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Dielectric properties of polystyrene latex suspended in aqueous media are investigated with special attention to the effect of

volume fraction of the latex and salt concentration. The experimental data show the existence of two dispersions, one in the
low-frequency range from 107 to 10° Hz. and the other in the high-frequency range from 10° to 107 Hz. In the sali-free system.
both dispersions are of the Debye type and their relaxation times are insensitive to the volume fraction. Addition of H,80; 1o
the suspension enlarges the magnitude of the low-frequency dispersion and reduces that of the high-frequency dispersion,
whereas it does not affect the relaxation times. In the mixture of two species of counterions. e.g. H™ and Na™. the
low-frequency dispersion deviates from the Debye type. while the high-frequency dispersion does not. From these facts, the
high- and low-frequency dispersions are thought to be due to the radial and tangential components of the displacement current
at the surface of the latex. The latter process is consistent with the Schwarz theory of the diclectric dispersion of colloidal

suspensions.

1. Introduction

The measurement of a dielectric dispersion of
macromolecules exhibits large dielectric incre-
ments in the low-frequency region (of an ac elec-
tric field). This was first found in rod-like macro-
ion systems such as DNA which was believed to
have no molecular permanent dipole moments [1—-
4]. Ever since, various extensive investigations have
been performed on the dielectric properties of
synthetic polyelectrolytes and biological materials
{5.61

Two decades ago, Schwan et al. [7] found that
the colloidal suspensions of polystyrene latex
showed an extremely large dielectric increment
with a dispersion frequency at several kHz. This
phenomenon was explained by the concept of
frequency-dependent surface-conductivity induced

by the motion of bound counterions along the
surface of the polyion [8.9]. Recently, several works
were presented on the dielectric dispersion of the
polystyrene lattices at higher frequencies. which
was not found in the experiments of Schwan et al.
Their work. however, showed that the dielectric
increment at higher frequencies was very small
and the obtained data werc scattered because of
the very small volume fraction (= 0.02) used in
their experiments [10,11]. Therefore, some am-
biguities still remained in the experimental results.

It is reasonably expected that a spherical mac-
roion system such as polystyrene latex shows two
dispersions: the first may be to a polarization
mechanism of counterions on the surface of the
polystyrene sphere, whereas the second may be to
the Maxwell-Wagner effect {12]. However. to
clarify the second dispersion, more accurate mea-
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surements are necessary in a wide frequency re-
gion. Besides these problems. the preparation of
the latex is also important in the analysis of the
experimental data. Namely, it is desirable to ob-
tain the latex with a quite narrow particle size
distribution to remove the distribution of relaxa-
tion times due to the size distribution. This re-
quirement is almost achieved in our experiment.
In this study, the dependence of the dielectric
properties at lower and higher frequencies on the
volume fraction of the latex and on the salt con-
centration is investigated to elucidate the polariza-
tion mechanism of the latex suspensions. The ef-
fect of the coexistence of two mixed counterions,
H* and Na™, on the dielectric dispersion is also
examined. The relaxation process is carefully
analyzed by using almost monodisperse latex to
clarify the distribution of the relaxation times.

2. Materials

Monodisperse polystyrene latex was synthesized
by emulsion polymerization, the recipe of which is
shown in table 1. The chemicals used were com-
mercial ones and the inhibitor contained in the
commercial styrene monomer was removed by
NaOH aqueous solution. Redistilled water was
used in the polymerization experiments. The poly-
merization was carried out in a 21 three necked
flask by stirring the reaction mixture. Before ad-
ding the initiator, the oxygen gas was removed
from the flask by bubbling with N, gas for 1h.
The polymerization was continued over an atmo-

Table 1

Recipes for the polyrerization of latex

sphere of N, gas for 12h at 60°C for sample B-2
and 70°C for sample T-0, respectively. The polym-
erized latex was mixed with MB-3 mixed bed
ion-exchange resin and stirred for deionization.
The mixture of the latex and the ion-exchange
resin was kept stirring for 6 h until the appearance
of the iridescence. The ion-exchange resin was
removed from the samples by filtration. The par-
ticle size and the number of charged groups which
are strongly acidic as shown in tablel were de-
termined by electron microscopy and conducto-
metric titration, respectively. On the other hand,
the volume fraction, ¢, was obtained from the
weight fraction, ¢, referring to the fact that the
specific gravities of water and latex are 1.0 and
1.05, respectively [13]; ¢ is given by the relation
>=¢, /(1.05-0.05 ¢,). The dielectric measure-
ments were performed within a week after deioni-
zation, so that the decomposition of the strong
acid must be negiigible.

