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Effects of Coupling on Polymer Chain Dynamics Probed
Dielectrically: Precursor to Entanglement
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ABSTRACT: The coupling model of relaxation is shown to quantitatively explain the unexpected dielectric
behavior observed by Adachi and Kotaka in unentangled high molecular weight poly(2,6-dichloro-1,4-phenylene
oxide) (PDCPO) solutions. With increasing concentration such that the product ¢M approaches M,, the
molecular weight between entanglements, not only does the observed loss maximum frequency fn shift to
the low-frequency side but also the loss curve simultaneously broadens on both sides of f,,. Both these behaviors
are expected from the coupling model. The loss curves are quantitatively reproduced at each concentration
by the model. The value of the coupling parameter n for these unentangled chains is found to increase with
concentration but remain below the upper bound of n = 0.41 previously shown to characterize fully entangled
linear polymers. The coupling model provides consistent explanations for both the unexpected broadening
of dielectric loss of unentangled polymer solutions discussed here and the characteristic properties of fully

entangled polymer systems demonstrated earlier.

Introduction

A polar group in the repeat unit of some flexible polymer
chains may have a dipole component parallel to the chain
contour. Stockmayer' called such dipolar groups in a chain
molecule type A. If this is the case for a certain polymer,
it will exhibit a dielectric relaxation that is identical with
that of the end-to-end displacement vector r provided
there is no reversal of directional sense of the repeat units.
Hence this dielectric relaxation is directly related to low-
frequency viscoelastic relaxation arising from chain dy-
namics. It has been shown! that it is adequate to use the
bead-spring model of Rouse? and Zimm? to describe the
long-range diffusional modes of the chain. From Zimm’s
treatment for a solution of the polymer chain at weight
concentration ¢ in a nonpolar solvent the contribution to
dielectric relaxation from the polymer is described by the
equations

Ae* — (Ae), =
[4xN,2c/(2TRTM)](¢y + 2)°Lpp2/ (1 + iwry) (1)

Py = (Nb/km)Ze(2/N)2 cos Gkn/N) - (2)

In these equations, N, is the Avogadro number, RT the
thermal energy, M the polymer molecular weight, ¢, the
dielectric constant of the solvent, w the circular frequency
of the applied field, Nb? the mean-square end-to-end
distance for the entire chain, and e; (j = 0, 1, ..., N) the
assigned electric charges on the beads. For an unreversed
sequence of type A dipoles down the entire chain, p,
vanishes for all even k2 modes and is inversely proportional
to k for the odd modes. The first mode & = 1, with the
longest relaxation time 7, is the dominant contribution
to the dielectric increment given by eq 1.

The dielectric relaxation times 7, in dilute solutions are
given by the expressions!®

7 = 2Mn[n]/(0.586RT)\,") (3)
for the nondraining model and
7, = 12M{n]n,/w*RTk? 4)

for the free-draining model. In these relations 7, is the
solvent viscosity, [n] is the intrinsic viscosity, and the X\’
are eigenvalues that have been tabulated for low k. The
eigenvalue for the first mode, A,’, has the value of 4.04.
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The value of 7 can be identified with 1/(2xf,), where f,,
is the frequency of the observed dielectric loss maximum
which is due principally to the rotational diffusion (k& =
1) mode. For samples with sufficiently narrow chain-length
distributions, Equations 1 and 2 predict a dielectric dis-
persion with breadth close to that for a Debye relaxation
~exp(~t/r), with a molecular relaxation time r approxi-
mately the same as 7;. For polymers in which the 2 = 1
mode dominates, the predicted relaxation time 7, is nearly
the same for both models. Thus, eq 3 and 4 yield eq 5 and
6, respectively. The rather strong dependence of the

71 = 1.21M[n]n,/RT
71 = 0.85M[nln,/RT

relaxation time 7; on molecular weight M means that the
effect of polydispersity, if present, must be taken into
account. Distribution in chain lengths gives rise to a
distribution in 7; and broadens the dielectric dispersion.

