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High-frequency dielectric relaxation of polyelectrolyte gels
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The dielectric relaxation of polyelectrolyte gels~PEG! in the high-frequency region 10 kHz–1 GHz has been
experimentally investigated by analogy with the high-frequency relaxation of semidilute polyelectrolyte solu-
tions ~PES!. It is found from the dependence of the relaxation time on the concentrations of crosslinks and
added salts that the relaxation mechanism is, similarly to PES, ascribable to the diffusion process of the
counterions bound to the local Coulombic potential around the charged network as a backbone of gel. Fur-
thermore, the dielectric relaxation spectroscopy has revealed the details of the Coulombic field in PEG. First,
the Coulombic potential difference between the inside and outside of the gel is saturated to an almost constant
value with adding salt. Second, the number of counterions bound to the local Coulombic potential around the
network is independent of salt concentration, similarly to the counterion condensation phenomena in PES.
@S1063-651X~97!09106-X#

PACS number~s!: 82.70.Gg, 77.22.Gm, 61.25.Hq
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I. INTRODUCTION

It is well known that the volume change of polymer ge
due to the change of external parameters becomes dis
tinuous by introducing charged groups into a polymer n
work as a backbone of gel@1#. This implies that the Coulom
bic interactions in such polyelectrolyte gels~PEG! play a
significant role in the conspicuous volume change~volume
phase transition!. However, there have been few experime
tal studies to clarify the details of Coulombic interactions

In the present paper, we apply to PEG the dielectric
laxation spectroscopy in the high-frequency region
kHz–1 GHz. The spectroscopy has been found to be a p
erful tool for investigating the local profile of the Coulomb
field in semidilute polyelectrolyte solutions~PES! @2–6#,
which are analogous to PEG in that polyions in both syste
are entangled with each other, though the polyions in P
are not uniformly dispersed, unlike those in PES, but
localized in the solution due to fixed crosslinks. Hence
dielectric relaxation spectroscopy is expected to reveal
unknown properties of the Coulombic field in PEG.

In the semidilute PES, some of counterions are bound
the Coulombic potential produced by highly charged po
ions and contribute to the electric polarization induced by
external electric field@2#. The high-frequency dielectric re
laxation of PES has been ascribed to the diffusion proces
such counterions bound to the Coulombic potential aro
polyions@2–6#. In this case, the relaxation timet is given as

t>
l 2

2D
~1!

by using the diffusion constantD of counterions and the
diffusion distancel , which directly reflects the width of the
Coulombic potential valley. In the case of no added salt,
have found thatl is of the same order as the correlatio
lengthj in the semidilute solutions@4–6#.

On the other hand, the highly charged network in PE
produces not only a strong Coulombic field around the ba
bone network, but also a Coulombic field at the gel bou
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ary, in other words, a Coulombic potential differencec be-
tween the inside and outside of the gel due to the localiza
of polyions constituting the gel, which is schematically d
picted in Fig. 1. Then we expect two kinds of dielectr

FIG. 1. Profile of the Coulombic potential in a highly charge
polyelectrolyte gel, which elucidates that counterions dissocia
from the backbone network are classified into three categories:~a!
counterions that are freely mobile over the entire solution,~b! coun-
terions that are confined to the gel but mobile inside it, and~c!
counterions that are locally bound to the Coulombic poten
around highly charged network. In the present frequency region
kHz–1 GHz,~a! counterions contribute tosout , ~b! counterions to
s in , and~c! counterions contribute to the dielectric relaxation.
7283 © 1997 The American Physical Society
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relaxation processes in PEG. One process is due to the
ence of a gel boundary that prevents counterions subjec
the external electric field from passing through the gel. T
counterions that are confined to the gel but mobile inside
gel contribute to the electric polarization. In this case,
relaxation timet would be determined by the diffusion tim
of counterions spreading over the inside of gel and estima
ast>L2/2D, whereL is the linear dimension of gel. If we
use 1.0 cm as a typical value ofL, we obtain a value of more
than 1.0310 h for t, which is too slow to detect experimen
tally. The other process is due to the Coulombic field arou
the charged network and is expected to be observed in
high-frequency range, similarly to PES, as will be trea
below.

II. EXPERIMENT

As typical samples of PEG we used sodium acrylate~SA!
gels andN-isopropyl acrylamide~NIPA!-SA copolymer gels,
which are listed in Table I. The complex dielectric consta
«*5«82 i«9 of these samples were obtained from the m
tifrequency simultaneous measurement of sample admitta
in the range 10 kHz–500 kHz and the reflectivity coefficie
measurement with the impedance analyzer~Hewlett-Packard
4191A! in the range 1 MHz–1 GHz. The sample cell used
both frequency ranges was a coaxial type of cylindrical c
denser with platinum-plated stainless-steel electrodes.