The concentrations of the titrants, H,SO, and
NaOH, were determined by potentiometric titra-
tion. NaOH solutions of required concentration
were prepared by diluting quickly the supernatant
of saturated NaOH solutions, which removed
Na,CO; contamination in the precipitate. Several
10 u1 of the H,SO, (15.8 mN) or NaOH (64.2 mN)
solution were added from a microburet into a cell
for dielectric measurements containing 4 ml latex
suspension; the change in ¢ caused by the addition
of H,S0, or NaOH was negligible. The irides-
cence did not disappear in any case in the present
experimental conditions. This fact, therefore, shows
the polystyrene latex suspensions have constructed
an ordered structure.

Styrene Na,S0, NaSs ¥ Emulsifier (mmole/1) Initiator (mmole/1) Diameter Number of
(mole/1) (mmole/1} (mmole /1) (A) charged
sos® SDS© Na,S,04 K,S,04 groups
B-2 20 12.0 4.0 0.21 0 4.0 0 1790 8280
T-0% 115 ] 0 o 0.115 0 3.67 5050 -

) NaSS. P-sodium styrene sulfonic acid.
B} SOS. sodium octadecyl sulfate.
9 SDS. sodium dodecyl sulfate.

9 pH of the polymerizing solution was adjusted to be about 10 by adding 0.1 N KOH solution.
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3. Measurements and analysis

The dielectric measurements were carried out
with an Ando Bridge type TR-1C covering the
frequency range from 30 Hz t¢ 1MHz and a
Boonton R-X meter type 250A covering the
frequency range from 1MHz to 170 MHz. A
dielectric cell consisting of parallel platinum rod-
like electrodes was used in our experiments.

The correction for residual inductance at high
frequency was made by Schwan’s method [14]. The
effect of the electrode polarization at lower fre-
quencies was eliminated in the following way. The
apparent values of permittivity, €,,,, and conduc-
tivity, Kapp, are related to their true values in the
solution, € and x, by the following semi-empirical
equations [15,16],

— 2 o3 i AT —n
€app = € T Cozor? sin(3nw)w™"/we,,

(1)
Kopp =K Cozgr cos{(inm )™, (2)

where €., C, and z; are the absolute dielectric
constant of free space, the cell constant, and the
characteristic constant of the circuit, respectively.
In the above equations, n stands for the exponent
of the electrode impedance z, in the assumed
expression, z, = zg{iw)~". On the other hand. by
use of the Cole—Cole dispersion formula ;17], €
and « consisting of N dispersions must be expressed
as

where
a, =1+sin(la,7)(ws)"' 7. (5)
b, = cos(3a,7)(wn,)" 7. (6)

Here, €,,. k,, A¢,., a, and 7, are the limiting value of
€ at high frequency, the limiting value of k at low
frequency. the dielectric increment, the Cole
parameter and the relaxation time of the ith dis-
persion, respectively. Then. by combining egs. (1)~
(6), €,0p and Kk, are expressed as functions of the
(4 + 3N) parameters, €,, kK, Aey, o,
Tis---s A€y, ap and 75. The measured values of the
permittivity €_ ... and the conduciivity . are
adjustable as parameters in minimizing the func-
tion F defined by i

F= E {[]n(emc%/eapp)]z—‘.—[ln(xmm‘/xapp)]:}.

Zgs M.