Dielectric relaxation due to type A dipoles have been
studied experimentally by Stockmayer and co-workers,!
and by others* in low molecular weight, unentangled
polymer systems. The relations 1-6 give a good account
of the observed relaxation times. Stockmayer! has sug-
gested as early as 1967 that with an appropriate choice of
polymers it should be possible to observe dielectrically the
effect of entanglements on 7, through the transition from
unencumbered to strongly entangled chains. Recently,
Adachi, Okazaki, and Kotaka® have extended considerably
the work by following the longitudinal-dipole relaxation
from dilute to concentrated solution, through the semi-
dilute region and eventually into the entanglement regime.
Indeed, they have observed the effects of entanglement in
cis-polyisoprene. These measurements will not be dis-
cussed here. In addition, they have investigated the
longitudinal-dipole relaxation of linear poly(2,6-dichloro-
1,4-phenylene oxide) (PDCPO) in a good solvent, chloro-
benzene, in the dilute,* the semidilute, and the concen-
trated regimes.® From the structure of PDCPO, they have
determined that it qualifies as a type A system with dipole
moment parallel to the end-to-end displacement. The
proportionality of the dielectric relaxation strength to the
mean-square end-to-end distance (r?) as predicted by eq
1 and 2 has been verified in dilute solution. Solutions of
a linear sample PDCPO-17 with molecular weight 16 600
and M, /M, = 1.26 in chlorobenzene (ClBz) interpolating
between the dilute and the concentrated regions were also
studied by dielectric measurements. For bulk PDCPO the
molecular weight between entanglements M, has been

(free draining) (5)

(nondraining) (6)
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estimated® to be 9400. The characteristic molecular weight
for entanglement M, taken as 2M,, is 18800. The mo-
lecular weight of bulk PDCPO-17 is between M, and M,.
By the conventional criterion, the molecules of PDCPQ-17
are thus considered to be unentangled in the entire range
of ¢ studied. The dependence of the frequency of the loss
maximum f,, on ¢ of this sample should reflect that of
unentangled, linear PDCPO chains.

Since the interest here will be on semidilute and con-
centrated solutions of PDCPO-17, the dilute solution ex-
pressions 5 and 6 for 7, have to be replaced by free draining
model expressions of the first or terminal mode of Rouse

7, = {(N?b?/(67%kpT) \))

which is appropriate for unentangled condensed systems.
In eq 7 {; is the friction factor per bead, N the number of
beads in a chain, and b the average distance between beads.
The parallel dipole relaxation is dominated by the first
Rouse mode. If all chains have the same length, the dipole
correlation function (u(¢)-u(0))}/ (uz)eq will be well ap-
proximated by a single exponential

(u(t)n(0)) / (u?)eq = 8772 exp(-t /1) (8a)

Distribution in chain lengths will introduce a distribution
g(ry) of 7; in accordance with the dependence of the latter
on chain length or molecular weight. The corresponding
dipole correlation function is given by

((Dr(0) / (WP)eq = 8772 f dry g(r,) exp(-t/7)  (8D)

The 7, in eq 7 can be identified with 1/2xf, for a
monodisperse sample, where f,, is the frequency of the
dielectric loss maximum. From eq 7, the dependence of
7, on ¢ comes from those of {; and (r?) = Nb% It has been
shown that (r?) has little dependence on ¢ in the present
systems.*® Thus, the ¢ dependence of 7, is entirely due
to that of {;. On increasing ¢ of the PDCPO-17 solutions,
one expects {; to increase. Hence, according to eq 7 f
(=1/27,) should shift toward low frequencies, but the
shape of the normalized dielectric loss ¢”/c when plotted
vs. the logarithm of the frequency f should remain un-
changed. The half-width A of the loss curve should be
invariant with ¢. This is not observed in the dielectric
measurements of the PDCPO-17 solutions.® Adachi and
Kotaka® found that the loss curve broadens on both sides
of the loss maximum frequency as it shifts with increasing
¢, and this is shown in Figure 1. They cannot find from
the literature a theory that can explain this behavior
quantitatively but nevertheless suggest the possibility that
this effect is due to a mechanism such as cooperative
motions of the chains that has not been taken into account
in the bead-spring model as M¢ approaches M, and M,
(¢ is the polymer volume fraction).

