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A B S T R A C T

In this review I highlight a very sensitive experimental technique for the study of polymer-surfactant complex-
ation: The electro-optic Kerr effect. This review does not intend to be exhaustive in covering the Kerr Effect nor
polymer-surfactant systems, instead it aims to call attention to an experimental technique that, even if applied in
a qualitative manner, could give very rich and unique information about the structures and aggregation processes
occurring in mixtures of oppositely charged colloids. The usefulness of electric birefringence experiments in the
study of such systems is illustrated by selected results from literature in hope of stimulating the realization of
more birefringence experiments on similar systems. This review is mainly aimed at, but not restricted to, re-
searchers working in polyelectrolyte-surfactant mixtures in aqueous solutions, Kerr effect is a powerful experi-
mental tool that could be used in the study of many systems in diverse areas of colloidal physics.

1. Introduction

1.1. Kerr effect

Electro-optic Kerr effect refers to the generation of birefringence,
i.e. anisotropy in the refraction index, by applying an electric field to
an otherwise isotropic material. In Fig. 1 a schematic representation of
how birefringence can be generated by electric fields is shown. Birefrin-
gence has its origin in an intrinsic anisotropy of the electronic polariz-
abilities of the molecules that compose the material (see Fig. 1). Mole-
cules in liquid solutions or colloidal particles in suspension adopt, due
to thermal agitation, a random orientation that is characterized by an
isotropic refractive index, even if the particles are anisotropic (Fig.1a).
The application of an external electric field induces order, molecules
(or particles) align with the field (Fig. 1b), and the molecule (parti-
cle) optical anisotropy is manifested as birefringence: The refractive in-
dex (n) is different if measured in a direction parallel (n?) or perpen-
dicular (n?) to the electric field. The effect is known as the Kerr effect,
in honor of John Kerr, who was the first to observe it. Before start-
ing with a very short overview on the discovery and development of
electro-optic Kerr effect, I will first explain the basics of the experi-
ment. In Fig. 2a the typical experimental setup is shown. Light from

any source, today commonly a laser, is polarised and enters a liquid
sample placed between parallel plane electrodes connected to a volt-
age generator. The polarization plane of the incident light is at 45°
with respect to the applied electric field. In the absence of an electric
field, the light passes through the liquid sample retaining its polariza-
tion and is extinguished by a second polarizer, the analyser, which is
orientated in a crossed position with respect to the first polarizer. In this
case both components in which the electric vector of the light can be
divided, one parallel, E0

‖, and one perpendicular, E0
⊥, to the direction

of the electric field, are in phase. However, under the influence of an
applied external field, the refractive indexes of the liquid become dif-
ferent for the parallel and perpendicular components, as was schema-
tized in Fig. 1, and they emerge from the sample out of phase, produc-
ing light elliptically polarised. Thus, the light emergent from the liquid
cell has an electric field component perpendicular to the polarization
plane of the light emerging from the first polarizer, as a consequence,
a portion of the light intensity is transmitted by the analyser and a sig-
nal is detected on the photodetector, the birefringence signal. The trans-
mitted light intensity is proportional to the magnitude of the optical
anisotropy (an intrinsic property of the molecule, Fig. 1c) and to the in-
tensity of the external electric field applied (the degree of particle ori-
entation increases with the electric field strengths). The features of the
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Fig. 1. The origin of birefringence is in the intrinsic anisotropy of particles. (a) Schematic representation of anisotropic particles randomly oriented by thermal agitation. In the absence of
any orientating field, the particle dispersion is isotropic, Δn = 0; (b) The same system in a non-zero field: the anisotropic particles orientate in the field due the presence of dipoles. Now
the refraction index is different if measured in the direction of the field or perpendicular to it, Δn ≠ 0; (c) Birefringence is a function of particle anisotropy: an ideal rigid sphere is perfectly
isotropic and not orientable in a field, thus no birefringence can be induced on it. On the contrary, a cylinder is highly anisotropic and gives place to a non-negligible birefringence when
placed in a orientating field; (d) The sign of the birefringence depends on both the total electric dipole moment (represented by a dashed arrow in the figure),resulting from the permanent
(arrow) and induced (± signs) dipoles, and the optical polarizability anisotropy of particles (dashed ellipses), this is the anisotropy of the electron polarizability at the frequency of the
light source used in the measurement of the refractive index. Because the particle re-orientates itself due to the total electric dipole, the main optical axis can end up falling in any direction
between parallel (Δn > 0) or perpendicular (Δn < 0) to the direction of the field. The intrinsic optical anisotropy results from the chemical structure of molecules and their conformation
in solution (see text for details, Section 2), being the main contribution from π-electrons.

birefringence signal depend on the size and shape of the particles pre-
sent in the liquid sample (see Section 2) (from now on I will use the
word “particle” to refer to not only particles, but also molecules, macro-
molecules, aggregates or colloids of any kind).

Returning to the discovery and development of electro-optic Kerr
effect [2], in 1845 John Kerr published a paper entitled “A new rela-
tion between electricity and light” [3] in which he presented for the

first time the observation of birefringence generated by an electric field
in several liquids, including carbon disulphide, benzene, paraffin oil and
turpentine, among others. The setup used by Kerr was essentially the
same as the one described in Fig. 2. He used a candle flame as light
source, which was sent through the liquid sample placed in a cell with
two electrodes connected to the secondary terminals of a Ruhmkorff in-
duction machine, which was used to produce the electric field. The liq
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Fig. 2. (a) Schematic representation of a typical electro-optic Kerr effect setup. It consists of a light source, for example a laser; a polariser prism placed at 45° with respect to the direction
of the applied field; the Kerr cell in which the liquid sample is placed, with two electrodes in order to apply the electric field; the electric field generator that can produce a field in the
form of a sinusoidal wave, a pulse or any other; a second polariser (analyser) placed in crossed position with respect the first polariser and finally the light intensity detector. The quarter
wave plate permits the determination of the sign of the birefringence (see cited references in the text for details on the possible setups). (b) Trace of an oscilloscope showing the field
applied, a pulse in this case, and the birefringence response. The signal corresponds to a solution of “acide thymonucléique” in water. Figure adapted from Benoît's thesis [1]. The signal
shows the dynamics of orientation of the particles, which go (rise of the birefringence) from being randomly oriented (fig. 1a) to an oriented state (fig. 1b), when the electric field is
switched off, the opposite happens (birefringence relaxation).

uid cell was placed between two polarizing Nicol prisms, the first ori-
ented at 45° with respect to the electric field and the second at a crossed
position with respect to the first polariser in such a way so that no light
passed the second Nicol prism in the absence of an electric field, as ex-
plained above (Fig. 2a). Kerr observed that when he applied an elec-
tric field across the liquid light from the candle passed through the sec-
ond Nicol prism, indicating that, in the presence of an electric field,
the isotropic liquid behaved as a uniaxial anisotropic system. Among
the liquids used in the experiments some had negative and some pos-
itive birefringence, which is defined as ∆ n = n∥ − n⊥, being n∥ and
n⊥ the refractive index parallel and perpendicular to the applied elec-
tric field respectively (see Fig. 1). He also observed that, in liquids, the
birefringence appeared and disappeared almost instantaneously as the
field was switched on or off, a result which differed from his previ-
ous observations on solids such as glass, quartz and amber resin, for
which birefringence appeared and disappeared in periods of time of sec-
onds [4]. Kerr continued working on liquids and improving the exper-
iment, in particular, by introducing a Thomson electrometer, he was

able to measure the electrostatic potentials, making quantitative mea-
surements possible. With this improved setup and after a number of
measurements on carbon disulphide [5], he arrived to the conclusion
that the birefringence was proportional to the square of the applied elec-
tric field intensity, ∆ n = n∥ − n⊥ ∝ E2. This dependence of the bire-
fringence with E is known as the Kerr law (see Section 2.1.2) and the
proportionality constant as the Kerr constant, B, so that ∆ n = λBE2,
being λ the wavelength of the light source. On the physical origin of
the electro-optic Kerr effect, Kerr believed that the double refraction
induced in the dielectric material was due to some kind of mechan-
ical directional strain, which was produced by the electric stress, in
a way similar to that produced on glass directionally stressed by ten-
sions or pressures. Now a day, it is accepted that the effect is not due
to any mechanical stress, but is instead a consequence of the orienta-
tion of the optically anisotropic particles in the material under the ac-
tion of the electric field. The orientation is driven by the interaction
of the applied field with the permanent and/or induced dipoles of the
particles (see Fig. 1). The first to propose this interpretation was Lar
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mor [6] in 1897, some years after Kerr's death. Following Larmor's idea,
Langevin [7] was the first to obtain the equations for the Kerr constant
in gases, modelled as axil symmetric anisotropic particles without a per-
manent dipole moment, by setting up the equations for the energy of the
molecules as a function of their angle with respect to the electric field,
and using the Boltzmann equation in order to obtain the orientation dis-
tribution function. The theory of the Kerr constant has been developed
since those days [2]. Gans was the first to recognize the existing rela-
tion between the value of the Kerr constant and the optical anisotropy
of the molecules, and its relation with the degree of depolarization of
the scattered light, which was later developed by Debye; a review about
the theory of Kerr constant can be found in reference [8] and references
therein.

Around the end of the Second World War Benoît started his Ph.D
on electro-optic Kerr effect in colloids [1]. In order to be able to study
conducting aqueous solutions of DNA, he introduced the pulsed tech-
nique [9,10], in which the electric field is applied as short, milliseconds
long, square pulses. Benoît noted that the stationary birefringence was
not instantaneously generated (see Fig. 2b) and that, once the pulse was
over, it took the system a certain time to re-establish the isotropic state,
see Fig. 2b. This opened the door to the study of birefringence relax-
ation. This technique is known today as Transient (time domain) Elec-
tric Birefringence, TEB. Benoît developed the theory of birefringence re-
laxation in his thesis and found that, regardless of the mechanism of
orientation; the decay relaxation was proportional to ~ exp(− 6Dt) be-
ing D the rotary diffusion constant of the colloidal particle (see next
sections, Section 2.1.1). The rotational diffusion coefficient can then be
related with the size and shape of those particles. O'Konski and Zimm
[11] developed a similar device, using short pulses, to study the birefrin-
gence relaxation of tobacco mosaic virus (TMV) in aqueous solutions,
and arrived to the same relation for the rotational characteristic time,
τ = 1/(6D). From their results they were able to estimate the length of
the TMV particles. In a subsequent article [12], O'Konski and Haltner
performed electric birefringence experiments on TMV solutions apply-
ing, in addition to the square pulses used in the previous studies, sev-
eral types of wave forms: reversing square pulses (see Section 2), expo-
nentially decaying pulses and pulsed sine waves. They found three dis-
tinct frequency domain responses of birefringence. The first, occurring
around 200 Hz, ascribed to the rotational relaxation of the TMV parti-
cle, the second corresponded to a plateau of the Kerr constant extend-
ing until 10 kHz, the third region occurred at high frequencies where
anomalous dispersion, which had been found to depend on electrolyte
concentration, of the Kerr constant was observed. From these results
they proposed that the mechanism of orientation of the TMV, which
is a charged rod-like particle, is dominated by the counterion polariza-
tion along the main axes of the particle, being the contribution of per-
manent dipole moments, if present, negligible. Other Kerr effect experi-
ments on charged macromolecules followed, and the general conclusion
was that counterions play a dominant, but not yet well-understood, role
in the orientation mechanism of macroions when subjected to an elec-
tric field. The role played by counterions [13–26] in the mechanism of
orientation of polyelectrolytes in Kerr effect experiments is central to
the understanding of experimental results in polyelectrolyte aqueous so-
lutions and in complex mixtures of polyelectrolytes and surfactants (or
any other mixture of surfactants with polymers, proteins, clay or other
particles).