As a typical example of the results, Fig. 2 shows«*
5«82i«9 of the sample G1 of SA gel, where a continuo
line represents the best-fitting curve using the semi-empir
formula of extended Cole-Cole type@7#:

«*5
D«

11~ ivt!b 1«s2 i
s

v«0
. ~2!

In Eq. ~2!, D« is the dielectric increment,v52p f the angu-
lar frequency of applied electric field~f is the frequency!, t
the average relaxation time,b a parameter representing th
broadness of distribution of relaxation times,«s the dielectric
constant of solvent,«0 the vacuum permittivity, ands the
solution ac conductivity, which is independent of frequen
above 10 kHz. The results showb>0.8 for all the gels used
which indicates that the distribution of relaxation times
rather sharp.

TABLE I. Number fractions of crosslinks and charged groups
the total number of monomers, which are denoted byncr and
nCG, respectively, for the samples used in the present stu
G1–G4 correspond to SA gels andG5–G7 to NIPA-SA gels.

Sample ncr (31022) nCG

G1 0.25 0.75
G2 0.6 0.75
G3 1.0 0.75
G4 1.5 0.75
G5 0.25 0.5
G6 0.25 0.375
G7 0.25 0.25
es-
to
e
e
e

d

d
he
d

s
-
ce
t

-

al

y

III. RESULTS AND DISCUSSION

In Fig. 3 the diffusion distancel in PEG with no added
salt is compared with the average distance betw
crosslinks, or mesh size, which is identified with the cor
lation lengthj in PEG. Herel has been calculated from th
experimental value oft as l5(2Dt)1/2 by using Eq.~1!,
while j has been estimated from the relationCcj

3>1 in
terms of the concentrationCc of crosslinks, which was ob-
tained by dividing the total amount of crosslinker in prep

y.

FIG. 2. Real part«8 and imaginary part«92s/v«0 subtracting
the conductivity contribution of the complex dielectric constant«*
for the sampleG1. The filled circles represent the observed da
points and the continuous curves are the best-fitting ones by Eq~2!.

FIG. 3. l plotted againstj for all the samplesG1–G7. The
continuous straight line representsl5j.
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ration by the gel volume in aqueous solutions with no add
salt. Here the volume was measured by weighing the g
absorbing water.

According to a recent calculation based on the Poiss
Boltzmann equation to investigate the Coulombic field in
highly charged gel@8#, the mesh sizej is nearly equal to the
width of the potential valley around the charged backbo
network of the gel in the case of no added salt. Figure 3,
the other hand, shows thatl is of the order ofj. Then we
have the conclusion that the diffusion distancel is of the
order of the width of the potential valley around the netwo
This indicates that the high-frequency dielectric relaxation
PEG is ascribable to the diffusion process of counterio
bound to the local Coulombic potential as predicted in Sec

Next we treat the effect of NaCl as an added salt on
dielectric relaxation of PEG. In Fig. 4 the solution ac con
ductivity s is compared with the conductivitysout outside
the gel, which has been measured separately. Heres is writ-
ten as

s5s inf1sout~12f! ~3!

in terms of the conductivitys in inside the gel and the volum
fraction f of gels in the sample solution.f is given byf
5v/Vs , with use of the solution volumeVs and the gel
volumev, of which theCs dependence has been experime
tally obtained as shown in Fig. 5. Figure 4 reveals thats is
larger thansout. Then we may expect the presence of a
other dielectric relaxation in the lower-frequency region b
causes, which is larger thansout, should decrease to
sout(12f) at a sufficiently low frequency wheres in be-
comes zero and is absorbed into the dielectric increment
to the trapping of counterions inside the gel.

The result in Fig. 4 indicates also thats in is always larger
than sout since Eq. ~3! is rewritten as s2sout5(s in
2sout)f. This is due to the presence of the Coulombic p
tential differencec between the inside and outside of the g

FIG. 4. Change ofs with the increase ofCs . Each symbol
represents the sample difference:1, G1; n, G2; h, G5; d,
sout .
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as found from the following relation. When the mobility o
small ions inside the gel is approximately equal to that of
outside, we have

f[
sin

sout
5

m incin
moutcout

>
cin
cout

, ~4!

wherem is the mobility of small ions andc the concentration
of small ions satisfying the Boltzmann distribution such th

cin5cout coshS ec

kTD ~5!