In this work we show that the mechanism in the coupling
model™® which takes into account the cooperative motions
of chains provides a quantitative explanation for the effects
observed by Adachi and Kotaka in PDCPO-17 solutions.
The general nature of its mechanism suggests the appli-
cability of the coupling model to the present system of
unentangled PDCPO-17 solutions at concentrations where
cooperative motions of the chains (and hence coupling
between chains) are important as suggested by Adachi and
Kotaka. Previously the coupling model has provided an
understanding of the molecular weight and temperature
dependences of the zero-shear viscosity n and self-diffusion
coefficient D in entangled linear polymer systems.”® We
refer the reader to these references for a description of the
model and its physical basis. Here we briefly summarize
its essential features and predictions.
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Figure 1. Data of Adachi and Kotaka for the frequency de-
pendence of the dielectric loss ¢ divided by concentration ¢ (in
g cm™®) for chlorobenzene solutions of unentangled PDCPO-17
at 300 K. The dashed and solid curves are from eq 15-17 based
on the dominant k = 1 mode. The coupling parameter n, is found
to increase with concentration but lies below the value n; = 0.41
corresponding to fully entangled chains.

Coupling Model of Polymer Chains

Consider a chain and its £ = 1 Rouse mode. The re-
laxation rate is W, (=1/7,, where ; is given by eq 7), the
Rouse relaxation rate. If the chain couples to other chains,
then at some time ¢, characteristic of the coupling inter-
action, effects of other chains on the relaxation of the chain
will be felt. One effect is the slowdown of the Rouse re-
laxation rate W;. The degree of slowdown depends on the
nature of the coupling between chains. Several physical
models!® of calculating the slowdown of the primitive re-
laxation rate W; have all led to similar results. We find
that for t > t, (=w,!) the rate is reduced by a factor that
is time dependent and has the self-similar form of (w,t)™
where n,, a parameter lying between 0 and 1, is a measure
of the degree of slowing down of W,. The value of w, can
be deduced from experimental data for several polymer
systems, and it is typically in the range w, = 10°-10°s7%,
In other words, the overall relaxation rate W of the k =
1 mode becomes time-dependent and has the specific form
of

Wi(t) = W, wt <1
= Wi(wt)™ wt>1,0=<n,<1 9)
The dipole correlation function
(u(t)u(0)) / (1P)eq = Q1) (10)
will obey the rate equation
dQ(t) /dt = -W()Q(¢) (11)

with W(t) given by eq 9 if only the contribution from the
dominant £ = 1 mode is included. Solution of eq 11 yields
three coupled predictions,!® although our discussion in-
volves only two of the three in this work. These two
coupled predictions are the fractional exponential relax-
ation function

QM) = 82 exp[-(t/m)'™)  if wery > 1 (12)

and

Tl* = [(1 - n)wchI]l/(l_nl) (13)
Equation 12 has previously been used as an empirical
description of dielectric data by Kohlrausch,!! Williams

and Watts,'? and others. Equation 13 is unique to the
coupling model and relates the effective 7,* in eq 12 to the
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primitive 7;. They are called coupled because the same
n, and 7,* appear in both equations.

For fully entangled chains in a monodisperse linear
polymer system (i.e., M > M_) we have previously dem-
onstrated”® how well eq 12 accounts for the shape of the
terminal viscoelastic dispersion measured by stress relax-
ation or creep compliance for n; =~ 0.41. The coupling
model predicts the time dependence and relaxation time
in the presence of entanglements but does not calculate
quantities such as the relaxation modulus Gy°. With this
same value of n; = 0.41, eq 13 predicts that the 7, « M?
dependence from the Rouse model in eq 7 is modified by
entanglement effects to 7,;* « M?/ (1" = M3 in agreement
with experimental measurements of the terminal relaxation
time and viscosity. In addition, the temperature depen-
dence of the friction coefficient {; in eq 7 is predicted to
be modified by eq 13, and these predictions also agree
quantitatively with the data.® When the molecular weight
M is decreased slightly below M_, coupling between chains
may still remain, although at a reduced level. The coupling
parameter n, is reduced correspondingly. As M is de-
creased, the value of n, is expected to decrease monoton-
ically for M, < M < M, and then more rapidly toward zero
for M < M,. Of course, n; = 0 corresponds to the uncou-
pled systems of sufficiently short chains as described by
the Rouse model.

The complex permittivity ¢*(w) as a function of fre-
quency is given via eq 10-13 by

[e¥{w) - e.']/[e - €./] =
872 FT —éi-t- exp[—(t/7*)1™]¢ (14)

for a monodisperse polymer system. In eq 14, ¢, and e.’
are the limiting low- and high-frequency values of the real
part of ¢*(w) and FT {...} denotes the one-sided Fourier
transform f§dt e¢4...}.