“data
(7
where 5, denotes the summation over all mea-

sured freqhencies. In this study. the minimization
of the function. F. with (4 + 3N ) parameters was
performed by using Davidon’s variable metric
method [18,19]. This method is commonly used In
solving minimization problems of nonlinear func-
tions, and its detailed algorithm is shown in ref.
[19]. In order to check the reliability of this method,
minimization of F as a function of 13 parameters
(N = 3) was carried out for values of ¢ and

d hich ificiall dby
K which were artificially constructe ;

ce=e€,+ X a;de,/(al +8}). (3) mcas Y A

N .
k=x,+ 3 [bae,/ (a2 +b7)]we., (@) Fmeas = (1 RE)ieopy, )

i=1
Table 2
Result of the analysis of the artificially constructed data (sec text)
Error o € Ko A, T Ae>; T oy Aey 5 sy
data (E) (X 10%) (R ltem™YH (X107%) (<10 %) (x10~%)
o 0.8305 2000 58.50 105.5 63.70 1.590 0.1400 200.0 1.000 0.1400 10000 1.000 0.1400
0.01 0.8306 2.004 5841 1053 65.67 1.592 0.1403 197.3 0.991 0.1485 1001 0.99:0 0.13410
0.03 0.8305 2.009 58.23 105.0 63.48 1.592 0.1402 198.7 0.998 0.1393 995.7 0.9996 0.1399
0.05 0.8305 2015 58.10 104.7 6331 1.593 3.1402  196.5 0.993 0.1379 99345 0.9983 0.1406
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where R is a random number restricted to —1=<R
=< 1. and E stands for the degree of error of the
measured values. The values of ¢,,, and x,, are
given by the substitution of the 13 parameters into
egs. (1)-(6). The results obtained by this method
were excellent as shown in table 2.

All analyses in this study were performed by
the use of a FACOM M-200 computer.

4. Results

As shown in fig. 1, the experimental data obvi-
ously indicate the existence of the two dispersions,
the relaxation frequencies of which are indicated
by arrows. The abrupt increase of the permittivity
at lower frequencies seen in fig.1 is due to the
effect of electrode polarization. This effect was
eliminated by use of Davidon’s variable metric
method on the assumption that the dielectric dis-
persion can be described by the Cole—Cole disper-
sion formula as illustrated in the previous section.

©
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Fig. 1. Permittivity € as a function of frequency for B-2 poly-
siyrene latex suspension at $=0.1544. The arrows indicate the
dispersion frequencies.

solid and broken lines are the real and imaginary parts of the
dielectric increment for the two dispersions, respectively. The
uppermost solid line is the total increment. (¢) The permittivity
(0J) and conductivity (A) in the frequency region from 10 Hz
1o 10 kHz. Solid lines are the calculated values corresponding
to the measured ones.
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Fig. 2. Dieclectric dispersion of the B-2 latex at $=0.1544 in the
absence of added acid or alkali. i.e. Ry~ =1.00 and ry,~=0.00.
(a) Comparison of measured permittivity () and conductivity
(A) with caleulated values ( ). The corrections for
residual inductance at higher frequencies and for the polariza-
tion effect on the permittivity are made. Solid lines are the
calculated values of the permittivity and conductivity. The
calculation procedure is described in the text. (b) Decomposi-
tion of the diclectric dispersion curve into two dispersions. The
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The elimination of the polarization effect was
satisfactorily done by assuming the existence of
the two dispersions. The calculated curves for the
dielectric dispersions are shown in figs.2 and 3.
The discrepancy between the calculated and ex-
perimental conductivity values was within experi-
mental error in the low-frequency range. The
abrupt increase of the conductivity at frequencies
above 100 MHz is thought to be due to the insuffi-
cient correction for the residual inductance of the
circuits. Therefore, the dispersions which appeared
in the conductivities in the frequency region above
100 MHz were not analyzed in the present study.