On the other hand, the cloud of counterions surrounding charged
particles in aqueous solutions seems to play a key role in the observed
anomalous orientation of charged colloids when placed in electric fields:
under certain conditions, some colloids orientate with their main axes
perpendicular to the field, even in the absence of any transversal per-
manent dipole moment (see Fig. 1), giving place to what is known as
anomalous birefringence signals [27–32].

Summarizing, the electro-optic Kerr effect gives two kinds of in-
formation, one coming from the stationary value of the birefringence,
which is related with the particle's size and shape through the
anisotropy of the optical and electric polarizability (see Section 2), and
the other from the relaxation phenomena involved in the orientation
of molecules or colloids. The birefringence relaxation is related with
charge distribution, the presence of permanent or induced dipoles and
to the particle's size and shapes. Because the decay rate of the birefrin-
gence measures the particle rotary relaxation time and, as this parame-
ter is approximately a function of the third power of the greatest dimen-
sion of particles [33], it is an extremely sensitive indicator of molecular
conformation changes [34] and aggregation processes.

The goal of this review is to highlight the electro-optic Kerr effect
as a very useful technique for the study of polymers–surfactants mix-
tures in aqueous solutions and thus, in what follows, I will give a very
short overview of these complex mixed systems, with the sole objective
of contextualize the usefulness of Kerr experiments when used to study
them. An extensive revision of the state of the art in polymer-surfactant
systems is out of the scope of this review, there are plenty of excellent
reviews and books on the properties of those systems in bulk and also
at interfaces and in films [35–50]. Electric birefringence, even being a
bulk technique, can be very valuable for understanding both bulk and
surface behaviour, since the former is coupled to the dynamic properties
at interfaces, for instance the adsorption/desorption dynamics at fluid
and solid interfaces strongly depends on the formation of aggregates
in bulk, and so do surface rheology properties at fluid-fluid interfaces
[43,45,47–55].

1.2. Polymer-surfactant mixtures

Mixtures of polymers and surfactants in aqueous solutions are used
in many industrial applications. To name but a few, they are impor-
tant in the oil and food industries and in the production of cosmet-
ics, detergents, paints and coatings [39,42]. Moreover, mixtures of op-
positely charged species can be used as gene carriers in gene therapy,
and encapsulation in drug delivery systems [38,39,42,56]. The under-
standing of the interactions, and of the structures which emerge be-
cause of them, in mixtures of polyelectrolytes with opposite charged col-
loids is of fundamental importance in the study of biological systems as
well, for instance in mixtures of DNA and proteins or in the immobi-
lization of enzymes in polyelectrolyte complexes [57]. Life itself is be-
lieved to have its origin in molecular self-assembly of increasing com-
plexity and specificity [58] where RNA, a polyelectrolyte, and its inter-
actions with other charged species play a central role as the origin of
the first self-replicating systems [59], which eventually gave place to
the primitive cell. The features of polymer-surfactant complexes, such
as size and shape, have been studied with various techniques includ-
ing dynamic (DLS) and static (SLS) light scattering, X-ray spectroscopy,
and small angle scattering of X-ray and neutrons (SAXS, SANS), among
others [50,60–64]. From all these experiments a very complex picture
emerges, where a large number of factors are involved. To make things
even more complicated, polyelectrolyte-surfactant complexes frequently
remain trapped in non-equilibrium metastable states, both in bulk and
at interfaces, whose characteristics depend on the history of the systems,
for instance on the protocols of mixing or time elapsed before prepara-
tion [65–69]. As a consequence, thermodynamic theories ([39]: p.193)
cannot be used, in principle, to explain the complex behaviour of these
systems

The aggregation of polyelectrolytes and surfactants of opposite
charge in aqueous solutions is driven by both electrostatic and hy-
drophobic interactions, which give place to very rich and complex
phase behaviours [35,70,71]. The formation of polyelectrolyte-surfac-
tant aggregates can lead to phase separation, a stable colloidal disper
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sion or soluble complexes, depending on a large number of parame-
ters, such as, charge density of the polyelectrolyte; chain rigidity/flex-
ibility, molecular weight and degree of branching; the charge ratio be-
tween polyelectrolyte and surfactants; the kind of polyelectrolyte and
surfactant counterions; the hydrophobic/hydrophilic balance of surfac-
tant molecules and chemical groups in the polyelectrolyte chain; the
presence of other components, like salt, in the mixture; the physical con-
ditions like pH, temperature, etc. as well as on polymer and surfactant
concentrations. Because of the large number of variables which need to
be taken into account the search for generalities in the features and be-
haviour of these systems is a very difficult task, especially when consid-
ering that all the variables depend on the specific chemical system under
study. The richness and complexity of aggregate structures and proper-
ties encountered when dealing with these systems is a consequence of
the interplay among all these variables.

Despite the difficulties just mentioned, a general simplified picture
of the behaviour of polyelectrolyte-surfactant mixtures in water can be
given. As an oppositely charged surfactant is added to a polyelectrolyte
aqueous solution, the surfactant ions progressively replace the poly-
electrolyte counterions (entropy driven) in the neighbourhood of the
polyelectrolyte chain. At low surfactant concentrations, this exchange
of counterions does not necessarily lead to effective polymer-surfac-
tant association. This process does not produce, in general, observable
changes in the bulk properties of the system, as could be followed with
commonly used bulk techniques such as conductivity or light scatter-
ing. The changes undergone by the system in this low surfactant con-
centration region can, however, be detected by the Kerr effect [72,73]
because the electric properties, particularly the counterion polarizabil

ity, around the polyelectrolyte chain changes (see Section 3). As the
surfactant concentration increases, the surfactant ions finally condense
onto the polymer chain close to charged groups. At a certain specific
concentration, which is characteristic of each polyelectrolyte-surfactant
system, surfactants begin to cooperatively associate onto the polyelec-
trolyte chain. By cooperatively we mean that the probability for a sur-
factant ion to condense onto a binding site on the polymer chain in-
creases if adjacent sites are already occupied. This surfactant concen-
tration is known as the critical aggregation concentration, cac. The cac
occurs at concentrations 1 to 3 orders of magnitude lower than the
critical micelle concentration, cmc, of pure surfactant solutions, and
can be determined by calorimetry [74], conductivity and surface ten-
sion measurements, among others [48]. The most used method for de-
termining the cac, and the amount of surfactant molecules bound to
the polyelectrolyte chain, is by potentiometric measurements using sur-
factant selective electrodes [75–77]. This technique measures the con-
centration of free surfactant molecules, cf. and permits the calculation
of the number of surfactants bound to polymer molecules, given by
cb = cs-cf., being cs the total surfactant concentration. The results from
surfactant selective electrode measurements are generally presented as
a plot of the degree of binding, β, as a function of cf. This curve is
known as the binding isotherm (Fig. 3a). The degree of binding is de-
fined as β = cb/cp, where cp is the polymer concentration in monomers
(in polyelectrolytes is the concentration of charged groups). The bind-
ing isotherms have sigmoidal shapes (see Fig. 3) where different zones
can be seen and from which the cac can be obtained. The features of
the binding isotherms depend on the degree of cooperativity in the
polymer-surfactant association process, which itself depends on the na

Fig. 3. (a) Schematic binding isotherms for an oppositely charged polyelectrolyte-surfactant mixture. The dotted line represents a binding isotherm where non-cooperative, anti-cooper-
ative and cooperative regions can be observed. The Solid line represents a binding isotherm with a very well defined cac. (b) Schematic representation of a surface tension isotherm for
polyelectrolyte/surfactant mixtures in water. The solid line represents the surface tension of surfactant solutions without polyelectrolyte, and the dashed line that of the mixture as a func-
tion of surfactant concentration. The concentrations T1, T2 and T3 in mixed systems are indicated. (c) Schematic representation of the aggregation process in polyelectrolytes and opposite
charged surfactants in aqueous solution. Figures (a) and (c) adapted from [47]: Nylander T, et al., Formation of polyelectrolyte–surfactant complexes on surfaces. Adv Colloid Interface
Sci 2006;123–126:105–23. Copyright (2006) with permission from Elsevier. Fig. 3b adapted from [78]: Goddard ED., Polymer—surfactant interaction part II. Polymer and surfactant of
opposite charge. Colloids and Surfaces 1986; 19: 301–29. Copyright (1986) with permission from Elsevier.
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ture of the interaction between polymer and surfactant molecules. These
interactions can lead to cooperative, non-cooperative (random) or
anti-cooperative, surfactant-polymer complexation (see Fig. 3a). Only in
the case of cooperative association can a cac be well defined.

As mentioned, the cac can also be determined by surface tension
measurements, in that case, the cac is ascribed to the beginning of
the first plateau in the surface tension isotherms [78]. Fig. 3b shows a
schematic representation of the surface tension isotherm of a polyelec-
trolyte-surfactant mixture, as a function of surfactant concentration. In
this figure, the concentration at which a first plateau appears, labelled
as T1, corresponds to the cac. As stated before, at this concentration the
surfactant begins to bind cooperatively onto the binding polymer sites.
The concentration T2, at which the plateau ends, is generally associated
with the saturation of the binding sites on the polymer chain. This con-
centration corresponds to the beginning of the plateau in the binding
isotherm (Fig. 3a). Above this concentration the aggregates become hy-
drophobic and precipitation may occur. In some systems the precipitates
re-dissolve at higher surfactant concentrations [71], in Fig. 3b this oc-
curs at the concentration marked as T3, which are generally higher than
the cmc of the surfactant.

The progressive addition of an oppositely charged surfactant to a
polyelectrolyte solution results in a partial collapse of the polymer
chain, [79] this is due to the partial neutralization of the polyelectrolyte
charges, which diminishes the electrostatic contribution to the polymer
persistence length. Additionally, there is also a hydrophobic contribu-
tion to the polymer collapse due to the addition of surfactants. As stated
before, the birefringence relaxation time is very sensitive to the size of
colloids in suspension and all these changes can be followed by the Kerr
effect with great sensitivity. Often, the formation of multichain com-
plexes are observed as the surfactant concentration increases, the effect
on the particle size of aggregation is opposite (size increment) to the ef-
fect of chain collapse (size reduction), being this a source of confusion
when interpreting the experimental results of, for instance, light scatter-
ing on these systems [50]; again, the Kerr effect could be very useful in
distinguishing the two process.

As mentioned before, for some weak polyelectrolytes, the aggrega-
tion process is not cooperative at all and no cac can be defined, in those
cases the Kerr effect has proven to be a useful and very sensitive tech-
nique in the study of the “continuous” aggregation process [73].

