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Figure 1. Variation of (¢%2/4)/S(q) vs. gl/2 for an infinite
semiflexible chain as given (1) by the sliding rod model, (2) by
Koyama, and (3) by des Cloizeaux.

Gaussian coil discontinuously. When the hydrodynamic
interaction is preaveraged
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In these expressions, the sine integral, cosine integral, and
the incomplete v function have been used:

Si (x) = fdtsmt Cl(x)——fd cos ¢

X
y{mx) = j; dt eitm!

Also a cutoff hydrodynamic thickness d associated with
the chain has been introduced to avoid a singularity in F(q)
at zero contour length. The rigid rod limit of the apparent
diffusion coefficient D,,,(q) = I'(g)/¢? is obtained for | =
L as
Dypplq) =

sin (gL)

ql

Si (gL) 9 . cos (gL) -1
) /(oo =]

where Dy = kgT/{N. Equations 10 and 4a have the same
small gL limit

lim D,p0(@)

Dy + 2D, + Ci (qL) - Ci (qd) -

= Dy + 2D¢[In (L /d) - 1] (11)

if both the free-draining and nondraining values are con-
sidered to define D as D = Dy + 2D,[In (L/d) - 1]. Note
that when the length of the rod becomes large, eq 10 be-
comes

lim D ()=D£+2D 0.423 +1 L %
gL appq 07;- 0 . n qd

T

(12)
where the expansion lim,;., Ci (gd) ~ 0.577 + In (gd) has

been used. Equation 12 is different from eq 5. In eq 12,

D,,5(q) increases linearly with gL for a fixed D whereas
in eq 5 it reaches a plateau value at large gL. As pointed
out before,?? this discrepancy comes from the fact that eq
6 uses the full configuration space whereas eq 1 includes
rigid constrainsts at the outset. For example, eq 6 gives
for freely jointed chains!® the same limit at large g as for
flexible chains. We therefore conclude that the sliding rod
model, as originally presented, i.e., based on eq 6, is valid
for semiflexible chains with a small degree of stiffness, i.e.,
close to flexible coils.

For nonpreaveraged hydrodynamic interaction, the
analysis is more involved but tractable to a point. For
simplicity we present the infinitely long chain result only:

1 sin (gl) . ]
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(13)

The remaining integrations over the variable z would have
to be performed numerically.

Using this continuous limit of the sliding rod model,
Stockmayer and Hammouda have estimated!! corrections
to the first cumulant due to a small degree of stiffness (I
= 20 A for polystyrene); these corrections have been found
to be small.
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In our recent papers,’? we reported that bulk cis-poly-
isoprene (cis-PI) exhibits dielectric relaxation due to
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Figure 1. Temperature dependence of ¢ and log ¢” for the 8.14%
(by weight) solution of CR(1), and temperature dependence of
¢’ in the o] relaxation region for 8.14% and 20.1% solutions of
CR(1).

fluctuation of the end-to-end vector, termed the “normal
mode process”.®!! Since the stereochemical structures of
polychloroprene (CR) and cis-PI are similar, CR should
have a component of the dipole moment parallel to the
chain contour and exhibit a normal mode process. How-
ever, there exists a significant difference in the micros-
tructures between cis-PI and CR samples used in this
study. Namely, CR contains a large number of head-to-
head (h-h) and tail-to-tail (t-t) linkages, where the di-
rection of the moment changes. Such polymers exhibit the
normal mode process due to the end-to-end fluctuation of
submolecules between the neighboring h-h and t-t linkages
but not that of the whole molecule. We may designate the
average number of monomer units in the submolecules as
the “dipole persistent number”. The Rouse-Zimm theo-
ry'?13 predicts that the relaxation time for such motions
corresponds to the kth normal mode whose half-wave-
length is equal to the length of the submolecule. Baur and
Stockmayer® reported such relaxation for poly(propylene
oxide), in which the parallel dipole changes its direction
at the midpoint of the molecule. They found that the
relaxation time corresponds to the second normal mode
of the whole molecule. In CR, the situation is more com-
plicated, because h—h and t-t linkages occur frequently.
From this view, we investigated dielectric properties of
toluene solutions of CR to clarify how the microstructure
influences the dielectric behavior.

Experimental Section

Two commercial neoprenes, CR(1) and CR(2) (Showa Neoprene
Co., Ltd.), were used. They were purified by reprecipitation from
benzene into methanol. The precipitates were dried under vacuum
of 107! Pa at room temperature for 1 week. Toluene was distilled
with CaH,. Methods of characterization and the dielectric
measurements were described previously."® The microstructure
was analyzed by *C NMR based on the assignment described by
Ebdon.* The results of characterization are given in Table I.

