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1.1. Introduction and motivation

Progress in nanoparticle science is bringing along the discovery of new
systems with extraordinary properties, immediately followed by new ap-
plications in different branches of technology and in medicine. In fact, the
potential of these particles is often glimpsed before their physical proper-
ties are completely understood. However, much work is still needed to
achieve their full potential and, above all, to convert these advances in re-
sources for the benefit of all, keeping their knowledge public and at the
service of the people.

Particle shape is a de-
termining parameter of
the physical properties
of colloidal systems
and their potential
applications.

Although it is frequently assumed that par-
ticle size is the determining parameter in the
properties and applications of nanoparticles,
it is increasingly clear that, whereas essential,
this is not the only relevant magnitude. Thus,
particle shape has proven to exert a significant
impact on the physics of the systems and their
technical performance [1, 2]. For instance, it has been shown that the elon-
gated shape of gold nanorods plays an essential role in their use in DNA
biosensing, high density optical data storage or plasmon-enhanced Raman
spectroscopy [3–5]. Other examples are the antibacterial activity of silver
nanoparticles, the toxicity of carbon nanotubes, the rheological behaviour
of sodium montmorillonite or the catalytic properties of platinum nanopar-
ticles [6–9]. This is the basic hypothesis of the present work: nanoparticles
with controlled size and non-spherical shape posses special characteristics,
not sufficiently explored and susceptible of novel applications in diverse
fields.

Furthermore, the possibility to control the orientation of non-spherical
particles opens up new possibilities, and has proven crucial for progress
in applications which exploit directional properties. Examples of this can
be found in the use of gold nanorods in metamaterials or particle traps,
the fabrication of transparent conductive electrodes with silver nanowi-
res, the implementation of carbon nanotubes as DNA sensors, microscopy
nanoprobes or photodetectors, and the fabrication of graphene-based su-
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percapacitors [10–16]. The use of electric fields has proven a simple and
efficient route for the manipulation of micro and nanoparticles. Thus, for
example, dielectrophoresis has been used in the separation of biological
particles such as cells or bacteria, and in the separation of metallic and
semiconducting carbon nanotubes [17–19]. Moreover, the controlled as-
sembly and orientation of non-spherical particles of different nature, dis-
persed in liquid media, has been achieved by different techniques based
on the applications of electric fields [20–23]. However, the mechanisms un-
derlying electric field-driven alignment and assembly have yet to be fully
understood, due to the complex nature of the electro-hydrodynamic pro-
cesses.

In many cases, micro and nanoparticles are used in aqueous suspension,
giving rise to interfacial phenomena which play an essential role in the
macroscopic behaviour of the systems, further complicating their descrip-
tion. The present work focuses on the response of dispersions of non-
spherical particles under the effect of alternating electric fields, paying spe-
cial attention to the polarisation mechanisms of the particles and their elec-
trical double layers. In the case of dielectric particles with simplified ge-
ometries, this problem has been tackled analytically by Shilov et al. [24, 25]
and numerically by Fixman [26]. In the last decade, a number of experi-
mental studies has also been reported [27–32]. The case of uncharged con-
ducting particles in an electrolyte was studied originally by Murtsovkin,
Dukhin et al. in the case of spheres [33, 34]. Recently, calculations were
extended to other geometries [35, 36] and the experimental study of these
particles is being addressed [37–41].

In this work, we study the polarisation of non-spherical particles in sus-
pension under the effect of electric fields, via the analysis of the electro-
optical phenomena. These consist in the modification of different opti-
cal properties of colloidal suspensions under the application of external
electric fields [42, 43]. Here, we focus on two of them: Electric birefrin-
gence and linear dichroism, both related to non-spherical particle electro-
orientation. The analysis of these effects can provide much useful informa-
tion about the optical, electrical and geometrical properties of the particles
in suspension, as well as about the electrokinetic phenomena taking place
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at their interfaces. Hence, we have a double purpose: the understanding
of the observed phenomena and the use of the electro-optical techniques
for non-spherical particle characterisation.

The electro-optical phenomena are re-
lated the modification of the opti-
cal properties of suspensions of non-
spherical particles by the application of
electric fields, and can be used for parti-
cle characterisation.

In this respect, for example,
transient electric birefringence
has long been used to obtain
information on the flexibility
or the size of non-spherical
particles in suspension [44–46].
However, only a few works are
devoted to the analysis of the size distribution of polydisperse samples
by this method [47, 48]. The electric birefringence decay depends on the
third power of the particle size, which provides a very high sensitivity,
making this a technique with a great potential. Furthermore, electric bire-
fringence spectroscopy has been proposed as a powerful tool for the direct
measurement of the electrical polarisability of dispersed non-spherical par-
ticles [49, 50]. Among other advantages, this technique is highly suscepti-
ble to particle anisotropy, unlike others such as electrophoresis or dielec-
tric spectroscopy, which typically measure spatially-averaged magnitudes.
Hence, it can provide information on the effect of particle shape and inho-
mogeneities in the charge distribution or the internal particle structure.