With respect to the structure of complexes, Hansson and Almgren
[80–83] have shown that surfactant aggregates formed in polyelec-
trolyte solutions are similar to the micelles formed in pure surfactant
solutions, being the main difference that the surfactant aggregation be-
gins at lower concentrations, the cac (< cmc), induced by the presence
of the polyelectrolyte. These results are at the origin of the pearl-neck-
lace model of the complexes [84], see Fig. 3c, which consists of sur-
factant micelles wrapped (decorated) and interconnected by the poly-
mer chain. However, there are numerous experimental evidences that
the complexes formed above the cac can be compact or soft, monodis-
perse or polydisperse, spherical-like, rod-like or having any other mor-
phology, depending on the features (chemical structure) of the poly-
electrolytes and surfactants [50]. In order to gain insight on the in-
fluence of polyelectrolyte parameters such as flexibility or degree of
charge, computer simulation experiments could be very useful [85]. In
this respect let me mention here a very recent work by Goswami et al.
[86] in which authors studied by molecular dynamics the effect of the
charge density of the polyelectrolyte chain on the structure and dynam-
ics of polyelectrolyte-surfactant complexes. They found that the struc-
tures changed from pearl-necklace to nearly spherical shapes with an
increase in charge density on the polymer chain. In the context of Kerr
effect, I would like to mention here that very little computer simulation
has been done on polymers in electric fields [87–90] and none at all,
that I am aware of, on polymer-surfactant mixtures, more work on this

subject is very desirable both for electric birefringence experimental
analysis and birefringence theory development.

Finally, I would like to stress that the behaviour and properties of
polyelectrolyte-surfactant mixtures in aqueous solutions are by far more
rich and complex than the simplified picture given above, however,
what was said is sufficient to stress the usefulness of electro-optic Kerr
effect in the study of these systems in dilute solutions. We will see in
Section 2 that the two directly measurable parameters in Kerr effect ex-
periments: the stationary birefringence (or Kerr constant) and the bire-
fringence relaxation times, are both very sensitive to changes in the
polyelectrolyte counterion polarizabilities, which are very different if
the counterion is a small, such as Na+, or a relatively large surfactant
ion. The Kerr constant and birefringence relaxation times are very sen-
sitive to changes in the particle's size and shape as well, which are af-
fected by polymer partial collapse and aggregation that occur when sur-
factants are added to a polymer solution.

In this review, I will present the basic principles of the electric Kerr
effect technique and show the kind of information that can be obtained
with it when used to study aqueous solutions of mixtures of polymers
and surfactants. In what follows, an overview of the principles and the-
ory of electric Kerr effect is given, Section 2. In Section 3, selected re-
sults of electro-optic Kerr effect on mixtures of colloids with surfactants
will be presented. The article finishes with the concluding remarks.

2. Principles of Kerr effect

Excellent reviews and books [91–97] about the principles, theory,
techniques and applications of the electro-optic Kerr effect have existed
for many years, here I will give a succinct overview of those princi-
ples and theories in their simplest form with the objective of introduc-
ing analytical expressions useful for semi-quantitative interpretation of
electric birefringence experiments. Thus, the theories that will be de-
scribed below, and the equations deriving from them, are not intended
to be a complete theoretical background on electric birefringence, they
are instead those that I found most useful in aiding the interpretation of
electro-optic Kerr effect experimental results when applied (carefully) to
the study of polyelectrolyte-surfactant mixtures in aqueous solution. Be-
fore presenting the theory a few words about experimental realization
of electric birefringence measurements are in order. The typical setup
was described in the introduction and schematized in Fig. 2, readers
can consult the references for details [98,99]. A basic setup for birefrin-
gence measurements is relatively easy to put together for demonstra-
tive purposes [100], but obviously, when using birefringence measure-
ments for scientific research, there are experimental details and prob-
lems that must be handled carefully. For example, controlling the signal
to noise ratio or taking special care when working with conductive so-
lutions [101], or at low temperatures [102], among others. With mod-
ern technology, the electronics for fast detection and data acquisition as
well as waveform generators and amplifiers, that was a problem some
decades ago, are easily accessible today.

In birefringence experiments the electric field can be applied in the
form of alternating fields, in which case the technique is known as
Frequency domain Electric Birefringence (FEB) [103], or in the form
of pulses with different waveforms [12]. When square pulses are used
[9–11], the technique is known as Transient (time domain) electric bire-
fringence, TEB.

A very useful version of the pulsed technique, the reversing pulse
electric birefringence technique (RPEB) was introduced by O′Konski in
1957 [12]. It consists of first applying a square pulse, (ideally) wait-
ing until the stationary value of the birefringence is reached, and then
rapidly reversing the sign of the electric field by applying the same pulse
but in the opposite direction (see Fig. 4).

A description of a typical setup for RPEB and its application to so-
lutions of bentonite, a clay, mixed with a cationic surfactant, can be
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Fig. 4. Schematic representation of the applied reversing-pulse electric field and the cor-
responding RPEB signals (a–c). (a) Orientation due to the electronically induced dipole
moment (no change is observed when the pulse is reversed). (b) Orientation due to per-
manent dipole moment or ion-fluctuating mean-square-average dipole moment (a “dip” is
visible when the pulse is reversed). (c) Orientation due to mixed dipole moments of (dips
and humps can be seen in the buildup and reverse processes, respectively). Reprinted from
[104]: Yamaoka et al. Theory and experiment of reversing-pulse electric birefringence.
The case of bentonite suspensions in the absence and presence of cetylpyridinium chloride.
Colloids and Surfaces A: Physicochemical and Engineering Aspects, (1999) 148(1–2),
43–59. Copyright (1999) with permission from Elsevier.

found in references [104–106], together with the design of a high volt-
age bipolar pulse generator in [107].

RPEB is very convenient for determining the contribution of per-
manent and induced dipoles in the particle orientation mechanism. Be-
cause, in general, the induced dipole is established very quickly, com-
pared with the rotational dynamics of the particles, when the sign of
the square pulse is reversed, the particle does not have enough time
to rotate while the new (opposite in direction) induced dipole is estab-
lished instantaneously (when compared to rotational motion), thus no
change in the birefringence after sign reversal of the external field is
observed (curve a in Fig. 4). This behaviour indicates that only fast in-
duced dipoles are responsible for orientation of particles in the field.
However, if a change in the birefringence is observed when the sign of
the electric field is reversed, then a permanent dipole could be present:
due to the presence of the permanent dipole, particles will try to fol-
low the electric field, they rotate in order to align the permanent dipole
with the (reversed) field direction which produces a transient change
of the birefringence signal (curves b, c in Fig. 4). The behaviour ob-
served is similar to what would happen if a slow induced dipole were
present: if the time it takes for the induced dipole to be established is
of the order of the rotational relaxation time, it acts as a permanent di-
pole when the electric field is reversed and the RPEB signals will resem-
ble those obtained if a real permanent dipole were present. The slow
induced dipoles can occur in polyelectrolyte solutions when the polar-
ization of the ionic atmosphere is hindered by potential barriers or if the
counterions are tightly bond onto the particle surface, as can happen in
mixtures of polymer and charged surfactants.

It is worth mentioning that electric birefringence is not the only elec-
tro-optical phenomena observed, the application of an electric field to
a colloidal suspension can produce changes in the scattering intensities,
fluctuations in the scattered light, dichroism, anisotropy in adsorption
and fluorescence. All of these phenomena have their origin in the intrin-
sic electric and optical anisotropy of molecules and give place to other
electro-optical techniques [60,92,93,97]. For instance, a molecule may
be able to better absorb light polarised parallel to one molecular axis
than another. The application of an orientating electric field produces
anisotropy in the absorption of light, this is known as dichroism. Simi-
larly, fluorescence involves absorption of light followed by re-emission
at a different wavelength. For fluorescent molecules, the ability to ab-
sorb and re-emit light depends on the axis presented to a polarised light
beam, the systems fluoresces in a different way if composed by aligned
or randomly distributed molecules. The fluorescence method is a very
useful electro-optical technique and was used in early studies of DNA,
colloids, polymers and liquid crystals [92–94,97].

In the following we will deal with the theory of Kerr effect in liquids
but I will restrict myself to the TEB technique.

2.1. Theory of birefringence relaxation phenomena

When an electric field is applied to a colloidal suspension, the parti-
cles reorient themselves along the direction of the field, this is due to the
torque generated by the interaction between the field and the dipoles
present [108], or induced [108,109], on the particles (see Fig. 1). This
orientation results in a macroscopic anisotropy of the fluid properties,
in particular of the refractive indices, as explained in previous sections.

As stated before, in the following I will restrict the discussion to the
birefringent transient behaviour in TEB experiments, i.e. the relaxation
phenomena resulting from the application of an electric field in the form
of square pulses (Fig. 2). The extension of the theory to alternating fields
(FEB) and RPEB can be found in references [110–112]. I recall here
that, measurement of the time dependent birefringence gives informa-
tion not only on the anisotropy of dipole moments and polarizabilities,
but also of a hydrodynamic quantity, the rotational diffusion coefficient.
In rigid colloidal particles, these are determined by their shape and size.
As mentioned before, rotational diffusion coefficients depend roughly
on the third power of the length of the corresponding axis, therefore
measurements of the rotational coefficients are very useful when one
wants to detect small modifications in polymer conformation driven by,
for instance, the addition of surfactants that bind to their chains.

In what follows we will consider rigid particles containing an axis of
symmetry (electrical, optical and hydrodynamics), the case of particles
for which both electrical and optical polarizabilities do not have any
symmetry was treated by Holcomb and Tinoco [108]. We also assume
that the particles are dispersed in very dilute solutions or suspensions,
so that interactions between them can be neglected. Under these condi-
tions, the transient birefringence, Δn(t), generated by the application of
an electric field, E, can be expressed as [113],

(1)

Being t the time, and Δα0 the intrinsic optical anisotropy of the
molecules, the latter is given by ∆ α0 = α ∥

0 − α ⊥
0, where α0

‖ and
α0

⊥ are the optical polarizability, i.e. the polarizability of electrons at
the frequency of the laser beam used in TEB experiments (see Fig.
1 and setup, Fig.2), parallel and perpendicular to the main molecu-
lar axis, respectively. The orientation factor, Φ(t), gives the degree of
orientation of the particles along the field; Φ depends on the electric
field intensity, E, the anisotropy of the particle's electric polarizabili-
ties, Δαe = α ∥

e − α ⊥
e and the presence of a permanent dipole, μ on
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them (see Fig.1). In the absence of an electric field, E = 0, the orienta-
tion function is zero and the particles are, by thermal agitation, oriented
randomly in the fluid, resulting in zero birefringence (isotropic). If the
electric field intensity is very high, E → ∞, Φ → 1, and the particles are
completely oriented in the field direction. In the previous statement it is
assumed that the largest electric polarizability and permanent dipole lie
both on the symmetry axis of the particle. In the case of particles with
permanent dipole moments and for which both electrical and optical po-
larizabilities do not have any symmetry is very complex and was treated
by Holcomb and Tinoco [108].

Now, if E has a finite value, molecules adopt an equilibrium orien-
tation state, characterized by a stationary-state birefringence (t → ∞),
Δn∞, which depends on the field intensity. In a typical TEB experiment
we have two transient phenomena, the first begins the moment the field
is switched on, and corresponds to the orientation process of the parti-
cles, where the birefringence increases until the stationary value, Δn∞,
is reached (see Fig. 2b). This process is known as buildup relaxation of
the birefringence and depends on the mechanism of orientation, i.e. the
presence of permanent or induced dipoles. The second process initiates
when the electric field is switched off at the end of the pulse, and corre-
sponds to the relaxation of the particles, from the oriented, anisotropic
state to their original randomly oriented isotropic state (Δn = 0). This
is known simply as birefringence relaxation and is independent of the
orientation mechanism.

