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Static and dynamic electric birefringence measurements are performed on aqueous dispersions of
electrically charged fluorinated latex particles having an almost spherical shape. The Kerr constant is
nonzero because of the intrinsic and form anisotropy of the particles, and is considerably enhanced at
low frequencies by a contribution due to the cloud of dissociated counterions. We discuss in detail this
effect which shows a non-lorentzian frequency dispersion, and an amplitude strongly dependent on the
particle concentration and on the ionic strength. The data are interpreted by making a connection with the
theory of the dielectric constant of polyelectrolyte solutions.
La birefringence Bectrique de dispersions acqueuses de polym6res colloidaux fluores, de forme
presque-spheiqueet avec une charge Clectrique, a ktk etudik par des mesures statiques et dynamiques.
La constante de Kerr est differente de zero 21 cause de l'anisotropie intrins6que et de l'anisotropie de
forme des particules, et est consid6rablement augment& P basses frhuences par un effet lie 2 la presence
du nuage de contre-ions. Cet effet presente une dispersion en friquence non-lorentzienne, et une
amplitude qui depend fortement de la concentration en particules et de la force ionique. Les rhultats sont
interprMs en liaison avec la thbrie de la constante diklectrique des solutions de polyC1ectrolytes.
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I. fntroduction.
The frequency-dependentdielectric properties of polyelectrolyte solutions have been investigated by
many authors on a variety of systems, such as colloidal dispersions or solutions of proteins, nucleic
acids, synthetic polyelectrolytes and micelles. However, because of the complexity of the problem, the
understanding of the observed phenomena is still rather limited [I]. The presence of mobile charges
makes polyelectrolyte solutions strongly electrically active: both the dielectric wnstant 12-61and the Kerr
constant [7-191 of the solution may become quite large even at low polyelectrolyte concentrations.
Formulation of an adequate thwry for the dielectric constant and the electric conductivity of these
systems requires treatment of the ion transport processes in the solvent, in the ion atmosphere
surrounding the particle, and near the surface of the suspended particle. Transient electric birefringence
(TJZB) studies can give important information on the dielectric properties of the solution, mainly because
they allow to easily separate contributions due to different physical mechanisms.
TEB experiments have been performed by various authors with many different polyelectrolyte
solutions, including rigid particles with simple geometrical shapes [7-101, flexible polymer chains [ l l 171, and ionic micellar solutions [18,19]. In the case of Tobacco Mosaic Virus (TMV) solutions, the
available data [6] indicate the presence of two distinct dielectric relaxations, one with a cut-off frequency
of a few hundred Hz and the other with a cut-off frequency around 30 kHz. Effects similar to those
observed with TMV solutions have also been found in TEB experiments on polyelectrolytes, like DNA
[l 11 and sodium polystyrene sulfonate (NaPSS) [12-171. In the case of flexible polyelectrolytes data
interpretation is more difficult than for rigid particles because they present a statistical configuration
which changes when some experimental parameters, like the ionic strength or the poiyelectrolyte
concentration, are varied. Even more complex phenomena are observed when the system is not in the
dilute regime: for instance, Hoffmann and coworkers 117,181describe the so-called electric birefringence
anomaly which consists in a change of sign of the birefringence measured as a function of time when the
amplitude of the applied field is kept wnstant for a sufficiently long time interval.
In order to get a clearer picture, it is helpful to study first a simple system consisting in a dilute
suspension of monodisperse rigid macroions. To this end, we have undertaken a series of TEB
measurements on dilute aqueous dispersions of fluorinated latex particles which are made from a
polytetrafluoroethylene copolymer (PFA). The properties of these particles have been recently
investigated in detail by using static and dynamic light scattering 1201. It was found that the PFA particles
are rather monodisperse and quasi spherical, have an index of refraction close to that of water and
possess an intrinsic optical anisotropy. They are, therefore, a very interesting model system for a TEB
study of the dielectric properties of polyelectrolytes. By measuring the response to the applied electric
field both in the time and frequency domain, we were able to distinguish three distinct contributions to
the specific Kerr constant B/@, B being the Kerr constant of the dispersion and @ the particle volume