To summarise, this work is devoted to the experimental study of the
electro-optical response of non-spherical particles of very different nature.
From the analysis of the experimental results, information is extracted on
the optical, electrical and geometrical properties of the dispersed particles,
and their different polarisation mechanisms, which are related to the pres-
ence of the electrical double layer.

1.2. Objectives and thesis outline

In light of the former considerations, in this work we intend to carefully
study the electro-optical behaviour of non-spherical particles in suspen-
sion, in order to analyse their polarization mechanisms and obtain infor-
mation on their optical and geometrical characteristics. The main objec-
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tives can be summarised as follows:

The determination and understanding of the complete electro-optical
phenomenology of non-spherical particles with very diverse proper-
ties.

The progress in the understanding of the behaviour of metallic parti-
cles, barely studied in the literature.

The advance in the use of electro-optical techniques for particle char-
acterisation, especially regarding the size distributions of polydis-
perse suspensions.

Keeping in mind these goals, the thesis is arranged as follows. In Chapter
2 we give an exhaustive account of the polarization mechanisms of non-
spherical particles and their electrical double layers. A complete descrip-
tion of the electro-orientation process and the associated electro-optical
phenomena is included in this chapter. Since no commercial devices are
available for the determination of the electro-optic response of colloidal
dispersions, a first step was the development of an experimental setup, de-
scribed in Chapter 3, able to measure the electric birefringence and linear
dichroism in a wide spectral range. In this chapter, we also describe the
structure and main properties of the materials used in this work.

In Chapter 4, we analyse the electric birefringence phenomenology of
sodium montmorillonite platelets under different experimental conditions.
An extensive examination of the spectral response of the suspensions is car-
ried out in order to study the electrical properties of the particles, the effect
of the inhomogeneous charge distribution, the swelling of the material and
the origin of the anomalous response at low field frequencies. In Chapter
5, we study the electro-optical behaviour of single- and double-walled car-
bon nanotubes in non-aqueous suspension, paying special attention to the
negative signal of the latter. The thorough study of their birefringent phe-
nomenology provides information about the electrical polarizability, the
length of the tubes and their optical properties.

Chapter 6 addresses the study of transient electric birefringence as a size
characterisation technique for polydisperse suspensions of non-spherical
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particles. Three approaches for the analysis of the birefringence decay are
studied and applied to suspensions of six types of particles with very dif-
ferent geometries. The results are compared to electron microscopy and
dynamic light scattering measurements.

The electro-optical behaviour of elongated metallic particles in aqueous
dispersion is addressed in Chapters 7 and 8, devoted to the study of gold
nanorods and silver nanowires. In both cases, the anomalous sign is anal-
ysed with additional flow birefringence measurements. The polarization
mechanisms of the two types of particles and their diffusional properties
are studied via the determination of the spectral and dynamic behaviour
of the electric birefringence respectively. In the case of gold, special atten-
tion is paid to the effect of the surfactant coating on the properties of the
system. For the silver wires, models for the polarisation of barely-charged
metallic particles were used to understand the spectral response.

Chapter 9 contains the experimental study of the linear dichroism of gra-
phene oxide flakes in aqueous suspension. The models for silver nanowi-
res are adapted to the case of planar geometries to understand the polar-
isation mechanisms of these particles. The absorptivity of the flakes and
their size distribution are also obtained from the electro-optical behaviour.
Chapter 10 summarises the main conclusions of this work.





2
PARTICLE POLARIZATION AND

ELECTRO-ORIENTATION
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2.1. Fundamentals of particle polarization

2.1.1. Electric double layer at equilibrium

When a surface is placed in a polar medium such as water, it normally
acquires an electric charge by different possible mechanisms [51–54]. As
a consequence, if ions are present in the medium, they redistribute near
the surface to achieve electroneutrality. The surface charge and its com-
pensating countercharge in solution compose the Electric Double Layer
(EDL) [51, 55]. Although its existence is almost universal, the formation
of this structure has more relevance to the physics of the system for high
surface-to-volume ratios. Hence, the EDL acquires special significance in
colloidal suspensions, in which particles are in the nano or microscale.
Thus, properties as the stability of the dispersions, their response to ex-
ternal fields or structure formation in them, either spontaneously or field-
induced, are closely related to the properties of the EDL [51, 52].