Results and Discussion

Figure 1 shows the temperature dependence of the di-
electric constant ¢ and the logarithm of the loss factor ¢’
for an 8.1 wt % solution of CR(1). The temperature de-
pendence of ¢” in the range from 160 to 280 K for 8.14%
and 20.1% solutions of CR(1) is also shown in the same
figure. Four loss maxima seen in Figure 1 were designated
as ay, ay, 3, and vy processes. A similar loss vs. temperature

Notes 295

Table 1
Characteristics of Chloroprene Rubber

microstructure,® %

h-t
code 10*M, M,/M, trans cis h-handt-t
CRQ1) 61 12 73.4 5.5 21.1
CR(2) 3.5 3.5 74.4 5.2 20.4

%h-t, h-h, and t-t denote head-to-tail, head-to-head, and tail-
to-tail linkages.
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Figure 2. Frequency dependence of ¢’ at 298 K for a 10% (by
weight) solution of CR(2).
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Figure 3. Parallel (u,) and perpendicular (x,) components of the
dipole moment of polychloroprene.

curve was observed for solutions of CR(2). Figure 2 shows
the frequency dependence of ¢’ for a 10 wt % solution of
CR(2) at 298 X in the range from 1 to 100 MHz. Though
the experimental error was relatively large, a weak loss
maximum due to the a; process was observed in this range.
The dielectric relaxation strength Ae for the o process was
calculated to be 0.015 + 0.005 from the area of the loss
curve.

In Figure 1, the oy process shows the highest loss peak
and is attributable to the segmental mode process, because
the monomer unit of CR has a strong dipole moment
perpendicular to the chain contour besides the parallel
component. Since the a; peak is located at a temperature
higher than the temperature range of the ay; process due
to segmental motions, we assume that the a; process is due
to the normal mode process. In what follows, we discuss
the dielectric properties for the «; process on the basis of
this assumption. The features of the o, 8, and vy processes
are similar to those in toluene solutions of vinyl poly-
mers!®18 and will be reported elsewhere.

To check the assignment of the o process from Ae, we
analyzed the dipole moment of CR. Since the dipole
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Figure 4. Arrhenius plot for the a; and oy processes for the
solutions of CR(1) and CR(2).

moment of CR arises mostly from the C~Cl bond moment
(= 1.86 D),? it was decomposed into parallel u, and per-
pendicular u, components as shown in Figure 3: for the
trans unit, g; = 0.21 D and u, = 1.85 D; and for the cis unit,
gy = 1.03 D and u; = 1.55 D. Since the C—C=C—C
linkage is rigid, we regard the line connecting C, and C,
as a hypothetical bond.?* It should be noted that u; for
the trans unit is much smaller than that for the cis unit,
but their directions are opposite.

The theoretical Ae for the normal mode process in a
solution with concentration ¢ (in weight/volume) of a
polymer having the end-to-end distance (r?) is given by®

Ae = 4mcpN(r?)(e, + 2)2/2TMEgT 1)

where u is the dipole moment per unit contour length, ¢,
is the dielectric constant of the solvent, and N,, M, and
kgT have the usual meanings. We used the value of
(r?)/M in the unperturbed state.”> When the length of
the monomer unit along the chain contour is b, u is given
by u;/b. We calculated u roughly from g, for the trans unit
neglecting the contribution of the cis unit. This may be
justified for two reasons: the cis units are separated widely,
and they have u; directed oppositely to the trans unit.
Thus, A¢ for the a; process was calculated to be 0.013. This
agrees roughly with the experimental Ae and confirms the
above assignment. By using the Onsager equation,? we
also calculated Ae for the rotation of u, for the 8.14%
solution and obtained Ae = 0.90 at 150 K by taking into
account the contributions of both the trans and cis units.
This value agrees approximately with the increment of ¢
around 150 K, indicating that the a;; process is due to
segmental motions.

Arrhenius plots for the a; and oy processes for solutions
of CR(1) and CR(2) are shown in Figure 4. We recognize
that the relaxation frequencies f,, for the «; and «p; pro-
cesses vary in an almost parallel manner as was found for
cis-P1.! This indicates that the origins of the internal
friction for both processes are the same. The activation
energies for both processes were 60 = 3 kJ/mol at 1 kHz.
Figure 4 shows that despite the large difference in mo-
lecular weight between CR(1) and CR(2), the temperatures
of the a; peak for them are nearly the same. This result
is at first glance incompatible with the Rouse-Zimm the-
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Figure 5. Schematic view of the sequence of the parallel dipole
moments.

ory, but is quite resonable if the dipole persistent numbers
m in CR(1) and CR(2) are the same.

In the nondraining model, the relaxation time for the
kth normal mode 7, is given by

7% = 2[n]noM/(0.586\,RT) 2)

where [} is the intrinsic voscosity, n, the solvent viscosity,
R the gas constant, and ), the eigenvalue. For large &, A,
is given by??

A = (w?R3/2/2)[1 - (2mk)7] @)

Though the concentrations of the present CR solutions
were in the semidilute range, we used eq 2, which is valid
for dilute solutions, because little difference in f, was
observed between 8% and 20% solutions. From f,, =4
X 107 Hz and the data of (] and 7, at 298 K,1%% the value
of k was calculated to be 262 and 12.1 for CR(1) and CR(2),
respectively. From these values, the molecular weight M,
of the submolecule and the dipole persistent number m
were calculated to be 2600 + 300 and 29 =+ 4, respectively.