fraction. The first contribution has an electronic origin and does not depend on the frequency of the
applied field, the second appears only at low frequencies and is due to the presence of charged sites and
bound (but mobile) counterions on the particle surface, the third is dependent on the particle volume
fraction and on the concentration of added salt and is connected with the dynamics of the cloud of nonassociated counterions and with the interactions among clouds belonging to different particles. In our
fast paper on this subject [lo] we have thoroughly discussed the first two contributions, in this article
we focus our attention on the third one. In particular, we show that the amplitude of the third
contribution is proportional to the volume fraction of particles and is a strongly decreasing function of the
ionic strength. Its frequency dispersion has a non-lorentzian shape which is independent from both salt
and particle concentration. The results are explained by using a mean-field phenomenological argument
which shows the approximateproportionality between BJQ>and the dielectric constant of the dispersion.
In fact, the measured frequency dispersion of BIQ fits very well the theoretical prediction for the
frequency dependence of the dielectric constant of a dispersion of spherical polyelectrolytes [21-23].
2. Properties of the colloidal particles.
We have used an aqueous dispersion of nearly monodisperse latex particles of a alkoxyvinylether tetrafluoroethylenecopolymer (PFA, commercially known as Hyflon) obtained from Montefluos S.p.A.,
Spinetta Marengo (Italy). The particles have an average index of refraction, np = 1.352, close to that of
water, and present an appreciable intrinsic optical anisotropy, which derives from their partially
crystalline internal structure [20]. The measured anisotropy of the refractive index is: Fnht = nl - n2 =
0.0051, where the index 1 refers to the direction parallel to the simmetry axis of the particle, and the
index 2 to any direction perpendicular to the simmetry axis. The shape of the particles is close to
spherical, but not exactly spherical. Modelling the particle as a prolate ellipsoid with semiaxes a,b,b, we
obtained a fairly good agreement with the measured value of the Kerr constant taking for the ratio
between the semiaxes the value alb = 1.025 [lo]. The fact that such a small ellipticity can be rather easily
measured by electric birefringence should not be surprising if we note that electric birefringence is a
differential technique with regard to nonsphericity.
The TEB results obtained with the reversing pulse technique have been interpreted by assuming that
the particles possess a fluctuating electric dipole [lo]. The origin of the fluctuating electric dipole in a
charged particle can be related to statistical fluctuationsof the charge distribution on the surface, as it was
proposed some time ago by Kirkwood and Shumaker to account for the dielectric response of globular
proteins [24]. If the center of charge does not coincide for a given particle with the center of mass, an
applied electric field will generate a torque tending to align along its direction the center of charge
displacement vector, and this is equivalent to the effect of an electric dipole moment. Since the position
of bound counterions is fluctuating with time, the random dipole moment of the particle presents
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temporal fluctuations with zero average. The measured correlation time is about 1 ms.
3. Experimental results
The experiment was performed on particles with radius R = 90 nm at volume fractions ranging
from 10-3 to 2.5~10-2.The original latex (a-20%) was dyalized for some weeks until its conductivity
reached a stable value of zib~ut100 pS/cm, and then diluted with a small quantity of nonionic surfactant
added to prevent any coagulation. Some measurements were performed by adding NaCl to the solution
in order to investigate the dependence of the response on the ionic strength.
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Fig. 1. Scheme of the experimental set-up. P and A are polarizers, Q is a quarter-wave plate, D is the
photodetector.
A general description of our optical and detection apparatus can be found in Ref.25. The electric

birefringence experiment 126-291 essentially consists in applying a rectangular voltage pulse to the
electrodes of the Kerr cell with a pulse duration long enough to reach a stationary value of the induced
anisotropy, and in observing the induced birefringence pulse by using a laser beam and two almost
crossed polarizer. A scheme of the set-up is shown in Fig. 1. For the measurements that are discussed in
this paper the applied electric field consisted of a sine-wave pulse with zero average and frequency
variable between 100 Hz and 2 MHz. The pulse was obtained by gating a function generator and
amplifying the output with a Krohn-Hite 7500 power amplifer. The pulse duration was in the range 1-10
ms. Sine-wave pulses with variable frequency and zero time average allow, at the same time, to avoid
steady-state electric currents in the cell and to single out the contribution of distinct polarization
mechanisms at different frequencies. The birefringence signal is obtained by putting the Kerr cell
between two polarizers (with the insertion of a quarter-wave plate between cell and analyzer) and by
sending a laser beam through the optical system. Signal averaging over many pulses was performed by a

Data Precision DATA 6100 digital oscilloscope. All the reported results were obtained in the Kerr regime
where the induced birefringence An is proportional to the square of the electric field E. The Kerr constant
is defined as: B = An/(hE2), where h is the wavelength of the laser beam. In our experiment, h = 0.633

!Jm.

v (kHz)

.

Figure 2. The specific Kerr constant measured as a function of the frequency of the electric field,
), 4, =
at c, = 0.2 mM,for three distinct volume fractions: (*),4, = 0.1%; ( +),Q, = 1% ; (
2.5% . The full lines represent a fit with Eq.6.

