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described by the above theory.

Depletion Regime (8 ~ +1). The profile is assumed
to obey the scaling structure ¢(z) = ¢ (2/&,)™ together with
condition 1. The change in interfacial tension is

KT( 6, 1
Ay = ;(dﬁ; + E_ba(gb -D))

The second term is due to the creation of the depletion
layer of thickness &, ~ D (cf. Figure 6). Writing that this
expression should be independent of the molecular mass
of the polymer leads to m = 5/; and D = a67%/? and finally

Ay = 203 + 424D /a)
a
As D ~ a(s =~ 1) and ¢, < 1, the leading term is
Ay = Ezd’bm
a?

Special Transition. Close to the adsorption—depletion
transition, |8] = O (if T, is the transition temperature, &
« (T'- T,)/T,). This case has been addressed by Eisen-
riegler, Kremer, and Binder'%!! by mapping the polymer
adsorption problem to the half-infinite spin problem with
a short-range attractive term due to the surface. It is a
multicritical problem with two associated correlation
lengths: & = (g1)™ (“bulk” critical length; g is the number
of monomers per blob, g = &,%4); & (=D) = |3/
(“surface” critical length), where » is the usual exponent
of critical phenomema (=20.6) and ¢ is a crossover expo-
nent. A simple physical meaning of ¢ can be given for a
single chain: if this chain has N links, the number M of

adsorbed links is M = N¥. ¢ has been computed from
scaling arguments and Monte Carlo simulations'® and ¢ =
4 - d expansions to the second order:!? it appears that ¢
~ y (inref 2, o &~ 1 —»). This gives now D = a|§|"’. The
resulting concentration profiles and surface tension'? are
given in Figures 7 and 8. The peculiar behavior associated
with singular profiles can be qualitatively understood on
the basis of the competition for polymers in the semidilute
regime between the attraction by the wall and excluded
volume effects. Notice that the first approach is a subcase
of the second one for |§j — 1 (adsorption or depletion)
because then || = |§|* 2 =1and D = a.
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ABSTRACT: The dielectric normal-mode process was studied for semidilute and concentrated solutions of
cis-polyisoprene (cis-PI) in moderately good solvents, hexadecane (C16) and eicosene (C20). The mean-square
end-to-end distance {r?) was determined and compared with our previous data on {(r2) in good solvents, benzene
and toluene, and those in a 6 solvent, dioxane. In dilute solutions, the values of (r2) in C16 and C20 were
between those in the good and © solvents. From the expansion factor of the cis-PI molecules in dilute solutions,
the interaction parameter x was estimated based on the Flory theory. The double-logarithmic plot of (r?)/M
against concentration C indicated four regimes: dilute (I), semidilute (II), semiconcentrated (II), and con-
centrated (I1I). The C dependences of (r?) in regimes II and II’ were explained on the basis of the scaling
theory by Daoud and Jannink and the mean-field theory by Edwards, respectively. A phase diagram classifying
these regimes was obtained by plotting the crossover concentrations C* on the solvent quality vs C diagram.
The double-logarithmic plot of the relaxation time r against C indicated that r is independent of C in the
dilute regime (I), but log r is proportional to log C in the semidilute region (II). The dynamic crossover
concentration C, coincided with the static crossover concentration C* between regimes I and II.

Introduction

In our previous papers we reported that cis-polyisoprene
(cis-PI) exhibits a dielectric normal-mode process due to
fluctuation of the end-to-end distance.!® The data of the
normal-mode process provide us information on the
mean-square end-to-end distance (r?) as well as the dy-

namic properties such as the relaxation time = for the
fluctuation of the end-to-end vector r of cis-PI.
Concentration C dependences of (r?) and 7 in semidilute
and concentrated solutions are recent main subjects of
polymer physics.>!! However, = and (r?) have never been
measured directly by a method other than dielectric
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Table X
Characteristics of cis-Polyisoprene
code 10-3M,, M,/M,
PI-32 31.6 1.05
PI-101 101 1.09
PI-102 102 1.18
PI-164 164 1.17

spectroscopy,'? though these quantities frequently appear
in the literature of polymer physics. Most of the experi-
mental studies were conducted by measuring the radius
of gyration,'*15 thermodynamic properties,'® viscosity,!"1
and diffusion coefficient.?