The orientation factor is a time dependent function given by
[60,112,114,115],

(2)

where θ is the angle between the particle symmetry axis and the ex-
ternal electric field. Under the assumption of axially symmetric particles
in a very dilute non-interacting solution, the function f(θ,t), which rep-
resents the probability of finding a particle with its symmetry axis ori-
ented between θ and θ + dθ, may be given by the rotational diffusion
equation (inertial effects are ignored [114]),

(3)

where kBT is the thermal energy and t* is the reduced time defined
by t* = D t, being D the rotational diffusion coefficient about the trans-
verse axis of the particle. U is the interaction energy of the electric field
with the induced and permanent dipole moments of the particle. In the
general case, U is a function of time and the angle, θ:

(4)

where E′(t) is the internal field function [8]; and are the perma-
nent dipole vector and the electric polarizability tensor, respectively.

In the simple case where the permanent dipole lies along the symme-
try axis of the particle, which is dispersed into a non-conducting media
and subject to a small electric field intensity, the field-particle interac-
tion is given by,

(5)

When the electric field applied is constant, the angular distribution
of particles reaches an equilibrium orientation state (df/dt = 0 in Eq.
3). The orientation factor reaches then a stationary value, Φ∞, which is
given by Eq. 25 in Section 2.2, where the subscript “∞” indicates that
the stationary orientation state was reached (t → ∞).

Benoît was the first in solving Eq. 3, for the case of very low field
strengths, by expanding f(θ,t) in a series of Legendre polynomials to ob-
tain analytical expressions for the birefringence buildup after the sud-
den application of a uniform homogenous electric field, and for the bire-
fringence relaxation after the sudden annihilation, once the stationary
state was reached, of said field. He finally obtained for the buildup tran-
sient [10,112,114,116]:,

(6)

With ; ; .
In Fig. 5 we show the relative orientation function, Φ(t)/Φ∞, for the

buildup relaxation as calculated with Eq. 6 for several values of R, in-
cluding negative ones. Note that R is the ratio of the contribution of
permanent to induced dipole moments in the orientation mechanism of
molecules and is independent of field strengths. A value R = 0 implies
the absence of permanent dipole moments, while R → ∞ means that the
induced dipole is negligible compared to the permanent dipole contri-
bution. On the other hand, a negative value of R indicates that the per-
manent and induced dipoles lie on different axes, so that the permanent
dipole has a large component in the direction perpendicular to the main
axis of the induced dipole. Note that Φ∞ can be positive or negative and
the birefringence sign will be positive or negative depending on the sign
of the optical anisotropy (the birefringence sign depends on the product,
Eq. 1). Also note that for R = − 1 Eq. 6 diverges, this is because the
stationary value of the birefringence, Δn∞, tends to zero when R = − 1
[112].

The buildup birefringence relaxation can be very helpful in the de-
termination of the electrical properties of the particles (molecules, or
aggregates), for instance, note that for a pure permanent dipole moment
(R → ∞) the initial slope of the birefringence buildup (see Fig. 5) is zero
while for a pure induced dipole it is not (R = 0), the buildup relaxation
is faster in this last case.

For the birefringence relaxation, when the field is suddenly switched
off after the particles reach the stationary orientation state, it was found
[10,112,114] that,

(7)

The time evolution of the birefringence is described, under the as-
sumptions mentioned above, by a single exponential with relaxation
time τ = 1/(6D). It is from this equation and the measurements of bire-
fringence relaxation times that the rotational diffusion constants can be
determined and used to obtain the shape and size of particles (mole-
cules, aggregates) in colloidal suspension (see below in this section).

Note that if only induced dipoles are present, R = 0 and the buildup
relaxation, Eq. 6, becomes,

(8)
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Fig. 5. On the left side of the figure, the relative orientation function as calculated from Eq. 6 for several values of R is shown. Particles with a pure permanent dipole correspond to
R → ∞, and a pure induced dipole to R = 0. On the right side of the figure the birefringence relaxation is represented in the presence of interpaticle interactions, as calculated from Eq.
12. The case with δ = 0 corresponds to Eq. 7. The electric pulse begins at t* = 0 and finishes at t* = 3. By combining the buildup and decay theoretical curves, the whole TEB signal can
be constructed, compare with fig. 2b.

In that case, the buildup and decay relaxations are symmetric curves
(Eqs. 7 and 8). Experimentally it could be useful to find the relation be-
tween the areas under the buildup curve, S1, and below the relaxation
curve, S2, as indicated on Fig. 2b, this is given by,

(9)

where the last term results from Eqs. 6 and 7. From Eq. 9 and the exper-
imentally measured areas S1 and S2, it is possible to estimate the value
of R. For example, if S1/S2 = 1 then R = 0 (Eq. 9) and molecules have
no permanent dipole moment, or it is negligible compared with the in-
duced ones. If S1/S2 = 4, R → ∞ and a permanent dipole dominates the
orientation mechanism. As stated before, Eqs. 6 to 9 are valid for the
limit of very weak fields. O'Konski et al. [117] have calculated expres-
sions for the transient electric birefringence for infinitely strong fields
in cases when pure induced or pure permanent dipole moments control
the orientation mechanism, Matsumoto et al. [118] obtained an analyt-
ical expression for the buildup relaxation for high fields strengths (by
including nonlinear terms up to E4) in the presence of both induced and
permanent dipoles,

(10)

where X0, X1, X3, λ1, λ2 and λ3 are all different functions of β and γ;
the expressions for those functions can be found in reference [118].
For very small electric fields, the previous equation reduces to Eq. 6.
The analytical expressions of Matsumoto et al. [10] are valid only when
| β2 + 2γ | < 4 , a general numerical method to solve the equations was
presented by Koopmans et al. [119]. An exact treatment of the elec-
tro-optic Kerr effect relaxation by Watanabe and Morita can be found in
reference [112], this paper contains a brief account of the previous the-
oretical developments, as was presented above, it also include the analy-
sis and analytical expressions for alternating fields (FEB) and reversed
pulses techniques (RPEB).

It is important to remember that the discussion above is based on the
assumption of very dilute suspensions of non-interacting particles but,
when the concentration is increased, interactions among particles can
no longer be neglected, particularly for charged colloids. In the pres-
ence of intermolecular pair interactions, expressions for the birefrin-
gence buildup and relaxation were obtained [114]. For buildup relax-
ation it was found,

(11)

where R was defined above and δ = u/kBT, being u the intermolecular
pair interaction. This expression is valid for δ < < 1. Note that Eq. 11
reduces to Eq. 6 when δ = 0. For birefringence relaxation in the pres-
ence of the same interparticle interactions, the diffusion equation, Eq.
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3, can be solved taking β = γ = 0 (E = 0) to yield [114],

(12)

this equation is a biexponential function with two relaxation times
and reduces to the single exponential decay obtained by Benoît, Eq. 7,
in the absence of particle interactions, δ = 0. The parameter A depends
on R, which can vary between ±∞ [114], so that A can be very large,
making the second term in Eq. 12 non-negligible even if δ is small. Eq.
12, which is represented in Fig. 5 for different values of δ, is an oversim-
plification but I find it useful in helping interpret results from a qualita-
tive point of view.

When strong electric fields are used, birefringence relaxation can de-
part from monoexponential decays even in the absence of intermolecu-
lar/particle interactions due to, for instance, molecular deformation and
intramolecular dynamics [120,121].

2.1.1. Deformable particles
For flexible macromolecules, the electrical birefringence relaxation

is sensitive to the end-to-end distance Ree of polymer chains, i.E. in
their conformation [122] in solution. If we denote by L the extended
chain length and by lp its persistence length, the end-to-end distance is
Ree = lp (L/lp)ν, with ν = 2/3 in good solvent conditions [123]. For flex-
ible chains where L > > lp, in the dilute regime, it was shown that the
birefringence relaxation follows a stretched exponential time variation
[124–126]

(13)

with β ~ 1/[1 + 3(1-ν)]; for ν = 2/3, β = 0.5.
For semiflexible polymer chains (L/lp < 5), Hagerman and Zimm

[127] have established, by Monte Carlo analysis, relations between ro-
tational relaxation times and polymer persistence lengths, allowing the
estimation of lp in the case of moderately flexible wormlike polymer
chains [128] by means of electric birefringence experiments even in the
absence of a precise knowledge of the local hydrodynamic radius of the
molecule. This permits the study of changes in flexibility and/or local
polymer conformation as conditions, such as ionic strength or the addi-
tion of small surfactant molecules, are varied.

2.1.2. Size and shape of particles from birefringence relaxation
In the following we will discuss the relation between the rotational

relaxation time and particle size and shape. As discussed above, from
the birefringence relaxation time, the diffusion rotational constant D of
particles in a dispersant solvent can be calculated (D ~ 1/6τ). The hy-
drodynamic properties of the molecule in the solvent can be described
in terms of frictional coefficients for rotation about three orthogonal
axes through the centre of drag. From now on we shall deal with rigid
bodies, also considering the absence of any inertial effect. In this case
the diffusion constants are related to the friction coefficients by the
Einstein relation, , being D and ξ the rotational diffusion con-
stant and the corresponding frictional coefficient, respectively, “i” is a
label for the principal axes of the particles. The analysis of the com-
pletely general case, that is, an arbitrarily shaped particle with three
different rotary diffusion coefficients, is extremely complicated. We will
consider here only the case of molecules with an axis of symmetry

for which two of the rotational constants are equal, say D11 = D22
(= D) ≪ D33, being the last one the diffusion coefficient of rotation
about the symmetry axis. Now, the birefringence relaxation time can be
expressed in a general form as

(14)

where κ is a dimensionless parameter such that 0 ≤ κ ≤ 1; for κ = 0 we
have the full slip condition and for κ = 1 the full non-slip or stick con-
dition, this last case is the generally assumed condition for macromol-
ecules in common solvents like water. Déjardin treated the partial slip-
ping conditions in his book [114]. Now, in order to relate the rotational
relaxation time to the shape and size of the particles, we need to spec-
ify a geometric model for the particles that will permit us to find the
friction coefficient. Analytical expressions exist for rigid particles of sev-
eral shapes [33,87,114,129–131], the case of flexible polymers was also
treated using numerical calculations [87,88,132].

In the case of polyelectrolytes a cylindrical symmetry is often as-
sumed; for a rod-like rigid molecule Broersma [131] proposed an ex-
pression including end-effect corrections where the rotational relaxation
time can be expressed by,

(15)

where η0 is the viscosity of the solvent, l and d are the length and
diameter of the rod respectively. Finally, Degiorgio et al. [124,125]
showed that the rotational relaxation times measured with electrical
birefringence relaxation for a polymer chain with extended length L and
persistence length lp were consistent with the following expression:

(16)

where τrod is the rotational relaxation time of a rod of length L (Eq.
15) and x = L/2lp. The last two equations make it possible the study
of polymer conformations in solution from birefringence relaxation and
how conformation changes when salt or small molecules are added, sur-
factants for instance, at least from a semi-quantitative approach.

2.1.3. Effect of polydispersity in birefringence relaxation
So far, we have not considered the effect of size polydispersity in

the birefringence relaxation times, however, perfectly monodisperse sys-
tems are hard to find, especially in polymer physics. If the system is
polydisperse the birefringence relaxation results of summing contribu-
tions of the various species, to obtain [116,117]

(17)

where φi is the volume fraction of component “i” in the pure macro-
molecular phase and Di is the rotational diffusion constant
(D = D11 = D22 < < D33) for each component. Now, for infinitely high
electric fields, Φ∞ will tend to 1 (if the main axes of optical and elec-
tric polarizability coincide) and, if the optical polarizability anisotropy
is the same for each component, which holds for macromol
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ecules that differ only in length, we obtain from Eq. 17:

(18)

Thus, the measurement of the birefringence relaxation from the sat-
urated state (Φ∞ = 1, all molecules perfectly oriented in the field)
will yield the weight distribution of polydisperse particles simply by
analysing the pre-exponential coefficients of all measurable components
of the exponential decay curve, Eq. 18.