The electric birefringence response to a sinusoidal field consists of a d.c. component plus a sinusoidal
component oscillating at twice the frequency v of the exciting signal [a]. The amplitude of the sinusoidal
component is a decreasing function of v, with a cut-off frequency around (6x~,)-l.Wecall T, the
T ) , q is the viscosity of the solvent, k~
rotational diffusion time of the particle, T, = 4 x q ~ ~ / ( 3 k ~where
the Boltzmann constant and T the absolute temperature. After the applied electric field is off, the induced
birefringence decays exponentially, with a decay constant T,. We obtained from our data T, = (605 5 20)
,us, in good agreement with the theoretical expression.
We have studied dispersions with concentrations of added NaCl, c,, in the range 0-5 mM.
Dispersions without added salt have an electric conductivity in the range of few pS/cm which is much
larger than that expected from the particle counterions only and is mainly due to the carbon dioxide
dissolved in water.
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In all cases, the decay of the induced birefringence pulse is found to be exponential with a decay
constant coinciding with T,. This means that, in all the investigated situations, electrostatic interactions
have little effect on the rotational Brownian motion of the individual particle.
It should be recalled that, when the frequency of the applied field is very low (say, below 200 Hz), it
is possible to notice an additional contribution to B/@ which comes from the fiuctuating dipole moment

[lo]. The low frequency data discussed in this article are obtained at frequencies large enough to exclude
contributions coming from the fluctuating electric dipole.

v (kHz)
Fig. 3. The specific Kerr constant measured as a function of the frequency of the electric field, at
@ = 1.5% , for five distinct concentrations of added NaC1: (

(

), c, = 1 mM;

O ) ,c, = 0 mM;(V), c, = 0.2 mM;

(A), c, = 3 m M ; ( a),c, = 5 mM. The full lines represent a fit with Eq.6.

We report in Fig.2 the specific Ken constant BIQ?,derived from the steady-state d.c. component, as a
function of the frequency v of the exciting wave, at various volume fractions cP. All the data of F i g 2
were obtained at c, = 0.2 mM. We note that the Kerr constant is positive. The amplitude of the
frequency-dependent contribution to B/@ grows with @, leaving substantially unchanged the shape of
the frequency response which presents a cut-off frequency around 30 kHz. As shown in Fig.3, the
amplitude of such a contribution is a rapidly decreasing function of salt concentration, becoming
negligible when c, exceeds 5 mM. At v 2 1 MHz, B/@ becomes independent of both c, and @, and takes
the value (0.90 0.05)xlO-8 mV-2. The ratio between the low and high frequency values of BliP was

+

measured as a function of @ for several salt concentrations: Bw is measured at v = 2.5 H z , and BHFat
v = 1 MHz. Some data are shown in Fig.4. The ratio increases linearly with GJin the range of
investigated volume fractions. By fitting with a linear function, BLF/BHF= A(1 +k@),we have derived
the slope k as a function of the salt concentration. The results are shown in Fig.5. The behavior of k can
be approximately described as k = c,- P, with 0 = 0.7ir0.1. We have also reported in Fig.5 the values of
k obtained in our previous experiment [9] with fluorinated rod-like polyelectrolyte particles having an
axial ratio about 2. We find that k, at fixed c,, is larger for the rod-like particles by one order of
magnitude, and that, for the rod-like particles, f3 = 1.OM. 1.

Fig. 4. The ratio BLFIBHFplotted as a function of the volume fraction @: (*), c,

= 0.2

mM; (

a),c, =

l m ~ ; ( C ) ) , c , = 2m ~ .

4. Discussion.
As shown in our previous paper [lo], the Kerr constant of the colloidal dispersion is made of three
contributions. The frequency-independent contribution, which is associated with an electronic
polarization mechanism, contains information about the shape and the intrinsic anisotropy of the particle.
The other two contributions are connected with the fact that the particle is a polyion. The standard view
assumes that counterions can be separated in two distinct categories: condensed counterions which are
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constrained to stay close to the particle surface, and dissociated counterions which are spread over a
distance of the order of the Debye-Huckel length. We have suggested that the contribution present at very
low frequencies, which becomes evident with the reversing-pulse technique, comes from a fluctuating
electric dipole originated from the dynamics of bound counterions [lo]. The contribution which gives the
frequency dispersion of B/@ shown in Figs2 and 3 is instead connected with the existence of the cloud
of dissociated counterions. As shown by the data of Fig.4, this latter effect is predominantly collective,
that is, it becomes important when there is an appreciable overlap of the counterion clouds belonging to
different particles.