Daoud and Jannink® classified polymer solutions into
three regimes according to the magnitude of intra- and
intermolecular excluded-volume effects: the dilute regime
(I), the semidilute regime (II), and the concentrated regime
(IIT). In regime II, the dimension of the polymer molecules
decreases with C in proportion to C@1/8®-1 where » is
the Flory excluded-volume parameter. However, Edwards
and Muthukumar® reported a theory based on the mean-
field theory and predicted the existence of a new regime,
in which the C dependence of (r?) is different from the
scaling law. In the regime III, the excluded volume effect
is completely screened out and (r?) is the same as that in
the unperturbed state.

To test these theoretical predictions, we used the di-
electric normal-mode method and reported the C depen-
dence of (r?) of cis-PI in a good solvent, benzene (Bz), and
a O solvent, dioxane (Diox).23

This paper is an extension of the previous studies®? to
solutions of cis-PI in moderately good or marginal solvents,
hexadecane (C16) and eicosene (C20). The previous
studies®® indicated the existence of two regimes, Il and IT,
in which (r?) was proportional to ca. C*/% and ca. C%4,
respectively. The latter behavior cannot be explained by
the Daoud-Jannink theory,? since the absolute value of the
exponent, 0.4, is larger than the predicted maximum value
of 1/,. We explained the behavior on the basis of the
mean-field theory proposed by Edwards.”® In regime III,
(r?) in Bz solutions was close to the value in the bulk state.
To confirm this behavior, we will use data on toluene
solutions reported recently.?

An objective of this study was to examine whether the
C dependence curve of (r?) in marginal solvents also ex-
hibits the regime II". We also intended to construct a
phase diagram by plotting the crossover concentrations on
a solvent quality versus the C plane from the set of data
on the C dependence of (r?) in good, marginal, and 6
solvents. Besides these static properties, we also studied
the dynamical properties of ¢is-PI in these solvents. The
effect of the solvent quality on the relaxation time for the
fluctuation of the end-to-end vector of cis-PI was also
examined.

Experimental Section

The samples of cis-PI used in this study were prepared by
anionic polymerization and characterized by gel permeation
chromatography as described previously.? In the present study,
we used cis-PI with the weight-average molecular weight M., of
1.01 X 10° (P1-101). For the sake of comparison, the data of Bz,
toluene (Tol), and Diox solutions of PI-164, P1-102, and PI-32
are also employed.>®?! The characteristics of the samples are
summarized in Table L.

Hexadecane (C16) and eicosene (C20) were purchased from
Wako Pure Chemicals Ltd. and used without further purification,
since the direct-current conduction of as-received solvents was
negligible. We determined the polymer concentration, C (g mL7?),
from the weight fraction of ¢is-PI in the solution, assuming the
additivity of the density of the solvent and cis-PI.
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Table I1
Weight Fraction w, Concentration C, Relaxation Strength
Ae, Values of A¢/C, and the Mean-Square End-to-End
Distance (r?) of cis-PI in C16 and C20 at 308.2 K

Ae/C,ogt 10W(rY),
105w 10%C, g cm™ 102A¢¢ 102A¢b cm? cm?
PI-101/C16
0.70 0.54 0.088 0.168 1.24
1.45 1.17 0.186 0.165 1.22
1.86 1.45 0.284 0.172 1.27
3.19 2.48 0.459 0.174 1.38
4.85 3.78 0.629 0.166 1.23
10.36 8.16 1.21 1.34 0.156 1.16
15.97 12.68 1.73 1.93 0.145 1.07
30.12 24.43 3.02 3.10 0.125 0.93
49.87 41,72 4.46 4.56 0.108 0.80
PI-101/C20
0.70 0.55 0.085 0.156 1.15
1.50 1.18 0.184 0.158 1.16
2.50 1.96 0.338 0.159 1.18
5.00 3.40 0.633 0.161 1.19
9.97 7.90 1.23 1.10 0.148 1.09
14.64 11.68 1.65 1.69 0.143 1.06
25.07 20.30 2.72 2.85 0.137 1.02
39.72 32.87 4.03 4.50 0.130 0.96

¢From the area under the ¢’ curve. ®From the Cole-Cole plot.