Table 3 shows the dependence of ¢, kg4, A¢, 7,
a,, Ae,. 7, and a, obtained from the analysis of
the experimental data of polystyrene lattices in
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Fig. 3. (a), (b) Dielectric dispersion of the T-0 latex at $=0.1161.
Notation as in figs. 2a and 2b.

salt-free suspension, on the volume fraction. Since
in the high-frequency limit the phase difference of
the electric current is too small to observe its
magnitude in the permittivity, the volume fraction
dependence of €_ in the range of volume fraction
1In our present experiments can be approximately
describ=d by Wiener’s equation [20}

_ 2e,, +e, —2o(e,, —ep) .
= 26m+ep+¢(em—ep) m

€

(10)

where €_, €, and ¢ are the permittivities of water
and latex, and the volume fraction, respectively. In
fact, the obtained value of ¢ agrees well with that
predicted by eq. (10) as shown in fig. 4, when €,
and €, are assumed to be 78 and 2. This fact
supports the present conclusion that the dispersion
appearing above 100 MHz is caused by some
artifact, probably due to insufficient correction for
residual inductance of the circuits as mentioned
above.

The relaxation times. 7, and 7,, were insensitive
to the volume fraction in the region ¢ <<0.15. The
fact that 7, is independent of the volume fraction is
consistent with the Schwarz theory [8]. Now. the
dispersion at higher frequencies is temporarily as-
sumed to be due to the Maxwell-Wagner effect
[12], the relaxation time of which is given by

2e, +e, T o(ey —€;,)
k. yepr— €. (11)
Ky T, qb(xm—xp)

Th

where x_, and k, are the conductivities of water
and latex, respectively. By putting k, =0, €, =78
and €, =2 into eq. (11), x, can be obtained from
the observed values of 7. As shown in table4, the
calculated values, k. are much larger than the
observed values of ky. This fact indicates that the
dispersion at higher frequency cannot be explained
simply by the Maxwell-Wagner effect.

The Cole parameters obtained from an analysis
of the experimental data of the salt-free system
seen in table3 are so small that the diclectric
dispersions at higher and lower frequencies can be
regarded as Debye dispersions. This is due to the
narrow distribution of the mobility of the counter-
ion, which is the hydrogen ion in this case.

The effect of the addition of H,SO, on the
dielectric dispersion profile is shown in fig. 5. The
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Table 3

Result of analysis of the experimental data of B-2 latex and T-0 latex

S € Ag, 7

=

Ko
(pQ_)Cm_‘)

a; ey, Th ay,

"N
o

B-2 0.1544 60.9 80.6 1
0.1274 63.7 56.5
0.0995 67.3 40.3
0.0497 72.6 15.2

¥
1 W W
N =
(PR e N

T-0 0.1161 64.5 14.1
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Fig. 4. Permittivity at higher-frequency limit as a function of
the volume fraction. O and O3 are measured values for B-2 and
T-0 latex. respectively. The solid line is calculated by use of eq.

(10).

ol u
2 P
o o
EEx o
27 S
=z =
i 8%
i“' o
2| =
g =
- [< =
24 O3 =
-— (=]
[=] -
a_ o
2 gl
T T T T T i W Yo S

FREQUENCY

Fig. 5. Effect of the addition of H,S0; on the dielectric disper-
sion of the B-2 latex at $=0.1544 and Ry - =1.335. Notation
as in fig. 2a.

values of e, k. €, 7. a;, €,. 7, and a,, obtained by
analysing these dispersion profiles are summarized
in table5. From these observed values it can be
pointed out that the addition of acid reduces the
dielectric increment at high frequency and enlarges
the magnitude of the dielectric dispersion at low
frequency. On the other hand, the relaxation times
and the Cole parameters at both high and low
frequencies are little affected by the addition of
acid. These facts indicate that the dielectric disper-
sions at high and low frequencies are correlated
with each other.