Finally, an equivalent expression for the buildup relaxation in poly-
disperse systems can be obtained by replacing the exponential function
in the numerator of Eq. 17 by the expression for the buildup orientation
function, Eq. 6 [116].

2.1.4. Counterion polarization in polyelectrolyte solutions
We will finish this section with a few words on birefringence in poly-

electrolyte solutions. Polyelectrolytes are macromolecules that, when
dissolved in water, dissociate into multivalent macroions and small
counterions [123]. Current models for polyelectrolyte solutions are gen-
erally based on counterion condensation, an idea introduced by Imai
and Onishi [133], Oosawa [134] and developed later by Manning. Be-
cause of Manning's important contributions, the theory is commonly
known as Manning condensation theory [23,135–137]. The basic idea
underlying this model is that when the charge density on a linear poly-
electrolyte chain exceeds a critical value, such that the electrical poten-
tial along the chain reaches the value kBT/e, being e the electron charge,
the exceeding charge is neutralized by the counterions. Part of the coun-
terions then condense onto the polymer chain, close to the charged
group, so that the chain potential does not exceed kBT/e

These couterions play a very important role in the polarization
mechanism [13–25,116,138–142] which occurs when the macromole-
cules are placed in an electric field, role which is today far for being
well understood [13–22,24,25,135,142]. In the presence of an electric
field, the cloud of ions that surround the macromolecule chain redistrib-
ute over the interface between the molecule and solvent giving place to
an induced dipole moment which contributes to the electric polarizabil-
ity anisotropy, Δαe, and thus to the orientation factor, Φ(t) [116]. It is
accepted that the counterion polarization is the dominant contribution
(over that of other induced and permanent dipoles) to the orientation
mechanism of polyelectrolytes [142]. If only the condensed counteri-
ons polarize along the surface of the macromolecule the equations pre-
sented above must be modified to take into account the induced dipole
due to the deformation of the ion cloud [143–145]. For weak electric
fields (Kerr regime) and considering only ion polarization along the par-
ticle symmetry axis in the absence of any permanent dipole moment,
the buildup relaxation reads [143],

(19)

Being τI the characteristic time of ion polarization along the chain
and q the ratio of the ion polarizability (αI, which is proportional to the
mean square displacement of ions along the chain, see Eq. 32) to the

induced polarizability anisotropy of the molecule (electronic, atomic).
The case corresponding to a molecule carrying a permanent dipole
along the main molecular axis is treated in reference [144].

When the relaxation time for the diffusion of the ion cloud is com-
parable to the rotational relaxation time of the whole macromolecule,
the birefringence buildup signals given by Eq. 19, are similar to those
obtained when a permanent dipole is present [146,147], being this a
source of confusion when interpreting birefringence results in polyelec-
trolytes solutions.

Above only ion polarization along the main particle axis was consid-
ered, however, some experiments on polyelectrolyte aqueous solutions
evidenced two contributions of opposite sign to the birefringence sig-
nals, and ascribed both to the counterion polarization [15–17]. In order
to interpret the observations, it was assumed that condensed counteri-
ons polarize along the main chain and that free counterions (or loosely
bound) polarize perpendicularly, being the contribution to the birefrin-
gence signal of each polarization mechanism of opposite sign. This in-
terpretation has not been experimentally proven yet. In this respect,
mixtures of polyelectrolytes (or colloidal particles) and ionic surfactants
of opposite charge can be used to shed light on the ionic polarization
mechanism in polyelectrolyte solutions [28,148] (see Section 3 below).
In this case, because the ion cloud can polarize in a direction either par-
allel or perpendicular to the axis of molecular symmetry, the anisotropy
of the ionic polarization must be taken into account and included in the
analytical expressions for the buildup relaxation and Kerr constant (see
Eq. 33 in Section 3).

The interfacial dipole induced due to the deformation of the cloud
of ions, can saturate when strong fields are applied, probably due to
the existence of potential barriers for the displacement of the ions on
the macromolecular interface [141,149–153]. When this occurs, the in-
duced dipole becomes independent of the electric field intensity.

The problem of the interfacial induced dipoles, the role played by
counterions and the mechanism of orientation of charged particles in an
electric field is far more complex than the simplified analysis given in
the previous paragraphs; a very general discussion with relevant refer-
ences can be found in references [154,155].

By now, it should be clear to the reader that the problem addressed
here is very complex, which makes it difficult to advance in the devel-
opment of purely theoretical models. This is why computational meth-
ods are, in the author's opinion, fundamental to the understanding of
electro-optical properties of colloids, particularly in macromolecules
[90,156].

2.2. Theory of Kerr constant

In this section we shall deal with the magnitude of the stationary
birefringence, Δn∞, and the corresponding value of the Kerr constant, B
[8] which is generally defined as,

(20)

B is generally expressed in m.V− 2; in Eq. 20, λ is the wavelength of
the incident light. The Kerr constant is sometimes defined a bit differ-
ently [8], for instance it can be defined as a wavelength-independent
constant, as K = Bλ/n, being n the solution refraction index. When deal-
ing with colloids in suspension, such as polyelectrolytes in water, the
magnitude of the measured B (or K) contains contributions of both the
solvent and solute,

(21)

where φ is the volume fraction and the subscripts “w” and “p” stand
for solvent (water) and particle (polymer), respectively. In general, the
birefringence of polymers, particularly for biopolymers and polyelec
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trolytes, is large compared to that of water, Eq. 21 reduces then to
B = φp Bp. The specific “macromolecule” Kerr constant, Bsp, indepen-
dent of concentration, can be defined as,

(22)

The theory of Kerr constant is well developed and rigorous for dilute
gases and works well for simple liquids and dilute solutions in nonpolar
solvents, where molecular interactions are negligible. For macromole-
cule solutions in polar solvents, such as polyelectrolytes in water, where
interactions cannot be completely avoided, the situation is quite differ-
ent. However, even for such complex systems, the Kerr effect can be
very useful to study them in a semi-quantitative or qualitative manner
using the existing theories. I shall now introduce these ideas for a sim-
plified model of a very dilute solution of rigid, axially symmetric dipolar
molecules. Let me begin with the case of complete orientation of said
molecules in the electric field. This implies that we are considering that
the field is so strong that all molecules are completely oriented in the
direction of the field. Under this condition, the measurement of birefrin-
gence is a direct measurement of the intrinsic optical anisotropy of the
molecules [117], ∆ α0 = α ∥

0 − α ⊥
0. In the previous paragraph we as-

sumed that the main axis of electric polarizability laid on the particle
symmetry axis thus, for completely oriented molecules in the electric
field, the birefringence is given by [96],

(23)

being Δns the birefringence for very strong fields (E → ∞), when all
the molecules are fully oriented parallel to the field, and N the number
of molecules per unit volume; “s” stands for saturation. If the saturation
birefringence can be measured, the intrinsic optical anisotropy can be
obtained, and the stationary birefringence for arbitrary field intensities
can be expressed as [117],

(24)

When the electric field applied is finite and constant, the angular
distribution of particles reaches an equilibrium orientation state (df/
dt = 0 in Eq. 3, Section 2.1), the distribution function is given by the
Maxwell-Boltzmann distribution and the orientation factor, Eq. 2, be-
comes [8,13,92] [93],

(25)

where ν = cos θ, the subscript “∞” indicates that the stationary ori-
entation state was reached (t → ∞). Eq. 25 can be solved numerically
for any values of β and γ, or used in a fitting procedure of experimental
measurements. From Eqs. 23 to 25 the stationary birefringence, which
could be used to obtain the Kerr constant by means of definition 20, can
be obtained.

For very weak external electric fields and axially symmetric parti-
cles, the orientation factor for the stationary state in Eq. 24 has an ana-
lytical solution, which reads,

(26)

This equation is the Kerr law (Δn ~ E2). In Fig. 6, the experimen-
tally measured birefringence of an aqueous solution of xanthan, a rigid

Fig. 6. Electric birefringence measured on xanthan aqueous solutions as a function of
field strength (squares). The dashed line corresponds to Eq. 26 and the continuous line to
the fitting with Eq. 25. Adapted with permission from Ritacco, H.A et al. Macromolecules
2016; 49(15): 5618–29. Copyright 2016 American Chemical Society.

polyelectrolyte, is shown as a function of E square along with the fit-
ting with Eq. 25 and a comparison with Eq. 26, extracted from reference
[28].

As stated before, for polyelectrolytes the induced dipole due to coun-
terion polarization has to be included in the previous equation through
Δαe [143], which has contributions from electronic, atomic and counte-
rions induced dipoles (see Eqs. 32 and 33 in Section 3).

For flexible polymers the theory of the Kerr constant becomes more
complex. When an electric field is applied to a solution of flexible
macromolecules (or deformable particles) each chemical group or part
interacts with the field according to its own electrical properties. Be-
cause the groups are linked together, forming the macromolecular
chain, they cannot re-orientate themselves freely in the field giving
place to a coupled movement of the whole polymer molecule. In this
way, all the conformational statistical distribution is affected by the
presence of the field. The first model for birefringence in flexible poly-
mers [157] assumed that the polymer chain was formed by a number
of ellipsoidal, rigid segments, linked according to a freely jointed chain
model. In this case, the birefringence could be calculated by summing
the contribution of each segment. If the macromolecule has Ns segments,
each with the same optical, (Δα0)i, and electric,(Δαe)I, anisotropy polar-
izability, and with a permanent dipole, μi, the Kerr constant can be ex-
pressed simply as,

(27)

Eq. 27 is obtained under the same assumptions of Eqs. 23 and 26,
i.e. rigid, axil symmetric, monodisperse segments. Dows [158] treated
the case of a chain formed by ellipsoids linked by freely rotating bonds.
A more realistic model, for very dilute polymer solutions and small elec-
tric fields, was presented by Nagai and Ishikawa [159]. It consists in
averaging the optical anisotropy for all possible orientations of the mol-
ecule in the field and over all possible conformations of the polymer
chain [160], the final expression can be written as [96],
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(28)

where the averages can be obtained with the polymer statistics in the
absence of the electric field [161].

Wijmenga and Mandel [162] extended the model of flexible chains
to polyelectrolytes assuming a Gaussian chain (theta condition), dilute
suspensions, neglecting permanent dipoles and considering only the po-
larizability of condensed counterions along the main polymer chain for
the induced dipoles and in the orientation function. In their model the
authors ignore the contribution of non-condensed counterions as well as
the interaction among condensed ions. The final expression they obtain
for the Kerr constant is,

(29)

Being (Δα0)mon the optical anisotropy per monomer; Nav Avogadro's
number; e the electronic charge, z the total number of counterions per
molecule (or charged groups per molecule), Mmon the monomer mole-
cular mass, c the polymer concentration; lp the persistence length and
fc the fraction of condensed counterions. This equation shows that B
should increase with polymer concentration, the charge and the frac-
tion of condensed counterions and with the square of the polymer per-
sistence length.

3. Electric birefringence in mixtures of colloids and surfactants

In this section results selected from literature will be presented. Un-
fortunately, there are very few studies on polyelectrolyte-surfactant sys-
tems in aqueous solutions which use the Kerr effect as a characteriz-
ing technique. This fact led me to write this article in the first place,
which I did in hope of stimulating the use of Kerr effect in the study of
said systems. The results shown in this section were obtained on poly-
mer-surfactant and particle–surfactant mixtures and they were chosen
because of their similarities in behaviour and in order to show how the
Kerr effect can help understand both the aggregation process and the
role played by counterions in the orientation mechanism of charge col-
loids in an electric field.