For a polydisperse system with a distribution g(r;) in
74, the corresponding expression is

[*(w) - €] /[ — /] =

81r‘2fd1'1 gr) FT {—-(% exp[-(¢/m*)T™™]¢ (15)

with
¥ = [(1 = nyw ] (16)

Equations 14 and 15 are valid for w,r; > 1. In relation
16 an assumption is made that all chains within the dis-
tribution have the same coupling parameter n;. This as-
sumption is not expected to hold for a very broad distri-
bution of chain lengths, in which case a distribution of n’s
is also possible.

Coupling Model Analysis of Data

The imaginary part of the Fourier transform in eq 14
has a peak with maximum loss at frequency f,, which is
roughly equal to 1/(2x7,*). The peak broadens on both
sides of f,, with increasing n. The additional integration
in eq 15 for polydisperse samples further broadens the
peak. Consider now the PDCPO-17 solutions in light of
the coupling model. In dilute solutions the coupling of
chains is negligible, i.e., n; = 0, and the departure from
the Rouse-Zimm theory eq 1 and 2 is due only to poly-
dispersity. The frequency dependence on the dielectric
loss ¢’ for a 2.5 wt % PDCPO-17 solution at 300 K is
shown by the dashed curve in Figure 1, and it is found to
be slightly broader than a Debye peak.® The distribution
function g(r,) due to polydispersity can be determined
directly from this curve by numerical analysis. After g(r;)

Macromolecules, Vol. 20, No. 5, 1987

has been determined from the PDCPO-17 dilute solution
¢’ data, its functional form can be used in eq 15 at any
concentration ¢. The dielectric loss peak for a 2.5 wt %
solution at 300 K is quite symmetrical about its loss
maximum frequency at about 1055 Hz. This feature sug-
gests the choice of a Gaussian distribution

g(r) dr = F?/—ze‘m" ninm)® d In T amn
where I''! is the width of the distribution and r,, the re-
laxation time at the peak of the distribution. It is rea-
sonable to assume that chains are uncoupled in the 2.5 wt
% solution, so that the coupling parameter n, is zero and
7,* equals 7; in eq 16. The ¢’ data of the 2.5 wt % solution
can be fit well by eq 15-17 for n; = 0 with the choices of
T =045 and 7, = 1/2xf,.

With increasing concentration, the coupling between
chains will become more important and the value of the
coupling parameter n, should increase. As M¢ increases
toward M., the value of n, should increase toward n =~ 0.41
which characterizes the fully entangled linear monodis-
perse polymer systems. This is indeed what we observe
when we apply eq 15-17 to the PDCPO-17 solution data
of increasing weight percent. For convenience, the inte-
gration variable in eq 15 can be changed from 7, to 7,* by
using eq 16. When this is done, the w, dependence in [In
7:—1n 7] = (1 - n)[ln 7* — In 7,*] of eq 17 is seen to
cancel out. The value of T is held fixed at T = 0.45 as
determined from the dilute 2.5 wt % solution. The
evaluation of eq 15 is then straightforward, and the value
of n; that best fits the shape of the loss curve can be
determined at each concentration. The position of the loss
peak 7,,* is shifted to the experimental value in each case.
As shown in Figure 1, the calculated dielectric loss curves
can reproduce the shapes of the peaks at the four other
concentrations rather well. Note that n, starts from 0 at
2.5 wt %, increases to 0.15 in the range 10-30 wt %, to 0.27
at 39.8 wt %, and reaches the value of 0.38 at 56.9 wt %.
For the 56.9 wt % solution, the M¢ product is approxi-
mately equal to M¢ = M, = M,/2 and thus is still not fully
entangled by the conventional criterion. The value of n,
thus remains below the upper bound of n; = 0.41 previ-
ously shown to characterize the shape of the loss curves
for fully entangled linear polymers and also predict the
correct molecular weight and temperature dependences.”
In other words the relevance of the coupling model for the
fully entangled regime and the size of the coupling pa-
rameter determined there gives credence for the magni-
tudes of n; deduced by the coupling model also for the
PDCPO-17 solutions that are not fully entangled.