The effect of neutralization, i.e. the exchange of
counterion from hydrogen ion, H¥, to sodium
ion, Na¥, on the dielectric dispersions is shown in
fig. 6, and the values of €. kg, €;, 7, a;. €;,, 7, and
a, obtained from the analysis of the data are
summarized in table6. The most characteristic
property of this effect is that the dispersion profile
at low frequency starts to deviate from the Debye
dispersion, while the dispersion profile at high
frequency is of the Debye type. The broadness of
the dispersion in the low-frequency region is
ascribed to the existence of the broad distribution
of the counterion mobility. The coexistence of two

Table 4

Comparison of the calculated values, K. by use of eq. (11)
with the experimental values of x

() X Xq
(p.Q_'cm_’) (pQ2 'em™ )

0.154 220 80.6

0.127 151 56.5

0.0995 170 403

0.0497 159 152
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Table 5

Effect of the addition of H,SO; on the parameters which describe the dielectric dispersion

Ry ® €. Ko (R 'em™ ") Ae, 7 a; Aey, ™ ay, 7T(°C)
1.00 60.9 80.57 131.1 243%10°°¢ 0.129 488 3.1710"% 0.064 225
L1 61.6 111.2 2149 2.14X10°° 0.122 40.3 2.99>10 "% 0.076 220
1.22 61.4 131.7 258.9 206x10°°¢ 0.088 34.7 265>10 "k 0.076 224
1.335 61.0 154.0 311.2 200%X10°° 0.093 29.4 238x107% 0.084 23.3

2 These values are for the B-2 latex at ¢=0.1544.

P) R+ is the ratio of total number of counterions, H ™. to the amount of charge for a polystyrene latex.

Table 6

Effect of the exchange of the counterion from H™ to Na™ on the dielectric dispersion @

[2)]

Na* € Ko Ae, 7 a, Aey, Th ay T
(u2 'cm™") °O)
0 60.9 80.57 1311 243%107° 0.129 488 21710 ¢ 0.064 225
0.227 62.3 59.63 102.9 239%10°°¢ 0.177 50.9 4.25%10°% 0.089 22.0
0.454 62.2 41.83 117.7 249%x10°° 0.393 384 483x10°% 0.000 220
0.681 62.2 26.70 83.8 2.87x107¢ 0.325 55.8 7.30%10" % 0.080 235
0.908 61.9 26.60 86.1 4.77x107" 0.350 63.1 8.13x10°% 0.080 23.5

2 These values are for the B-2 latex at $=0.1544.
b
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Fig. 6. Dielectric dispersion of the B-2 latex at $=0.1544 and
rra- =0.908. Notation as in fig. 2a.

counterion speciss, HT and Na*, obviously
broadens the distribution of the counterion mobil-
ity as a whole.

rwo+ 1s the exchange rate defined as ry,~- =number of NaOH added /total amount of charge of polystyrene latex in the solution.

5. Discussion

The dielectric properties of the suspension of
polystyrene latex observed in the present experi-
ments can be summarized as follows. (1) Poly-
styrene latex suspension in a salt-free system shows
two Debye-type dielectric dispersions, the relaxa-
tion times of which are insensitive to the volume
fraction. (2) The addition of acid enlarges the
dielectric increment on the low-frequency side, but
it diminishes that on the high-frequency side. (3)
In the presence of two species of counterions
having different mobilities, the dispersion profile
in the lower-frequency range deviates from the
Debye dispersion, while the dispersion in the
higher-frequency range is unaffected even when a
wide distribution of counterion mobility exists.

The dielectric dispersion at lower frequencies is
thought to be due to the polarization mechanism
proposed by Schwarz, which predicts that the re-
laxation time of the dispersion is approximately
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given by
= R>/2ukT, (12)

where R and u« are the radius of a particle and the
ccunterion mobility. respectively [8]. The relaxa-
tion times calculated by the use of eq. (12) are
~4X 107 7s for B-2 latex and 3 X 10~ %s for T-1
latex. assuming that the u-value of the H™ ion in
water at 25°C is ~2.4 X 10° cgs urits. The order
of these evaluated values agrees with the observed
values of the relaxation time at lower frequency.

Schwarz has also predicted the magnitude of the
dielectric increment as

Ae, = 36(1 +%¢>)_zegRoo/e‘.kT. (13)

where ¢, is the charge density of the surface of a
latex [7]. According to this theory. the magnitude
of the dielectric increment at lower frequencies is
=~ 140 for B-2 latex at ¢ =0.154, whicbh is very
close to the observed ones. From these facts we
can conclude that the dielectric dispersion at iow
frequency is induced by the polarization of the
counterion on the surface of the spherical macro-
ion as proposed by Schwarz.

