 
effect by using the data of the expansion factor reported in part 1. The slope of the resulting double log- 
arithmic plot of 7" vs M, of the hmc test chain was 1.9 in the lmc matrix of M ,  = 1600, while the slope 
decreased to 1.6 for the lmc matrix with M ,  5 1000. The results suggest that the hydrodynamic nondrain- 
ing effect becomes significant in the lmc matrix of M, < 1000. The widths of the loss curves reflecting the 
distribution of relaxation times of the test components were almost the same among the two types of the 
blends as well as those of the corresponding monodisperse cis-PIS. 

Introduction 

In part 1 of this series,l the preceding paper in this 
issue, we reported the effect of excluded volume in binary 
blends of narrow distribution cis-polyisoprenes (cis-PIS) 
by observing the end-to-end distance of high molecular 
weight (hmc) cis-PI in a matrix of low molecular weight 
(lmc) cis-PI. In this article, we study the dynamic behav- 
ior of the same blends by observing the dielectric nor- 
mal mode relaxation time of the test component that can 
be either an hmc or lmc. 

For monodisperse cis-PIS, we r e p ~ r t e d ~ - ~  that when the  
molecular weight M is less than the  characteristic molec- 
ular weight M ,  of &PI (=10000), the dielectric nor- 
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mal mode relaxation time T, is proportional to Po, while 
in the range M > M ,  T, is proportional to M3.7-M4.0. 

While the  former behavior is in accordance with the 
theory of Rouse,5 which describes the dynamics of unen- 
tangled free-draining linear chains, the latter behavior 
of entangled linear chains is explained on the basis of 
the tube theory proposed by de  Gennes6 and developed 
later by Doi and T h e  original tube theory 
predicted the longest (viscoelastic) relaxation time T being 
proportional to M3 O, which is obviously too low to explain 
the experimental results of both viscoelastic and the dielec- 
tric normal mode relaxation times. T h e  original theory 
has thus been modified by Doi and others incorporating 
various other factors such as the contour length fluctuationg 
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