The study carried out by Rudd and Jennings [163] on aqueous so-
lutions of a nonionic polymer, polyvinylpyrrolidone (PVP), mixed with
the anionic surfactant, sodium dodecyl sulphate (SDS), was probably
the first to use the Kerr effect as a characterizing technique on poly-
mer-surfactant systems. They performed birefringence relaxation and
Kerr constant measurements on PVP/SDS solutions at constant poly-
mer concentration and varying the surfactant concentration between 0
and 25 mM. The main result of Rudd and Jennings's paper is the fig-
ure reproduced below (Fig. 7). In this figure the Kerr constant, B, is
represented as a function of SDS concentration. Three concentration re-
gions are clearly distinguishable. In region I SDS does not bind to PVP
chains; in region II B increases linearly with SDS concentration, which
is explained by the binding of SDS anions to PVP. Due to PVP/SDS
complexation the polymer becomes a pseudo polyanion surrounded by
Na +, the SDS counterions. This cloud of Na + ions polarizes the chain
in the presence of the electric field, increasing the degree of orienta-
tion of the PVP macromolecules and, thus, increasing B (see the ef-
fect of condensed counterions on B in Eq. 29). They also found that
as the SDS concentration increases the buildup and decay birefringence
relaxation become more and more symmetric, indicating that the ori

Fig. 7. Kerr constant, B, as a function of SDS concentration in PVP/SDS aqueous so-
lutions. Three regions are clearly distinguishable reflecting the PVP/SDS aggregation
process (see text). Reprinted from [163]: Rudd et al., Electric Birefringence for the Study
of Polymer-Surfactant Interactions. The Polyvinylpyrrolidone-Sodium Dodecyl Sulphate
System. Journal of Colloid and Interface Science, (1974) 48(2), 302–306. Copyright (1974)
with permission from Elsevier.

entation mechanism becomes dominated by induced dipoles as SDS bind
onto the polymer chain (see Eq. 9 in Section 2). From this result, and
considering PVP/SDS complexes as pseudo-polyelectrolytes, they con-
clude that the main contribution to the orientation function of polyelec-
trolytes in electric fields comes from counterion polarization, a fact that
is accepted today. The existence of the third region, III, is not explained
by the authors, however we can now say that the behaviour of B shown
in Fig. 7 is typical of polyelectrolytes in solution. As ionic strength in-
creases, B diminishes, probably because of partial collapse of polymer
chains (see Eq. 29). This supports the idea that PVP behaves as a pseudo
polyelectrolyte when mixed with SDS, a fact that is discussed even to-
day [164] but which could have been deduced from the figure below
obtained by electric birefringence experiments in 1973.

Rudd and Jennings finish their article by concluding that the elec-
tro-optic Kerr effect is a very sensitive and useful technique for study-
ing polymer-surfactant mixtures, even if it is used solely in an em-
pirical manner, and expressing their belief that the method could be
very useful for the understanding of the counterion polarization mecha-
nisms in polyelectrolyte solutions, an idea that has inspired recent works
[28,148].

In 1975 Wright et al. [165] reported one of the first studies of mixed
protein-surfactants systems using electric birefringence as a character-
izing technique. They performed experiments on protein-sodium dode-
cyl sulphate (SDS) complexes using seven different proteins with mol-
ecular weights ranging from 11 to 72 kD. In their work they analysed
the birefringence relaxation for each system, in order to study the
conformation of complexes, and found that the decay curves could
be fitted with the sum of two exponential decay processes. They in-
terpreted these results by supposing that the protein-SDS complexes
form prolate ellipsoids, and assuming that the slow and fast relaxation
times correspond to the rotation of the semi-major axis, a, about the
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semi-minor axis, b, and the rotation of the semi-minor axis about the
semi-major axis, respectively. The slow relaxation, unlike the fast one,
was found to depend on the protein molecular weight. From the ex-
pression, (compare with Eq. 15), for the rota-
tional diffusion coefficient, D, about the semi-minor axis, they found a
relation between the slow birefringence relaxation time, τs, and the pro-
tein molecular weight, M:

(30)

In Fig. 8 we reproduce their experimental results, which show the
validity of the previous equation. The change of slope visible in the plot
is explained by assuming a deformable ellipsoidal model, which is com-
patible with the pearl-necklace model for polymer-surfactants mixtures
described in the Introduction (Fig. 3c). This could be the first evidence
obtained by the Kerr effect which supports the pearl-necklace model for
polymer-surfactant systems. A similar work using TEB for characterizing
protein/SDS complexes was published by Rowe et al. [166].

Fairey and Jennings [167] used electric birefringence to study a
colloidal dispersion of attapulgita, a rod-like clay mineral, mixed with
cetyltrimethyl-ammonium bromide (CTAB), a system which is useful
as a model for oppositely charged rigid-poyelectrolyte-surfactant sys-
tems. The major objective of their study was to assess the sensitivity
of the electro-optic Kerr effect as a technique to evaluate the colloidal
stability, particularly in the vicinity of the isoelectric point. The au-
thors used a homemade apparatus to perform dynamic light scattering
and electric birefringence measurements simultaneously, which allowed
them to measure the translational and rotational diffusion coefficients as
well as electrophoretic mobility in the same experimental device. From
the saturation of the birefringence at high field strengths (see discus

Fig. 8. Protein molecular weight (M) as a function of birefringence relaxation times of
protein-SDS mixtures. The line corresponds to Eq. 30. The change in the slope might in-
dicate a transition from rigid to flexible particles. Reprinted from [165]: Wright et al. A
study of protein-sodium dodecyl sulphate complexes by transient electric birefringence.
Biochemistry, (1975) 14(14), 3224–3228. Copyright (1975) with permission from Elsevier.

sion in Section 2.2), they were able to obtain the optical polarizability
anisotropy of the rod like particles (Section 2.2, Eq. 23) and, from re-
sults with ac weak fields, they were able to obtain the electrical polar-
izability anisotropy of the same particles. From the dependence of the
birefringence relaxation time with the strength of the applied field they
were also able to deduce the size distribution of the particles in the ab-
sence of surfactant by making use of the following expression for the
distribution function of the rod lengths,

(31)

where and

. Here DR0 and DR ∞ are
the rotational diffusion coefficients at very low and very high field
strengths, respectively, as obtained from birefringence relaxation (see
Section 2.1); η is the viscosity of the suspending liquid medium; ρ is
the particle's axial ratio and l the particle length. All the previous mea-
surements, mobility, rotational and translational diffusion coefficients,
as well as the electric anisotropy polarizability (Δα, in Fig. 9) were per-
formed as a function of CTAB concentration, as shown in Fig. 9. The re-
gion designated by X in said figure indicates the flocculation zone. Note
the large changes on the polarizability anisotropy, Δα, in that region
(logaritmic scale) and that the electrophoretic mobility, u, passes from
negative to positive values while DR and Δα have a minimum in that re-
gion. These results reflect the particle-CTAB aggregation process and are
evidence indicating that the rod-like particles are oriented in the field
by the counterions polarization. The decrease of DR clearly indicates the
formation of aggregates before the flocculation zone. These results are
quite similar to what is observed in dilute solutions of rigid polyelec-
trolytes when mixed with oppositely charged surfactants (see results on
xanthan-DTAB in reference [28]).

The reversed pulse technique (see Section 2, Fig. 4) was used to
study a similar system, an aqueous dispersion of bentonite clay mixed
with a cationic surfactant, cetylpyridinium chloride (CPC) [104–106]. In
Fig. 10 some of the birefringence signals, obtained for different concen-
trations of CPC, are reproduced. All signals were obtained at the same
field strength. The lines are the calculated signals from a model that
considers the polarization of the ion atmosphere along the axis of mole-
cular symmetry [143–145].

Changes in the shape of the signals, and in the sign of the bire-
fringence, can be observed in Fig. 10 as the CPC concentration is in-
creased, these changes are reflected in the values of δ = (27πd/λ)Δn,
being d the optical path, which goes from positive to negative as CPC
is added. The same happens when the bentonite concentration and field
strength are changed (results not reproduced here, see cited reference).
These were interpreted by the authors as being a consequence of varia-
tions in the relative importance of ion polarization along the chain and
induced electronic (and atomic) dipoles. This happens as CPC associ-
ates onto the clay particles, or when the concentration of bentonite in-
creases, forming a variety of multiparticle/CPC aggregates that orien-
tate differently in the field giving place to the changes observed. The
authors did not consider the role of the polarization of free ions or the
possibility of the perpendicular polarization of condensed ions in the
orientation mechanism of clay particles. The two opposite effects pro-
duced by counterion polarization parallel or perpendicular to the main
particle axis could be at the origin of these intriguing anomalous sig-
nals [29,31,168]. The behaviour of these systems is similar to that of
some mixtures of polyelectrolytes and surfactants of opposite charge,
which will be reviewed below (see results on xanthan/DTAB and DNA/
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Fig. 9. electrophoretic mobility (u), optical anisotropy (Δα), Rotational (DR) and trans-
lational (DT) diffusion coefficients as a function of the concentration ratio CTAB(cs)/atta-
pulgita(c c) in the attapulgita/CTAB mixed systems. Reproduced from [167]: Fairey et al.
Electrooptical study of the effect of surfactant on attapulgite clay sol stability. Journal of
Colloid and Interface Science, (1982) 85(1), 205–215. Copyright (1982) with permission
from Elsevier.

DTAB mixtures), where modifications in the fraction of loosely bond
and condensed counterions could be at the origin of the changes ob-
served in the shape and sign of their TEB signals.

Cavasino et al. [169], used the Kerr effect and other techniques to
study the interactions of polyacrylic and polymethacrylic acids aque-
ous solutions mixed with a zwitterionic surfactant, tetradecyldimethy-
laminoxide [169]. From the measurement of the Kerr constant and bire-
fringence relaxation times they conclude that the surfactant produces a
progressive conformational transition of the polyelectrolyte chain. They
found that the birefringence changes from positive to negative values at
a certain surfactant concentration, a behaviour that, as was mentioned,
is observed in other polyelectrolyte-surfactant systems [28,148]. They
also observed that the Kerr constant passes through a maximum at a
surfactant concentration just below the isoelectric point of the polyelec-
trolyte, this is consistent with the maximum commonly observed in the
sizes of polyelectrolyte-surfactant complexes at a certain surfactant con-
centration as measured by light scattering. This can be interpreted as
the result of two opposite tendencies, a growth in size due to aggrega-
tion and the opposite effect due to partial collapse of polymer chains.

Foweraker et al. [170] and Isles et al. [171] conducted birefrin-
gence relaxation experiments on mixtures of proteoglycan and

hyaluronic acid (see Fig. 11). Cartilage proteoglycans consist of a pro-
tein backbone about 400 nm long, with approximately 100 sidechains,
each about 40 nm in length. The proteoglycans are found in cartilage,
mainly as large aggregates involving hyaluronic acid. The authors were
capable of following the proteoglycan-hyaluronic acid aggregation by
Kerr effect and found, as in the previous examples, a change in the sign
of the birefringence (see Fig. 11b and d) at a certain concentration of
added hyaluronic acid. They were able to obtain, from the birefringence
relaxation times, the size and aspect ratio (assuming an ellipsoidal parti-
cle) of these aggregates in close agreement with results from other tech-
niques. The change in the sign of birefringence indicates a reversal of
the optical (or electrical) anisotropy from the proteoglycans to the ag-
gregates as hyaluronic acid molecules bind to the protein core.