Measurements of the dielectric constant ¢ and loss factor ¢”
were made at 308 K. A capacitance cell and bridges were the same
as those described previously.>?

Intrinsic viscosities of PI-101 in C16 and C20 were determined
at 308 K to be 46.1 and 41.5 g'! mL, respectively.

Results and Discussion

Dielectric Relaxation Strength and End-to-End
Distance. Dielectric relaxation strength Ae of cis-PI so-
lutions was determined from the area under their dielectric
loss ¢’ curves and also from the Cole—Cole plots. For dilute
solutions, the ¢ curves extended into the high-frequency
range beyond the maximum attainable frequency of the
bridges employed here. In such a case, we estimated the
high-frequency tail assuming the same shape of the loss
curve as that for PI-164 reported previously.? The results
are given in Table II.

The relaxation strength for the normal-mode process is
given by!

Ae/C = 4xNu?(r*yF / (3kgTM) (1)

where C is the concentration in wt/vol, N, the Avogadro
constant, M, the (weight-average) molecular weight, u
(=4.80 X 1072 cgs esu), the dipole moment per unit con-
tour length, (r?), the mean-square end-to-end distance, and
F, the ratio of the internal to external field strengths.

As is well-known, the dipole moment of a simple mole-
cule is usually determined on the basis of the internal field
proposed by Lorentz or by Onsager.?? Thus, we have to
express F for the normal-mode process as a function of the
dielectric constant of the medium surrounding the cis-PI
molecules. However, in the case of the normal-mode
process, we found experimentally that F is independent
of the solvent polarity. We also discussed the validity of
F = 1in our previous paper.? Even if the above assump-
tion is not valid, the C dependence of F is expected to be
very small in the present systems, because the dielectric
constants of C16 and C20 are close to the high-frequency
dielectric constant of bulk c¢is-PI. Thus, on the basis of
the assumption of F = 1, {r?) was determined from Ae¢/C
for the C16 and C20 solutions with varying C. The results
are summarized in Table II and Figure 1.

The error in the determination of Ae/C is estimated to
be ca. 10% in the concentrated regime, but it increases
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Figure 1. Concentration C dependence of the dielectric relaxation
strength Ae divided by C and the mean-square end-to-end distance
(r?) divided by molecular weight M for solutions of cis-PI.

Table III
Values of (af - a®)/2M /%, V|, Cy, /2 - x, and v at
Temperature T

103( a5 -
soln B /eMt V 10%Cy Ye-x A wo T, K
PI-102/Bz 8.14 89 234 035 0.578 0.58 298.2

PI-101/C16 1.86 290 0.72 0.26 0.563 0.54 308.2
PI-101/C20 133 360 0.58 022 0.557 0.52 308.2
PI-164/Diox 0.0 87 240 0 0.5 0.5 308.2

¢From « with eq 5. ?From the slope of (r?) vs C plot in regime II.

with decreasing C since Ae becomes small. We estimated
the error in the dilute regime to be 20%.!

Expansion Coefficient and the Quality of the Sol-
vent. Before analyzing the C dependence of (?), we assess
the solvent quality using the expansion coefficient o? (=
{r%)/{r*)o) in dilute solutions. The subscript 0 denotes the
unperturbed state. According to Flory,* « is given by

(a5 - as)/2M1/2 = CM\Ill(l - 9/7') (2)

Here O is the © temperature, ¥, is a constant, and Cy is
given by

Cy = 0.8572(v%/ VN, ) (M /(r2)o)3/2 3)

with v being the specific volume of the polymer, and V,
the molar volume of the solvent. The interaction param-
eter x between the polymer and the solvent is given by

2-x=¥01-9/T) CY

The parameter 1/, - x was determined from the observed
values of a. Table III lists the values of the left-hand side
of eq 2 and !/, — x with the values of Cy and V. In this
calculation, we used v = 1.10 cm® g! and (r?),/M = 8.8
X 1077 em2! The results indicate that C16 and C20 are
moderately good solvents for cis-PI and that C16 is a
slightly better solvent than C20.