To discuss the sequence of parallel dipoles, it is neces-
sary to consider the mechanism of the propagation of
polymerization. Figure 5 shows a schematic view of the
sequence of the parallel dipoles. We assume that polym-
erization has propagated from the left-hand side to the
right-hand side of this figure. For the sake of simplicity,
we also assume that all units are linked with trans linkages.
If the dipoles pointing to the right (h-t linkage) and those
pointing to the left (t-h linkage) exist with the same
probability p/2, the weight fraction W(m) of the persistent
number m is given by mp™(1 — p)? and the weight average
of m (m,,) is equal to (1 + p)/(1 — p). From the content
of h—t linkages given in Table I, m,, was calculated to be
8.5. This value is too small compared with the value of
m (Mgyea) derived from eq 2.

Next, we assume that whenever an h-h linkage occurs
in the polymerization, the next monomer reacts prefer-
entially by the t-t linkage. In this case, the direction of
the parallel dipole is inverted immediately after the oc-
currence of the h-h linkage as shown in Figure 5b so that
almost all dipoles are aligned in the same direction. This
model b gives M, comparable with the molecular weight
of the whole molecule, which is too large compared with
Mopea- 1t i8 noted, however, that models a and b in Figure
5 are two extreme cases. If we assume adequate values for
the probabilities of the h-t and t-h linkages, we may ex-
plain mgy. However, such a reactivity ratio similar to that
in copolymerization kinetics is not yet known.

If we assume the existence of branches with average
chain length of 29 monomer units, we can explain the
relaxation time for the o process. However, to explain Ae
by considering branches, we have to assume that CR in-
cludes so many branches that more than 50% of the mo-
nomer units are incorporated into the branches. At
present, there is no evidence to support such a mechanism.
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Ionomer membranes, with ionizable groups attached to
organic polymer backbones, exhibit a large difference in
permeability between oppositely charged ionic species.
This permselectivity is believed to result from the elec-
trostatic interactions at the ion exchange sites. There is
mounting evidence that the ion exchange sites in these
membranes phase separate from the fluorocarbon matrix
to form clusters.i™

The permselectivity phenomenon is made use of in
separation processes where Nafion perfluorinated mem-
branes are used in the operation of chlor-alkali cells. The
current efficiency in such cells is a measure of the degree
of membrane ionic selectivity. For some Nafion mem-
branes, it has been found®® that the current efficiency,
when plotted against the NaOH concentration in the
cathode compartment of the chlor-alkali cells, exhibits a
minimum as well as a maximum, as shown schematically
in Figure 1.

t Alternative address: Department of Medicinal Chemistry, Searle
Research and Development, Skokie, IL 60077.

100

R \/—\

> g0t

c

[

o 80f

w70

|5

£ 60Ff

3
50 i 1 o
) 5 10 15

NaOH Concentration, mol 1

Figure 1. Schematic representation of the current efficiency as
a function of NaOH catholyte concentration for Nafion membrane
in a chlor-alkali cell.

Recently, Datye et al.” have proposed a model to explain
the ionic permselectivity of Nafion membranes. In this
model, it was argued that there exist dipole layers at the
surface of spherical ionic clusters. The transport of ions
through membranes was assumed to take place via hopping
between clusters. The dipole layer at the cluster surface
creates a deeper potential well for a negatively charged ion
than for a positive one, thus making cation transport easier
because of the lower potential barrier these ions have to
overcome in order to diffuse through the membrane.

In this report we show that an extension of that model
to include the dependence of the potential barrier on the
water content of the membrane can account for the de-
pendence of the current efficiency on NaOH concentration.

It is generally believed® that as water diffuses into the
membrane, hydration shells will be formed around the
negative and positive ions in the membrane clusters. We
assume that oppositely charged ions exist in two possible
states, either associated or dissociated. This assumption
is derived from the model of Mauritz and Hopfinger® for
the hydration-mediated dissociation equilibrium between
unbound and side-chain-associated counterions in Nafion
membranes. The fraction « of ion pairs remaining bound
to each other will vary with the number n of water mole-
cules present per ion pair.

In the model we consider, the dielectric constant « will
vary linearly with n for small n and will saturate at some
value 1 + «, for infinite dilution. To fit these conditions
we choose the otherwise arbitrary form

k =1+ xy tanh (n/ny) 1)

since the precise variation of « with n is not important in
determining the qualitative results of the model. Mauritz
and Hopfinger® have suggested a similar but piecewise
linear variant of this.

The dependence of « on n may be found by arguing that
its rate of change, da/dn, will be governed by two factors.
First, there will be a term proportional to —a, since the
number of ion pairs dissociating when n — n + dn will be
proportional to the number « of bound ion pairs available.
Secondly, there will also be a factor of 1 ~ «, since the
potential barrier to release of a counterion is reduced by
the number of already dissociated ions in its immediate
vicinity. We thus have

da/dn = —ca(l - a)
with ¢ some constant. This has the solution
a(n) = [1 + exp(c(n - n)H]! 2)

which is the familiar Fermi—Dirac function. The constant
of integration, n,, like ng in eq 1, is expected to be of the
order of the hydration number. In the Mauritz—-Hopfinger
model® a similar but piecewise linear form is postulated
for a(n).
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