The same authors studied, using the Kerr effect, free hyaluronic acid
proteoglycan aqueous solutions at very high electric fields [172] and
they found very complex buildup birefringence signals, where three con-
tributions to the total birefringence, being some positive and some nega-
tive, are clearly observed at strong enough electric fields. This behaviour
could be caused by deformation of the particles due to the high field
strength, but it could also have its origin in the dynamics of counterion
polarization as was proposed for other similar systems (see below).

Our group has studied the interactions between a flexible polyelec-
trolyte, with variable degree of charge, and an opposite charged sur-
factant [148]. The systems were a mixture of a cationic surfactant with
an anionic statistical co-polymer made of neutral acrylamide monomers
and charged acrylamido methyl propane sulfonate monomers (PAMPS).
PAMPS with different ratios, f, of the number of sulfonated monomers
to the total number of monomers were used. They were named P50,
P25, P20 and P10 corresponding to f = 0.5, 0.25, 0.2 and 0.1, respec-
tively. The cationic surfactant used was dodecyl trimethyl ammonium
bromide (DTAB). For P20 and P25 we found that the birefringence was
negative in the absence of DTAB, but became positive as the DTAB con-
centration was increased (see inset Fig. 12b), as happened in the sys-
tems described previously in this section (Fig. 11). This behaviour is
not observed when salt is used instead of DTAB, in that case the bire-
fringence tends to zero, but does not change sign. In Fig. 12a we re-
produce these results for P20-DTAB mixtures. In order to interpret the
data, we used a simple empirical model in which we consider the po-
larization of free and condensed counterions as the only responsible for
the orientation mechanism of particles in the field (se Fig. 12b). We
assumed that free (or loosely bound) counterions polarised perpendic-
ularly to the main polymer axis, while condensed ones did so parallel
to said axis, giving place to contributions of opposite sign to the total
birefringence. We estimated the anisotropy of electric polarizabilities,
∆ αe = α ∥

e − α ⊥
e, by assuming that ion polarizabilities were of the

order of the mean-square diffusion length, the end-to-end distance Ree
for αe

// and the correlation length ξ for αe
⊥ (see Fig. 12b),

(32)

With this, the Kerr constant reads,

(33)

where e is the electron charge, f is the nominal charge per monomer,
c the polymer concentration (in monomers) and φ is the fraction of
free counter-ions (fc = (1-φ), is the fraction of condensed counterions).
Note that Eq. 33 results from Eq. 27 neglecting any permanent dipole
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Fig. 10. Observed and calculated RPEB signals of bentonite and CPC/bentonite systems, for weak electric fields. Concentrations of CPC (mM): (a) 0, (b) 0.001, (c) 0.05, (d) 0.1, (e) 0.5, (f)
0.9, (g) 1.3. Concentration of bentonite (g/l): 0.005. Note that the sign of the birefringence is indicated by the value of the optical retardation, δ = (27πd/λ)Δn, and that it changes sign as
CPC is added. Solid lines are theoretical curves calculated using a theory based on counterion polarization. Adapted from [103]: Yamaoka et al. Theory and experiment of reversing-pulse
electric birefringence. The case of bentonite suspensions in the absence and presence of cetylpyridinium chloride. Colloids and Surfaces A: Physicochemical and Engineering Aspects,
(1999) 148(1–2), 43–59. Copyright (1999) with permission from Elsevier.

and calculating the electric polarizability anisotropy with Eqs. 32, note
also the similarities with Eq. 29.

Making use of scaling arguments for the polyelectrolyte chain we
were able to obtain an analytical expression to fit the data and explain
the behaviour observed when salt and surfactant were added: the ad-
dition of an oppositely charged surfactant changes the fraction of con-
densed counterions, (1-φ), producing the change in the sign of B from
negative to positive as indicated by Eq. 33.

Returning to Fig. 12, note that B changes sign at the isoelectric
point EP (EP is defined as the point for which the concentration of
DTA+ ions that equals the concentration of the polyelectrolyte Na+

original counterions). At the EP concentration, which is about 0.4 mM,
the behaviour of PAMPS-DTAB mixtures begins to differ from salt-poly-
mer solutions (B does not change sign as NaBr is added). The cac of
P20-DTAB, as measured by surface tension, is indicated in the figure,
and coincides with the maximum of B, which occurs at around 1 mM.
Note that three surfactant concentration regions can be delimited in
Fig. 12, one below the EP, the second between EP and the cac and
the third for cDTAB > cac, which is similar to what was found for PVP/
SDS (Fig. 7). This behaviour can be rationalized as follows: up to the
EP concentration, B diminishes as DTAB concentration increases due to
the partial collapse of the polyelectrolyte chains, as happens with salt.

At the EP concentration some DTAB ions condense onto the polymer
chain non-cooperatively, B changes sign and increases because the frac-
tion of condensed counterions increases continuously as DTAB is added,
Eq. 33, until the cac is reached. At the cac, and driven probably by
hydrophobic interactions, DTAB associate cooperatively to the previous
aggregates. At concentrations higher than the cac, multichain aggre-
gates could form increasing their sizes, but making them less anisotropic
from the optical point of view (see Fig. 1c), reducing Δα0 and thus
B. At surfactant concentrations over 4 mM precipitates can be seen,
supporting the idea of large multichain aggregates forming at con-
centrations above the cac. The results of birefringence relaxation (un-
published results) also support the interpretation outlined above. For
P10-DTAB mixtures the birefringence does not change sign as DTAB
is added, in that case the association process is not cooperatively at
all and no cac can be clearly defined by means of surface tension, as
is commonly found in weakly charged polyelectrolytes [73,148]. For
P10-DTAB mixtures, B increases continuously until it reaches a con-
stant value at a DTAB concentration of about 0.8 mM, which seems to
indicate a continuous aggregation process until it saturates [73]. Bire-
fringence relaxation, on the contrary, passes through a maximum as
DTAB concentration is increased, this also happens at 0.8 mM in DTAB.
This result seems to indicate a starting point for a conformational tran
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Fig. 11. Proteoglycan and its aggregation with hyaluronic acid. (a) and (c) are schematic diagrams of the structure of a proteoglycan molecule and of the aggregate, respectively. (b) and
(d) are the transient electric birefringence signals for each system. In both cases the applied field was of 360 V cm− 1. Reprinted from [168]: Foweraker et al. Electric birefringence studies
of cartilage proteoglycan aggregation. Biopolymers, (1977). 16(6), 1367–1369. Copyright (1977) with permission from John Wiley and Sons.

Fig. 12. (a) Modulus of the Kerr constant, B as a function of surfactant (DTAB) and salt (NaBr) concentration in a P20 solution (109 mg L− 1). (b) The same as in (a) but for P25, and for
different polymer concentrations. The inset in panel (b) shows the birefringence signals going from negative to positive as DTAB concentration increases. (c) Representation of the model
used for interpreting the data. Adapted with permission from Ritacco HA et al. Macromolecules 2009; 42: 5843–50. Copyright 2009 American Chemical Society.
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sition at that surfactant concentration, giving place to more compact,
hydrophobic aggregates [73].

A similar study was carried out in a mixture of a rigid polyelec-
trolyte, xanthan, and an oppositely charged surfactant, DTAB, in aque-
ous solution [28]. In those systems it was found that, depending on the
surfactant and polymer concentrations and on the strength of applied
electric field, a negative contribution to the stationary birefringence ap-
pears. Recall that a negative birefringence contribution indicates a ten-
dency to orientate the particle (polymer chain, aggregate, etc.) with is
main optical axis (which can differ from the main, geometrical parti-
cle axis, e.g. DNA) perpendicular to the electric field (Fig. 1d), this is
what it was mentioned in the introduction as anomalous birefringence.
In Fig. 13 we show a series of electric birefringence signals obtained at
several electric fields intensities. Note that the anomalous, negative con-
tribution during the buildup process increases and its relaxation time
becomes shorter as E increases.

These anomalous birefringence signals are not found at low poly-
mer (< 60 ppm) concentrations, whatever the surfactant concentration
or field intensity. The anomalous behaviour appears only if the poly-
mer concentrations is larger than 100 mg.L− 1 and when the surfactant
is present. This was interpreted as follows: above the cac, the surfac-
tant ions are bound to the polymer backbone, being able to leave the
polymer chain only when aggregates of parallel rods are formed, see
Fig. 13e. This perpendicular polarization produces a torque that tends
to orient the chains with their main axes perpendicular to the applied
electric field. This leads to two different polarization mechanisms, one
tending to orientate the particles parallel and the other perpendicular
to the field, giving place to a positive and a negative contribution to
the birefringence (see scheme in Fig. 13e). The negative contribution is
especially important at surfactant concentrations above the cac and at
high field strengths. All the results obtained in reference [28] are consis-
tent with Manning's theory [31] which ascribes the anomalous signals
to the perpendicular polarization of condensed counterions when aggre-
gates of parallel rods with aggregate cross sections of size comparable
to the polymer chain length, are formed. These results are also compati-
ble with the ideas expressed by Hoffmann et al. [29] about the origin of
anomalous birefringence signals in several colloidal systems.

The xanthan/DTAB system is an example of a colloid, for which bire-
fringence saturation can be reached relatively easily. In Fig. 14a the
relative birefringence is represented as a function of E2 for different
DTAB concentrations. The lines are fittings with Eq. 25 from which the
values of the electric anisotropy polarizability were estimated and rep

resented on Fig. 14b as a function of DTAB concentration. The cac in
these systems is about 0.3 mM, just above the maximum value of the
anisotropy in the electric polarizability showed in Fig. 14b.

The electric birefringence relaxation times in xanthan/DTAB mix-
tures are quite complex. The relaxation dynamic is not well described by
monoexpontials, there are at least three relaxation times involved, one
ascribable to the rotational diffusion of the aggregates. The origin of the
other two is not clear. They could be due internal relaxations modes,
particle polydispersity, conformational dynamics of the polyelectrolytes
or even due to the existence of interparticle interactions as those consid-
ered in Section 2.1. The buildup relaxation is complex as well, but with
only two relaxation times. In Fig. 15 a birefringence signal correspond-
ing to a mixture of xanthan and DTAB, obtained at a very high electric
field pulse, is shown.

As a last example on the use of electric Kerr effect as a tool in the
study of polymer-surfactant systems, some results for DNA-DTAB mix-
tures in water will be presented. DNA solutions were one of the first
systems to be studied by modern Kerr effect [1] and one of the polyelec-
trolytes more commonly characterized by electro-optic measurements
since [120,128,150,153,173–179] (see also chapters 10 and 11, and ref-
erences therein, in [60]). Dilute aqueous solutions of DNA exhibit a
strong negative stationary electric birefringence. I will first explain the
origin of this large negative birefringence. In order to result in a nega-
tive value of Δn, the optical anisotropy (Δα0) and the orientation fac-
tor (Φ∞), in Eq. 26, must have opposite signs so that the main optical
polarizability axis orientates perpendicular to the field (see Fig. 1d). Be-
cause of the symmetry in the double helical DNA structure, the occur-
rence of a significant permanent dipole moment seems unlikely, thus the
main mechanism involved in the orientation of molecules in the electric
field has to be attributed to induced dipoles which, in the case of DNA,
are mainly due to the polarization of condensed counterions along the
chains [180]. Thus, the main axis of DNA has to be oriented parallel to
the electric field. This means that Δα0 for DNA should be negative if it
is to have a negative birefringence. In general, the electrons responsible
for optical polarizabilies are the π-electrons, Takashima [181] ascribe
the negative birefringence of DNA to the fact that the stacking of bases
on the DNA structure is such that their planes lie along the transverse
DNA axis, thus, no π-electron polarizability is possible along the major
helix axis, resulting in a negative optical polarizability (α ⊥

0 > α ∥
0).