We also determined the Flory excluded-volume param-
eter v using the following relation:

v = (3a* - 26%) / (50* - 3a?) (5)

As is well-known, the limiting value of » is 0.6 in a good
solvent and 0.5 in a © solvent. The values of » are also
listed in Table IIL

Concentration Dependence of (r?) in the Semidi-
lute Region. In Figure 1, the C dependence of {r?)/M
of cis-PI in Bz, Tol, C16, C20, and Diox solutions are
compared. As pointed out previously,®® the double-loga-
rithmic plot of (r?)/M vs C for Bz solutions exhibited four
different regimes: dilute (I), semidilute (II), semiconcen-
trated (Il'), and concentrated (III). On the other hand,
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(r*y /M for Diox solutions was independent of C within the
experimental error. Although the data points are scattered,
we recognize the existance of the regime I’ as well as
regimes I and II for C16 and C20 solutions. Therefore, we
conclude that the solutions in marginal solvents also ex-
hibit behavior similar to those in a good solvent.

Daoud and Jannink® proposed the C dependence of (r?)
in semidilute solutions as

(r?y = (rZ)I(C/C*)—(‘Zv—l)/(Sv-l) (8)

where (r?); is the mean-square end-to-end distance in the
dilute regime of the given solvent, C*, the crossover con-
centration between regimes I and II, and », the Flory ex-
cluded-volume exponent. We estimated v from the slope
of the log (r?) vs log C plot in the regime II and compared
with » determined from « in Table III. It is seen that for
C16 and C20 solutions the values of » do not agree each
other.

The slopes in the regime II’ for Bz, C16, and C20 solu-
tions are —0.45, -0.35, and -0.35, respectively. These slopes
are steeper than the maximum slope of —0.25 predicted by
eq 6. Thus, the scaling theory cannot explain the behavior
in this range of C. In our previous work!? we compared
the regime II’ behavior in Bz solutions with the mean-field
theory proposed by Edwards:’

(r2) = (r?)[1 + KCV/3 (7)
Here K is a constant given by
K? = a®wM,/(6I*N,) (8)

where a and w are constants, /, the Kuhn step length, and
M, the molecular weight of the repeating unit. When K
has a value of the order of unity, the slope of the log (r?)
vs log C becomes higher than the maximum slope pre-
dicted by the scaling theory. Previously we evaluated K
to be 0.55 for cis-PI in Bz.2 The values of K for C16 and
C20 solutions are calculated to be 0.26 and 0.22, respec-
tively, from the data of o® — o®. The K value of 0.26 gives
the slope at C = 0.5 of ca. —0.25, which is too small to
explain the observed high slope in the regime II’.

In the regime III, the scaling theory predicts that the
excluded-volume effect is completely screened and that
(r?) is equal to the unperturbed value (r?);. To test this,
we used the data of Tol solutions of PI-32 instead of
PI-101.2! This is because the relaxation time for PI-101
in the high-concentration region became too long and the
whole ¢’ curve could not be observed at 308 K with the
capacitance bridge used in this study. To collect low-
frequency data, it was necessary to raise the temperature
or to use a transient current method.? Both methods
caused error in determining the relaxation strength Aec.

In the high-concentration range the excluded-volume
effect acts within the correlation length, and hence (r2)/M
is expected to be independent of molecular weight.’
Therefore, the data for the relatively low-molecular-weight
c¢is-PI can be used to examine the behavior in regime III.
We also expect that the solvent quality of Tol is similar
to Bz. Thus, we plotted (r?) /M for the PI-32/Tol system
with square symbols in Figure 1. We see that (r?) de-
creases to the unperturbed value around C = 0.6.