Although the curves in Figure 1 were all calculated with
only the dominant & = 1 mode, there is some contribution
from the higher k£ modes on the high-frequency side of the
loss peaks. We have found that including the k = 3 mode
only decreases the n, values slightly and the consistency
with the fully entangled regime remains. For instance,
including the £ = 3 mode would modify eq 8 to

(u(t)-u(0)) =
82 f dry g(r)lexp(-t /1) + (1/9) exp(=t/7)} (18)

where 73 = 7,/9. The k& = 3 mode then has about 10% of
the weight of the £ = 1 mode and has a loss peak about
a decade higher in log f. Therefore about 10% of the g(7,)
which we had attributed to polydispersity is actually due
to the k = 3 mode. The polydispersity distribution g(r,)
is then actually somewhat narrower than we had deduced.
In the presence of coupling between chains, the 2 = 1 and
k = 3 modes will each get a coupling parameter n, and n,.
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Figure 2. Data of Adachi and Kotaka (same as Figure 1). Dashed
and solid curves are from the model based on both the k = 1 and
k = 3 modes. The values of the coupling parameter n, for the
k = 1 mode are decreased slightly compared to Figure 1.

The shorter wavelength k2 = 3 mode involves more localized
motions so it will be less affected by coupling than the k
= 1 mode. Therefore, in general, it is expected that ngy <
n,. Including the £ = 3 mode will modify eq 15 and 16 to
[e¥(w) — €]/ [0 — €] = Aey*(w) + (1/9)Aeg*(w), whose
Ae*(w) is given by eq 15. Aeg* is similar to eq 15 but with
ng and 74* substituted for n, and 7,*, where 73* = [(1 -
ng)w, "7, /911", These expressions are valid for w.r; >
1 and w.r3 > 1. Note that the relative spacing of 7,* and
75* is completely determined by the model.

The shapes of the PDCPO-17 solution data can be ex-
amined with the & = 3 contribution now included. The
results are shown in Figure 2. For the 2.5 wt % dilute
solution where n, = ny = 0, the presence of the k = 3 mode
increases the value of ' in eq 17 from ' = 0.45 to T = 0.55.
For 10.0 and 30 wt %, the values of n, are now reduced
from n, = 0.15 to n; = 0.08 and 0.11, respectively. The
values of ng at 10.0 and 30 wt % are n; = 0. For the higher
concentrations of 39.8 and 56.9 wt %, the values of ng are
required to be nonzero. The w, does not cancel out when
ng # 0 as it did in eq 15, and a value of w, must now be
specified. We will use w, = 10%2 57, the value of w, deduced
directly from experimental data of a different polymer,
poly(phenylmethylsiloxane).!® At 56.9 wt %, we find n,
= 0.35 and ny = 0.25. The value of n; = 0.35 best fits the
main loss peak when T' = 0.55, and n; = 0.25 provides the
best fit of the curve on the high-frequency side. We see
that ny < n, as physically expected from the coupling
model. The individual £ = 1 and & = 3 contributions to
the 56.9 wt % data are shown in Figure 3. A smaller value
of ng would shift the & = 3 peak out to an unacceptably
high frequency. Figure 2 represents a more refined analysis
of the data than Figure 1, but the results are very similar.
Including the & = 3 mode reduces the values of n; slightly,
but the conclusions are unchanged.

The coupling model thus provides a physical mechanism
to account for the broadening of the ¢’(f) curves for un-
entangled chains with increasing concentration. The values
of the coupling parameter all remain below the upper
bound of n, S 0.41. As mentioned previously, the coupled
relations 12 and 13 have been quantitatively tested for fully
entangled monodisperse polymers. The value of n; ~ 0.41
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Figure 3. Separate contributions from the ¥ = 1 and k = 3 modes
at 56.9 wt % corresponding to Figure 2.

obtained by fitting eq 12 to the terminal dispersion was
previously shown to predict the correct molecular weight
and temperature dependence of 7,* from eq 13.

In principle, the coupling model can also be used to
predict the concentration dependence of 7*. In Figures
1 and 2, the positions of the loss peaks were adjusted to
correspond to the data. However, we should be able to
predict the relative shift in the loss peak with ¢ from eq
13. The value of n; = n,(c) increases with ¢ as was shown
in Figure 1 and 2. This will predict a shift in 7,* to longer
times with increasing ¢ by eq 13. However, there will be
an additional shift in 7,* due to the ¢ dependence of 7,.
As mentioned previously, this dependence comes from the
friction coefficient {; = {y(c). In principle, the {,(c) de-
pendence on ¢ could be taken from any viable theory such
as those based on free volume considerations. However,
the {(c) dependence for PDCPO solutions is not presently
available so that we are not able to test eq 13 for the 7,*(c)
dependence on c.
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