Now let us see what happens when an oppositely charged surfactant is
added to DNA solutions.

Fig. 13. Electric birefringence signals for xanthan (115 ppm)/DTAB (1 mM) aqueous solutions for different field intensities: (a) E = 242 V/mm; (b) 300 V/mm; (c) 325 V/mm; (d) 479 V/
mm. (e) Illustration representing a possible interpretation of the data (see text). Adapted with permission from Ritacco, H.A et al. Macromolecules 2016; 49(15): 5618–29. Copyright 2016
American Chemical Society.
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Fig. 14. (a) Relative birefringence as a function of E2 for several xanthan (115 mg L− 1)/DTAB mixtures in water. (b) Anisotropy of the electric polarizability as obtained by fitting the
curves in (a) with Eq. 25. Adapted with permission from Ritacco, H.A et al. Macromolecules 2016; 49(15): 5618–29. Copyright 2016 American Chemical Society.

Fig. 15. Anomalous Birefringence signal for a mixture of xanthan 115 ppm and DTAB
0.02 mM, in water. The electric pulse applied was 750 V/mm. Anomalous relaxation phe-
nomena are clearly seen in both built-up and decay birefringence relaxation. Adapted with
permission from Ritacco, H.A et al. Macromolecules 2016; 49(15): 5618–29. Copyright
2016 American Chemical Society.

For the experiments we used short DNA fragments which were pre-
pared by sonication of Calf thymus DNA (Sigma-Aldrich), the final mol-
ecular weight distribution was checked by electrophoresis and Mw was
300 base pairs, with a polydispersity of 1.2. All experiments were car-
ried out with a DNA concentration of 360 mg.L− 1 and in the presence
of salt (2 mM in NaBr). Solutions were prepared by mixing equal vol-
umes of the DNA and surfactant, both at twice their final concentra-
tions. Transient Electric Birefringence experiments were carried out in
a homemade apparatus described elsewhere [28]. In Fig. 16a a TEB
signal of a DNA solution is shown, we note first that the stationary
birefringence is negative and second, there is a positive contribution
to the buildup curve with a slow relaxation time (note the similar-
ity with the signals on xanthan solutions, Fig.13). The appearance of
these anomalies in the birefringence signals depend on field strength,
pulse width, DNA and salt concentration [120,179,182]. Hoffmann et
al. published a review [29] about anomalous Kerr signals and show
that these anomalies occur in systems as diverse as micellar solutions,
polyelectrolytes and clays, viruses and fibres dispersions. In all these
systems the anomalous signals are present at concentrations when the
colloidal particle lengths, including the thickness of the electric dou-
ble layer, are about the same as the mean distance between them. Un-
der these circumstances counterions (of the charged colloid involved)
could be able to polarize perpendicular to the main particle axis pass-
ing from one colloidal particle to an adjacent producing a torque that
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Fig. 16. Birefringence signals for DNA/DTAB solutions obtained at similar electric field strengths. DNA concentration of 360 mg L− 1 in 2 mM solution of NaBr. DTAB concentrations are
(a) 0; b) 0.2 mM; c) 0.6 mM; d) 1 mM; (d) 1.3 mM; (e) 1.5 mM; (f) 2 mM.

orientate the set of particles (not necessary an aggregate) perpendicular
to the electric field, this idea is similar to the theory proposed by Man-
ning to explain the anomalous birefringence signals observed in certain
charged colloidal systems [31] and to what we used above to explain the
behaviour of xanthan/DTAB solutions, see Fig. 13c. Because it implies a
collective motion, this second process would be slow compared with the
normal orientation of chains in the direction of the field. This would ex-
plain why the contribution of opposite sign to the birefringence appears
only after a certain time, as can be seen in the anomalous Kerr signals
of Fig. 16. The maximum observed in the birefringence signals during
the buildup process could be then a consequence of these two opposite
orientation tendencies. The fact that the anomalous signals depend on
the pulse width in TEB experiments [120] can be explained as well: the
anomaly in the Kerr signal is seen only if the pulse width is longer than
the second relaxation time. Because counterions play a central role in
the mechanism just described, a change in behaviour is expected if the
original counterions are exchanged by surfactant ions. Figs. 16b to 16f
show a series of electric birefringence signals on DNA/DTAB mixtures
in aqueous solutions (unpublished results).

Note that as the DTAB concentration increases, from Fig.16a to
Fig.16e, the stationary birefringence becomes less and less negative, but
both positive and negative contributions to the buildup relaxation re-
main (they are anomalous), furthermore, the positive contribution to
the stationary birefringence seems to be independent of the DTAB con-
centration. At a DTAB concentration of 2 mM, the negative contribu

tion disappears, Fig.16f. For DNA-DTAB mixtures in 20 mM salt a cac
of about 1.3 mM was determined from binding isotherms [183], this
is close to the point where the stationary value of the birefringence
changes from negative to positive (see Fig. 16d to 16e). We are com-
pelled to conclude that the association of DTAB ions onto the DNA
chains at the cac is responsible for the change in sign of the birefrin-
gence. Speculating about the reasons of this behaviour one could think
that, as DTAB ions aggregate onto DNA molecules, they remain fixed
to the chains by electrostatic and hydrophobic interactions, reducing
their mobility; they cannot polarize easily along the chains, thus, the in-
duced dipole becomes smaller reducing the absolute value of the bire-
fringence. For concentrations above the cac, DTAB promotes the forma-
tion of multichain aggregates which has the effect of reducing the op-
tical anisotropy, making the birefringence positive and the relaxation
times larger (see Figure16e and 16f). This interpretation is supported by
the fact that at DTAB concentrations over 2.5 mM precipitates appear in
the solutions.

It is also known that the presence of anomalies on the Kerr signals
of DNA solutions depend on the electric field strength applied. In Fig.
17 we show the stationary birefringence as a function of E2 for DNA so-
lutions (Fig. 17a), and for the same solution but with 1 mM of DTAB
(Fig. 17b). Note that for DNA solutions, the birefringence follows the
Kerr law (it increases, in absolute values, linearly with E2) until a crit-
ical value of the electric field, Ec, is reached. Then, the modulus of the
birefringence begins to diminish linearly until Δn0 reaches a positive
value at high enough electric field intensities. This behaviour can be
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Fig. 17. Stationary birefringence as a function of E2. (a) DNA 360 mg L− 1 in 2 mM NaBr aqueous solutions; (b) same as (a) with 1 mM DTAB.

rationalized as follows; below Ec the negative contribution driven by the
polarization of condensed counterions along the chain dominates, and
the birefringence increases following the Kerr law. At Ec the counterion
polarization along the main chain axis saturates [141,149–153] and re-
mains constant. At fields over Ec, the positive contribution, which is
probably due to the perpendicular polarization of counterions, begins to
play an important role. This contribution increases linearly with E2 ap-
parently following the Kerr law, but because the constant negative con-
tribution is always present (E > Ec), the absolute value of the total bire-
fringence diminishes continuously, eventually reaching a positive value.
Why the positive contribution appears only when E > Ec could be ex-
plained by proposing that, a counterion polarization perpendicular to
the main polymer axis arises when the energy barrier, which prevents
them from leaving the macromolecule onto which they are condensed,
can be overcome.

For the system with DTAB at a concentration of 1 mM, the birefrin-
gence roughly follows the Kerr law, without changing sign, at least in
the range of fields explored. In this case the DTAB ions are strongly asso-
ciated to the DNA chain by electrostatic and hydrophobic interactions,
as indicated by the binding isotherms [183], complicating their polar-
ization in both parallel and perpendicular directions. As a consequence,
the saturation of the negative contribution to the birefringence is not
seen and the critical Ec, is not reached, at least at the electric fields in-
tensities used. The interpretation given above on DNA-DTAB mixtures
is only tentative and preliminary, a complete analysis of stationary and
birefringence relaxations results is currently in progress and the results
will the object of a future article. It is worth mentioning that the samples
are not affected by the application of the strong fields; for each sample
all measurements were carried out from low to high fields (E > Ec) and
then in the opposite direction being the curve perfectly reproduced in
both directions indicating that no permanent structural changes in DNA
samples took place.

4. Concluding remarks

The Electro-optic Kerr effect is a very sensitive and useful technique
for characterizing the optical anisotropy and shape of molecules, par-
ticles and colloids in solution or suspension. Because of its sensitiv-
ity to small changes in the electric environment of particles in sus-
pension, the electric Kerr effect is a unique tool to study the associa-
tion processes in mixtures of oppositely charged species, particularly in

polyelectrolyte-surfactant systems. The strong dependence of the rota-
tional diffusion constant with the particle size (~ L3) makes electro-op-
tic birefringence a remarkably powerful technique in the characteriza-
tion of polymer-surfactant aggregates. Although birefringence signals
contain very rich and unique information about the systems under in-
vestigation, the results obtained from birefringence experiments (TEB,
FEB and RPEB) are frequently interpreted just qualitatively. The main
difficulty in the interpretation of birefringence data on charged col-
loids is the absence of a well-established theory. The origin of this is,
of course, the complexity of the problem, but also the absence of sys-
tematic experimentation in well controlled systems in order to evalu-
ate the effect of the variables/parameters involved. These days, with the
capabilities of chemical synthesis and the power of calculus with mod-
ern computers, a combination of systematic birefringence and numer-
ical experiments on well controlled systems is needed in order to un-
derstand the role played by each relevant parameter. The synthesis of
new polyelectrolytes with designed features such as rigidly/flexibility
and degree of charge; as well as colloidal particles of different and well
controlled shapes (spheres, ellipses, cylinders, etc.) and surface charge
density, would be desirable in order to formulate specifically designed
colloidal systems for Kerr effect experiments. Birefringence experiments
in such systems could be of fundamental importance in order to gain
physical insight allowing the improvement of theories and permitting
the analysis of birefringence results on a more quantitative basis. This
is the spirit of a very interesting paper published by Mantegazza et al.
[30] on mixtures of rod-like and spherical particles and also of our work
on mixtures of flexible and rigid polyelectrolytes with surfactants of op-
posite charge [28,148].

Despite the complexity of theoretical analysis and other difficul-
ties, electric Kerr effect has proved to be a valuable experimental tech-
nique in the study of polymer-surfactant complexation as, I hope, was
demonstrated in this article. Electro-optic Kerr effect is of course not
restricted to the systems treated here, it can, and has proved to be, a
useful experimental technique in the study and characterization of sys-
tems such as surfactant solutions, micelles, vesicles, viruses, polymers,
nano and microparticles in suspension, membranes, bacterial cells and
many more [94]. A recent and very interesting application of Kerr ef-
fect is in the study of polyelectrolyte multilayers built onto anisotropic
(non-spherical) colloids. These are examples of self-assembly of oppo-
site charged species and thus a good candidate to be studied by the
electric Kerr effect. Radeva et al. [184–189] have used the method to
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study a series of systems obtained by the Layer-by-Layer (LbL) tech-
nique, they have used electro-optic Kerr effect in order to obtain infor-
mation on structure and electrical polarizabilities including the determi-
nation of multilayer thickness, the release of counterions when adsorb-
ing onto the colloids and the calculation of the number of chains ad-
sorbed.

I hope this review will stimulate more experimental and theoretical
work on electric Kerr effect as a tool in the study of oppositely charged
colloids.
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