~e is the elementary charge!. Equations~4! and ~5! give

f>coshS ec

kTD , ~6!

which elucidates thatf larger than unity, i.e.,s in larger than
sout, arises fromc.

Conversely,c is calculated as

ec

kT
5 ln~ f1Af 221! ~7!

by using Eq.~6!, where f is obtained from Eq.~3! as f
5f21(s/sout211f) with use of the observed values ofs,
sout, andf. The results are shown in Fig. 6, which indicat
that, with increasingCs , ec is saturated to almost consta
values after an initial decrease to about the thermal ene
kT commonly for three kinds of gels~i.e., the samples,G1,
G2, andG5 in Table I!.

On the other hand, the electrical neutrality condition
side the gel is written as

CCG52Cs sinhS ec

kTD , ~8!

with use of the concentrationCCG of charged groups on the
network. SinceCCG is obtained by dividing the total amoun

FIG. 5. Change ofv/v0 with the increase ofCs , where v0
denotes the reference volume. Each symbol represents the sa
difference as in Fig. 4.
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of charged groups in preparation by the gel volumev, Eq.
~8! also gives the value ofc as

ec

kT
5 ln~p1Ap211!, ~9!

wherep[CCG/2Cs . Figure 7 shows that theCs dependence
of c calculated by using Eq.~9! is in qualitative agreemen
with the results in Fig. 6, thoughec in Fig. 7 is larger than
that in Fig. 6 by the about thermal energy. This differen
seems to be ascribable to the approximation in Eq.~4!. The
mobility is actually smaller inside the gel than outside the
because the viscosity inside the gel is higher due to the
rous structure and the concentration of Na1 with a smaller
mobility than Cl2 is larger than that of Cl2 inside the gel.
Then we have the relationcin /cout5(mout/m in) f. f , which
increases the value ofec estimated from Eq.~7! and thus
may explain the results in Fig. 7.

FIG. 6. Change ofc evaluated from Eq.~7! with the increase of
Cs . Each symbol represents the sample difference as in Fig. 4

FIG. 7. Change ofc evaluated from Eq.~9! with the increase of
Cs . Each symbol represents the sample difference as in Fig. 4
e

l
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In Fig. 8 the dielectric relaxation timet of PEG with
added salt is plotted againsts in , which has been calculate
from Eq. ~3! ass in5f21$s2sout(12f)% by using the ex-
perimental values ofs, sout, and f. Figure 8 shows the
relation t;s in

21, which is equivalent tot;k22 because
s in is proportional to the ionic strengthcin inside the gel and
related to the screening lengthk21 in the gel as k2

5e2cin /«0«skT}s in . Comparingt;k22 with Eq. ~1!, we
can see thatl is proportional tok21, which is different from
the resultl;j for PEG with no added salt~see Fig. 3!. This
result also confirms the above relaxation mechanism du
bound counterions becausek21 is the characteristic length a
a measure for the spread of the potential valley around
charged network of PEG with added salt.

Finally, we investigate theCs dependence of the dielectri
incrementD«, which is expressed as

FIG. 9. Change of«0D«/t with the increase ofCs . Each sym-
bol represents the sample difference as in Fig. 4.

FIG. 8. Doubly logarithmic plot oft againsts in . Each symbol
represents the sample difference as in Fig. 4. The continu
straight line representst proportional tos in

21.
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«0D«5ae

Nb

Vs
. ~10!

Here Nb is the total number of bound counterions in t
sample solution andae is the electrical polarizability due to
a bound counterion given by

ae;
e2l 2

kT
. ~11!

From Eqs.~1!, ~10!, and~11! we get

«0D«

t
}Nb . ~12!

Figure 9 shows that«0D«/t calculated from the observe
values ofD« andt is independent ofCs . This result, com-
bined with Eq. ~12!, indicates thatNb is independent of
Cs , which implies that counterions bound to the high
charged network have a similar property to the counter
condensation in PES@2#.
si
n

IV. SUMMARY

In the present paper we have found that the hig
frequency dielectric relaxation observed in PEG is ascriba
to the diffusion process of counterions bound to a hig
charged network of PEG. Furthermore, the dielectric rel
ation spectroscopy has revealed the following two proper
of the Coulombic field in PEG. First, with increasing the s
concentrationCs , the Coulombic potential difference be
tween the inside and outside of the gel estimated from
conductivity is saturated to an almost constant value after
initial sharp decrease, which is consistent with the res
evaluated from the electrical neutrality condition inside t
gel. Second, theCs dependence of the relaxation time an
the dielectric increment indicate that the number of coun
rions bound to the local Coulombic potential around the n
work is independent ofCs , similarly to the counterion con-
densation phenomena in PES.
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