Here we consider whether the molecular weight of cis-PI
employed in this study is sufficiently high for applying
scaling laws that assume extremely high molecular weight.
Obviously the main factor that affects the dimension of
a polymer chain is the number of atoms Z in the main
chain. For P1-101, Z is ca. 5900. We may consider that
this number is not too small for the argument of scaling

laws, though it is not sufficiently high. Scaling laws have
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Table IV
Crossover Concentration®
theor obsd
system C* C* ct Cc
PI-102/Bz 0.0041 0.014 0.21 0.55

PI1-101/C16 0.0074 0.035 0.17 0.39
PI-101/C20 0.0082 0.041 0.15

¢In g cm™,
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Figure 2. Phase diagram classifying the various regimes of PI-101
solutions, The dashed line indicates eq 9, and the dash-dot line
eq 10 calculated with Cy = 0.0234 and ¥, = 0.3.

been most frequently tested for polystyrene. With respect
to Z, PI-101 corresponds to polystyrene with a molecular
weight of 3.1 X 105,

Crossover Concentrations and Phase Diagram.
According to the scaling theory,>® the crossover concen-
tration C* between regimes I and II is written as

C* = (3/4m)M/(S°N,) (9)

where S is the average radius of gyration in regime I. As
is well-known, C* cannot be determined in an unambigu-
ous manner, i.e., the value of C* changes by a factor of ca.
3 depending on the choice of the front factor of eq 9, which
is 3/4w in the present equation but often assumed to be
unity. We estimated roughly the theoretical C* from the
experimental values of (r?) in dilute solutions assuming
S?% = {r?) /6, though this relation as well does not hold in
a good solvent.” Due to the error in measurement of A¢/C
in dilute regime, theoretical C* includes an error of 30%.

The two horizontal lines drawn for Bz solutions in re-
gime [ represent the (r?)/M for PI-164 and PI-102. Since
the data points are few, the levels were determined by
interpolating our previous data of the M, dependence of
(r?y /M in dilute solutions.! From the cross points of the
dilute and semidilute lines, C* was determined to be 0.013
and 0.017 for PI-164 and PI-102, respectively. The ob-
served C* thus estimated is compared with the theoretical
value of eq 9 in Table IV. The crossover concentration
C* between II and II’ and that C** between II’ and III are
also estimated graphically as the cross points of the lines
representing (r?)/M in the respective regimes. These
results are listed in Table IV.

The phase diagram is shown in Figure 2 where the
crossover concentrations C*, C*, and C** are plotted on
the (af — a®) /M2 vs C plane. We see from eq 2 that the
ordinate is proportional to (T'— ©)/T. The theoretical C*
is shown by the dashed line. According to the theory by
Daoud and Jannink,? semidilute regime II transforms into
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Figure 3. Concentration dependence of the relaxation time =
for solutions of PI-101 in C16 (a) and C20 (b). The arrows indicate
the relaxation time at infinite dilution extrapolated by the Mu-
thukumar plot. The dashed line and dot—dash lines indicate the
theoretical 7 calculated with Zimm and Rouse theories, respec-
tively.

concentrated regime III at the crossover concentration C**
given by

C** =(T-6)/6 (10)

where O is the © temperature. Since 7 is close to 0, C**
is approximately equal to (*/; - x)/¥;. For cyclohexane
solutions of polyisobutylene, ¥, is reported to be 0.3.% We
roughly plotted C** in Figure 3 assuming ¥, = 0.3 and
using the value of Cy for Bz. We see that the experimental
phase diagram is quite different from that predicted by
the scaling theory.

As an alternative quantity for the ordinate of the phase
diagram, one may use '/, - x. However, we consider that
this quantity is not adequate for the present purpose. The
reason is as follows. In the lattice theory, Flory—-Huggins
assumed that each solvent molecule occupies one lattice
point.* However, C16 and C20 have a flexible chain
structure, and hence we should evaluate !/, - x taking into
account the oligomer-like properties of the C16 and C20
molecules which occupy more than two sites.?” Using !/,
- x thus evaluated, we obtain a phase diagram similar to
that in Figure 2.