Now, the dielectric increment at high frequency
cannot be identified with the Maxwell-Wag-
ner effect as described in the previous section. The
observed dielectric increment at high frequency is
much larger than that calculated from the Maxwell
—Wagner equation,

Ae, = {Q(mep —epxm)2¢(1 —-¢>)}/

x {[2¢m +e, +o(e, —Ep)]
X280 + 5, +0(xm — )]} (14)

The value of the increment estimated from eq. (14)
is =5 1073 which cannot be observed by the
present apparatus. Instead of eq. (14), Ballario et
al. proposed an extended Maxwell-Wagner equa-
tion for the dielectric increment at high frequency
in the case ¢, <€, such that

Ae, = {9 e (2/RY(A+2)Pe(1—a)} /
{em(Z+ ) Km(2+9)
+(2/R)Y(A+2,)(1 — )]} (15)

where A, and A are the surface conductivities of a
sphere at the high- and low-frequency limits, re-
spectively. This equation has been derived by com-
bining the Maxwell-Wagner and the Schwarz
equations; the derivation is performed by the re-
placement of €, and k, in eq. (14) as follows:

2A,7
R(1+w72) "

f—

€ —¢

22 2wP77A,
Kp - Kp + - .. a9 a9 -
R R(1+ w??)

The evaluated value of Ae,, from eq. (15) is,
however, =~ 0.2 for B-2 latex at ¢=0.154 on the
assumption that A+ A, = 107° Q! This fact in-
dicates that eq. (15) is not relevant for the explana-
tion of our present results. This is thought to be
due to the neglect of the counterion distribution
around the spherical macroion in the theoretical
treatrment of Ballario et al. [11].

The addition of acid enriches the net counterion
density in the vicinity of a macroion surface. As
seen in the previous section, the acid enlarges the
magnitude of the increment at lower frequencies
and depresses that at higher frequencies. Enhance-
ment of the former is ascribed to the increase in
the tangential component of the displacement cur-
rent, which is consistent with the Schwarz theory.
The addition of the acid, however, provides coions
in the free space, leading to a depression of the
ionic atmosphere around a macroion. This effect
also reduces the radial component of the displace-
ment current. Qualitatively, the dielectric incre-
ment at low frequencies and that at high frequen-
cies are considered to be due to the tangential and
radial components of the displacement current,
respectively. Thus, the dispersions at low frequen-
cies and at high frequencies are closely correlated
with each other through the counterion distribu-
tion around a macroion. The diffused layer of
counterions is considered to play an important
role in the polarization mechanism of the latex
suspension.

Theoretically, the multiconcentric layer model
has been successful in interpreting the data on
dielectrics in spherical biological systems [21-23].
In the present case, this diffused layer may have
the form of a multiconcentric layer. A description
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of this situation by a new theoretical treatment
will be given in a forthcoming paper.

When two species of counterions having differ-
ent mobilities are mixed, the dispersion at low
frequencies becomes broader whereas that of high
frequencies remains unchanged. Also the average
relaxation times of both dispersions increase as
H ™ is replaced by Na™ . These results are interpre-
ted in terms of the change in the average mobility
of bound ions and its distribution. Namely, as
shown in table 6, an increase in the average relaxa-
tion time with increasing Na™ is in agreement with
a decrease in the average mobility which may be
obtained by the weighted average of the mobilities
of H* and Na' . The broadness of the dispersion
at low frequencies is considered to be due to the
distribution of the average countcrion velocity in
the vicinity of a single latex, that is, due to the
heterogeneity in the composition of the bound
counterions in each latex. For the dispersion at
high frequencies, however, the reason why the
dispersion pattern is unchanged seems to be so
simple. In free space where the radial current
occurs, the above mentioned heterogeneity in the
composition is hardly expected, resulting in a nar-
row distribution of the relaxation times at high
frequencies. Although the above mentioned reason
is plausible, the true mechanism should be in-
vestigated more carefully in the future.
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