Fig. 5. The slope k plotted as a function of the salt concentration: ( +),PFA spherical latex; .(
PTFE rod-like latex.

),

Since no theory of the Kerr effect in presence of interparticle interactions is, to our knowledge,
presently available, we have developed an ad hoe phenomenological model which is based on a mean
field argument.
We start from the general expression of the specific Kerr constant for a dispersion of independent
particles occupying the volume fraction @[26,27]:

where a: and a; are, respectively, the optical and electrical polarizability of the particle along the
symmetry axis, a; and a; are the polarizabilitiesperpendicularly to the symmetry axis, V is the particle
volume,
is the vacuum dielectric constant, and ns is the index of refraction of the solvent. Eq.1
indicates that the existence of a nonzero Kerr constant implies the simultaneouspresence in the particle of
an electrical anisotropy (which produces the orientation of the particle when the electric field is applied)
and of an optical anisotropy (which allows to detect the orientation of the particle by optical means). We
observe that, in our case, the anisotropy of the electrical polarizability is essentially determined by the
form of the particle and by the difference in dielectric constant with the solvent, while the optical part is
dominated by the intrinsic anisotropy coming from the partially crystalline internal structure of the
particles. This allows to simplify the general expressions for the anisotropy of polarizabilities (given in
Eqs.2 and 3 of Ref. lo), so to obtain the approximate formulas:

where E, is the relative dielectric constant of the solvent, cp is the average relative dielectric constant of
the particles, L1, L2 are form factors which depend only on the particle geometry 1301.We recall that L1
+ 2L2= 1.
It should be noted that if there were no correlation between the direction of the geometrical axis and
that of the optical axis of the particle, no electric birefringence could be expected. Indeed, averaging over
dl the particles would correspond to summing equal amounts of positive and negative birefringence
contributions. So we assume that the two directions coincide (to account for the positive sign of the
birefringence): this is reasonable if one considers that the direction of the optical axis coincides with the
average direction of crystal growth, so that one may expect the particles to be slightly elongated along
this direction.
Considering that the particle shape is only slightly different from spherical and that E, is much smaller
than E,, Eq.2 can be further approximated as:
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where ap= V&,,(E~-E ~ ) [ ~ E ~+ ~( E
E JI ,]= - 1. ~ V E ~isEthe
, particle excess polarizability with respect to the
solvent, and fZ = 1 - (b/a)2.

.

v (kHz)

Fig. 6. The specific Kerr constant measured as a function of the frequency of the electric field, for
the PIPE latex with no added salt, at four distinct volume fractions: ( ? ), Q, = 0.04%; ( A ), @ =
0.09% ; ( ( ), @ = 0.3%; (

), @ = 0.5%; . The full lines represent a fit with Eq.6.

The data reported in Figs.2-4 show that, besides the effects coming from the intrinsic properties of
the particles and from charge fluctuations,there is an additional contribution to the Kerr constant of the
dispersion which presents the following features: i) it contains a term proportional to @2 whereas singleparticle effects are proportional to @, ii) it is strongly dependent on the concentration of added salt, iii) it
is a decreasing function of the frequency of the applied field. The first two features clearly indicate that
the effect depends on the overlap of the counterion clouds surrounding each particle: when the overlap is
reduced, either by increasing the ionic strength or by decreasing the particle concentration, the effect
disappears. We have already reported a similar observation from a TEB experiment on dispersions of
rod-like polytetrafluoroethylene latex particles 191. Since the limit value of B/@ at low frequency for
vanishing volume fraction is almost coincident with the high frequency value, we have to conclude that
undissociated counterions give a little contribution to the polarizability in the single particle limit.
We propose a mean field approach to interparticleinteractions [lo]: if the effect of.interactions is that
of modifying the local field that a particle effectively feels, we can tentatively assume that the specific

Kerr constant can still be calculated with Eqs.1-3 by simply inserting, instead of the relative dielectric
constant of the solvent, the real part of the relative dielectric constant of the solution, €,I. If we use for
the electrical anisotropy the approximated expression given by Eq.4, we find that BiQ,is proportional to
the relative dielectric constant of the solvent. Therefore, the proposed mean-field approach implies that,
for our system, B14, should be approximately proportional to &,,I.
Several theoretical papers 121-23,31,32] have been devoted to the calculation of I,& for spherical
macroions. Ref.31 presents numerical results which cover a wide range of values of the ratio RADH,
where IDHis Debye-Hiickel length, whereas Refs.21-23 give analytical results valid, however, only for
large values of R/~DH.We base our discussion mainly on the work by Chew and Sen [22]. At low
volume fractions,
can be written as [2 1-23]:
= &s[l f kQ,F(w)J
(5)
where k depends on the particle properties and on the ionic strength of the solution, and F(o) is given
by:

where w = 2nv and rS= R ~ / ( ~ is
Da) relaxation time, D being the diffusion coefficient of the dissociated
counterions.
Eqs.5 and 6 can explain the observed linear dependence of B/4, on
Since BIQ,is proportional to
4, (seeFig.$), and the markedly non-hrentzian frequency dependence of the specific Kerr constant. As
shown by the full curves in Figs2 and 3, the function F(w) fits very well the experimental data.The
obtained best-fit value is: Ts= (2.0 0.4) ys. Taking D = 1.55xlOj cm2/s (this is the value measured at
0.01 M NaCl at 25OC), the predicted T, is 2.6 ys, roughly in agreement with the best-fit value. Since D
changes somewhat with temperature and salt concentration, it is possible that the agreement can even be
improved by performing the TEB experiment at a controlled temperature and by using a D value
measured at the appropriate c,.
Our data indicate that both the shape of the dispersion curve and the value of T, are not significantly
influenced by changes of cs and Q, in the investigated range of parameters, whereas the value of k is
strongly dependent on c,.
We have analyzed, according to Eqs.5 and 6, also the electric birefringence results we have obtained
some years ago on dispersions of PTFE rods [9]. Some data are reported in Fig.6. The full lines
represent the best-fit with the F(o) given by Eq.6. The agreement is excellent. The best-fit value of the
relaxation time is: 7, = (5.6 f 0.8) ys.
Lim and Franses [4] have fitted the observed frequency dispersion with a Cole-Cole function which
contains two free parameters, the relaxation time T,' and the exponent a. Other semi-empirical functions

+
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were used by other authors [14]. We have made a comparison between the function given by Eq.6 and a
Cole-Cole function: F(w) can be very well approximated by a Cole-Cole function with :T = 4r,, and a =
0.35. However, we believe that the fit with Eq.6 is more significant because F(w) comes from a
theoretical model, and also because F(o) contains only one free parameter.
By using eq.7.4 of Ref.22 we have derived the following approximateexpression for k:

where Z is the charge of the particle in electronic units, and NA is Avogadro's number. A similar
expression is given also in Ref.23. Although this point is not discussed in the theoretical papers, it seems
plausible that one should take for Z the value of the effective charge, that is, the bare charge minus that of
the condensed counterions. It is therefore possible that Z is somewhat dependent on c,. At fixed R and
Z, the theory of Chew and Sen predicts therefore that k = c,-1. Such a result is consistent with the data
on PTFE particles. The agreement is less satisfactory for the PFA particles which are smaller. It should
however be recalled that Eqs.5-7 are derived under the approximation lDH/R1 4 1. Since, at c, = 0.2
mM, lDHis about 22 nm, it is possible that the data taken with the PFA particles at the lowest ionic
strength cannot fully be interpreted by using Eq.7.
Concerning dispersions of polystyrene latex spheres, the available experimental data about the
dependence of k on c, are rather confusing: Schwan et al [2] find that k is a decreasing function of the
ionic strength, but subsequent investigations [3-61 show the opposite behavior.
DeLacey and White [311 present numerical solutions for the dielectric increment in the range 12 R/~DH
I 5O.They find that, at fixed electric potential on the slipping plane, 1;, and at fixed R, k is an increasing
function of c,. Since, at fixed <, an increase of c, produces an increase of Z, the main problem for the
comparison between experiment and theory seems to be the following: a change of the ionic strength is
associated by a change of the effective charge or by a variation of the 1; potential? Generally speaking, it
is possible, of course, that both quantities are dependent on c,. In the case of the fluorinated polymer
latices discussed in this paper, the observed behavior of k versus c, can be explained by assuming a
constant effective charge, whereas the behavior reported in Refs.3-6 is mainly consistent with the
hypothesis of constant 1; potential.

Conclusions.
We have shown in this article that fluorinated latex (PFA) particles represent a very interesting model
system for TEB studies of the dielectric properties of polyelectrolytes. The specific Kerr constant of the
particle dispersion is rather large because the particles possess both an intrinsic optical anisotropy and a
slightly elliptical average shape.

The specific Kerr constant presents a contribution whose amplitude increases with the particle
concentration and decreases with salt concentration. The frequency dispersion of such contribution is
markedly non-Lmentzian, and fits very well the predicted frequency dispersion for the dielectric constant
of the solution. A simple mean field argument is used to justify this latter result.
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