Dynamic Behavior. Now we turn our attention toward
the C dependence of the dynamic properties of cis-PI so-
lutions. Figure 3 shows the C dependence of the relaxation
time 7 in C16 and C20 solutions. In the dilute regime, the
Rouse—Zimm theory predicts

7 = KMn,[n]/RT (11)

where 7, is the solvent viscosity and K is a constant equal
to 1.22 for the free-draining model of Rouse® and 0.85 for
nondraining model of Zimm.?® Figure 3 shows the theo-
retical r calculated with the data of the intrinsic viscosity
given in the Experimental Section and those reported in
the literature.* We extrapolated log 7 to infinite dilution
by plotting log  with respect to C[n] as shown in Figure
4. The linearity in the log 7 versus C[7] plot was con-
firmed by Lodge et al. by oscillatory-flow birefringence.®
This linear relationship was also derived theoretically by
Muthukumar and Freed.3!:%2

For each solution shown in Figure 3 the relaxation time
7o at infinite dilution is indicated by the arrow. We see
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Figure 4. Muthukumar plot for C16 and C20 solutions of PI-101.

that 7, for C16 and C20 solutions are longer by factors of
2.0 and 1.6, respectively, than the theoretical relaxation
times predicted by the Zimm theory.

According to Muthukumar,® the slope A of the In 7 vs
C plot is given by

A = 7,132/ (12M2q) V2 (12)

where N, is the Avogadro number, [, the Kuhn step length,
l;, the renormalized step length, M, the molecular weight
for the step, and ¢ = 27/L. Here L is the contour length
of the chain. From the data of (r?) in the dilute regime,
we estimated / and /; and then calculated A to be 170 and
152 for C16 and C20 solutions, respectively. On the other
hand, the experimental value of A was determined from
the slope of log 7 vs C[9] to be 17.2 and 17.1 for C16 and
C20 solutions, respectively. These values are ca. 1 order
smaller than the theoretical ones calculated above.

With increasing concentration, the polymer molecules
entangle each other more and more frequently, and ac-
cordingly the relaxation time becomes longer. In the range
log C > ~1, log 7 increases in proportion to 2.5 log C. The
dynamic crossover concentration C, between the dilute and
semidilute regimes is estimated to be 0.04 as the intersect
of the two straight-line portions of the curves in the both
regimes. The C, is nearly the same as the observed static
crossover concentration C*. In Bz solutions, a similar
coincidence was observed: for PI1-102, C* = 0.014 and C,
= 0.016. This behavior is different from that found in the
rheological behavior: Noda et al. reported the crossover
concentration for toluene solutions of poly(a-methyl-
styrene) from the C dependence of the osmotic pressure!®
and the viscosity.l” They found that their dynamic
crossover concentration is ca. 5 times higher than the static
C* of the same system.!”

According to the dynamic scaling theory of de Gennes,®
the C dependence of 7 in the semidilute regime is given

by
T @ 7y(C/C*)PU-")/Gr1) 1)

where 3 is a constant equal to 2 for the free-draining model
and 3 for the nondraining model.

Previously, we determined the C dependence of the
relaxation time 7, reduced to the isofriction coefficient
state for Bz and Diox solutions of PI-164.2 To calculate
7, we need the data of either the relaxation time for the
segmental motion or the relaxation time for the normal-
mode process for the low-molecular-weight cis-PI. Since
these data are not available for C16 and C20 solutions, we
analyze the present data without reducing r into the iso-
friction state.

We determined the slope of the log 7 vs log C plot in the
semidilute regime to be 2.5 £ 0.2 and 2.8 £ 0.2 for C16 and
C20 solutions, respectively. To test eq 13, we use two sets
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Table V
Comparison of 8, and 8,
soln By B,
PI-102/Bz 4.2 4.2
PI-101/C16 4.0 34
PI-101/C20 4.2 3.3
PI-102/Diox 2.5 2.5

of the data of »: One is the set of v determined from o with
eq 5 and the other from the C dependence of (r?) in the
regime II. The values of 3 calculated from the former and
the latter are denoted as 3; and 8, respectively, and are
listed in Table V. We see that 3, for the good and mod-
erately good solvents is ca. 4 but changes to 2.5 in the ©
solvent. On the other hand, 8, varies monotonously from
4.2 for the good solvent to 2.5 for the © solvent. On av-
erage, these values are close to the nondraining model.
However, the dynamic scaling law does not agree quan-
titatively with the experimental data.

Acknowledgment. This work was supported in part
by a Grant-in-Aid (6055062) for Scientific Research by the
Ministry of Education, Science and Culture. A support
from the Institute of Polymer Research (Osaka University)
is also gratefully acknowledged.

Registry No. cis-PI, 9003-31-0.

References and Notes

(1) Adachi, K.; Kotaka, T. Macromolecules 1987, 20, 2018.

(2) Adachi, K.; Kotaka, T. Macromolecules 1988, 21, 157, and
references cited.

(8) Adachi, K.; Okazaki, H.; Kotaka, T. Macromolecules 1985, 18,
1687.

(4) Adachi, K.; Okazaki, H.; Kotaka, T. Macromolecules 1985, 18,
1486.

(5) de Gennes, P.-G. Scaling Concepts in Polymer Physics; Cor-
nell University Press: Ithaca, NY, 1979.

(6) Daoud, M.; Jannink, G. J. Phys. (Les Ulis, Fr.) 1976, 37, 973.

(7) Edwards, S. F. Proc. Phys. Soc., London 1966, 88, 265.

(8) Muthukumar, M.; Edwards, S. F. J. Chem. Phys. 1982, 76,
2720.

(9) de Gennes, P.-G. Macromolecules 1976, 9, 587, 594.

(10) de Gennes, P.-G. J. Chem. Phys. 1971, 55, 572.

(11) Doi, M.; Edwards, S. F. J. Chem. Soc., Faraday Trans. 2 1978,
74, 1789.

(12) Stockmayer, W. H. Pure Appl. Chem. 1967, 15, 539.

(13) Daoud, M.; Cotton, J. P.; Frarnoux, B.; Jannink, G.; Sarma, G,;
Benoit, H.; Duplessix, R.; Picot, C.; de Gennes, P.-G. Macro-
molecules 1975, 8, 804.

(14) King, J. S.; Boyer, W.; Wignall, G. D.; Ullman, R. Macromol-
ecules 1985, 18, 709.

(15) Richards, R. W.; Maconnachie, A.; Allen, G. Polymer 1981, 22,
147, 153, 157.

(16) Noda, L.; Kato, N.; Kitano, T.; Nagasawa, M. Macromolecules
1981, 14, 668.

(17) Takahashi, Y.; Isono, Y:; Noda, I.; Nagasawa, M. Macromole-
cules 1985, 18, 2220.

(18) Lodge, T. P.; Miller, J. W.; Schrag, J. L. J. Polym. Sci., Polym.
Phys. Ed. 1982, 20, 1409. ‘

(19) Osaki, K.; Nishimura, Y.; Kurata, M. Macromolecules 1985, 18,
1153.

(20) Nemoto, N.; Inoue, T.; Makita, Y.; Tsunashima, Y.; Kurata, M.
Macromolecules 1985, 18, 2516.

(21) Adachi, K.; Imanishi, Y.; Kotaka, T. J. Chem. Soc., Faraday
Trans. 1, in press.

(22) Frohlich, H. Theory of Dielectrics; Clarendon Press: Oxford,
1958.

(23) Onsager, L. J. Am. Chem. Soc. 1936, 58, 1486.

(24) Flory, P. J. Principles of Polymer Chemistry; Cornell Uni-
versity Press: Ithaca, NY, 1953; Chapter XIV.

(25) Yamakawa, H. Modern Theory of Polymer Solutions; Harper
and Row: New York, 1971.

(26) Krigbaum, W. R.; Flory, P. J. J. Am. Chem. Soc. 1953, 75,
5254.

(27) Flory, P. J. J. Chem. Phys. 1949, 17, 303.

(28) Rouse, P. E. J. Chem. Phys. 1953, 21, 1272.

(29) Zimm, B. H. J. Chem. Phys. 1956, 24, 269.

(30) Poddubnyi, L. Y.; Ehrenberg, E. G. J. Polym. Sci. 1962, 7, 545.

(31) Muthukumar, M.; Freed, K. F. Macromolecules 1978, 11, 843.

(32) Muthukumar, M. Macromolecules 1984, 17, 971.