While the EDL structure at equilibrium has been extensively studied [56],
direct experimental access to it is not possible, which makes theoretical
approaches necessary for the understanding of colloidal systems. Figure 2.1
shows the most widely accepted theoretical model for the description of
the EDL, which consists in the consideration of three regions inside it [52]:

Particle surface: The surface charge, whose density is denoted as σ0,
is placed either on the material surface or on its immediate vicinity.
The value of the potential on this layer, referred to the bulk solution,
is known as surface potential Ψ0.

Stern layer: Because of ionic size, there exists a distance of closest ap-
proach of hydrated ions to the particle surface. The layer can be un-
charged, although in some cases a charge density σi exists inside this
region due to the presence of ions which, attracted by strong short-
distance interactions (such as hydrophilic or hydrophobic forces or
hydrogen bonds [54]), dehydrate partially and remain attached to
the surface. Since thermal agitation is not capable to counteract these
strong forces, a reasonable approximation is to consider the ions ar-
ranged on a single plane, at a distance or the order of the dehydrated
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FIGURE 2.1: Schematic representation of the structure of the electric double layer of a
negatively charged spherical colloidal particle.

ionic radius (β1). The potential on this plane, known as Helmholtz
inner plane, is denoted as Ψ1.

Diffuse layer: This region begins at the outer Helmholtz plane, at a
distance β2 roughly corresponding to the radius of a hydrated ion,
where the potential is Ψd. Here, the interaction with the particle sur-
face is purely electrical, and hence the ionic distribution is the result
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of a balance between the electric and diffusive forces. As a conse-
quence, ions are not placed on a plane but rather a spatial charge
distribution exists, which can stretch out to distances of the order
of several particle diameters. In spite of this spacial distribution, it
is usual to define σd as the surface charge density that would exist
on the outer Helmholtz plane if all the charge of the diffuse layer
were placed on it. Therefore, the total surface charge balance reads
σ0 + σi + σd = 0.

To study the charge distribution and the shape of the potential inside the
diffuse part of the EDL, we can use as a first approximation the model
proposed by Gouy and Chapman [52, 57, 58]. This approach considers
that ions are point charges that do not interact amongst them, immersed
in a structureless continuous medium. As mentioned, equilibrium is es-
tablished between electrostatic attraction to the surface and ion diffusion
tending to even the concentrations. Therefore, the number of ions of type
k per unit volume follows a Boltzmann distribution:

nk(r) = nk0 exp

(
−zkeΨ(r)

kBT

)
(2.1)

where nk0 is the ion concentration in the bulk solution (far from the inter-
face), zk the valence of the k-th ion, e the electron charge, kB the Boltzmann
constant and T the absolute temperature. Ψ(r) is the value of the electric
potential at position r, which satisfies Poisson’s equation:

∇2Ψ(r) = − ρ(r)

ε0εm
= − 1

ε0εm

N∑
k=1

zken
k(r) (2.2)

where ε0 is the vacuum permittivity, εm the relative permittivity of the sol-
vent and ρ(r) the volume charge density at position r. From these expres-
sions, the Poisson-Boltzmann equation is obtained:

∇2Ψ(r) = − e

ε0εm

N∑
k=1

zkn
k
0 exp

(
−zkeΨ(r)

kBT

)
(2.3)
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This expression is completed by boundary conditions for the potential,
which is equal to Ψ0 on the particle surface and 0 far from it. Although in
general there is no analytic solution for this equation, in the case of a planar
interface (a valid approximation for thin double layers, i.e, those whose
width is small as compared to particle size) and using the Debye-Hückel
approximation (low potentials, | zkeΨ |<< kBT ), an analytic expression
of Ψ(r) is available. Under these conditions, the exponential function in
Equation 2.3 can be expanded in power series up to the second term, which
leads to the expression

ε0εm
d2Ψ(z)

dr2
=

N∑
k=1

e2z2
kn

k
0

kBT
Ψ(z) (2.4)

where z is the distance to the particle surface. The solution to this equation,
introducing the previously mentioned boundary conditions, reads:

Ψ(r) = Ψ0e
−κz (2.5)

where κ is the inverse of the Debye length, a measure of the thickness of
the diffuse part of the EDL:

κ−1 =

√
ε0εmkBT∑
nk0(zke)2

(2.6)

For the inner part of the EDL, it is usual to employ the Stern model [52,
59] in its simplest version, which considers the region spanning from the
particle surface to the inner Helmholtz plane, and the one between the
inner and outer Helmholtz planes, as two parallel-plate capacitors. The
capacitance values per unit interface area are, respectively,

C1 =
σ0

Ψ0 −Ψi
=
ε0ε1
β1

C2 =
σ0 + σi
Ψi −Ψd

=
ε0ε2

β2 − β1

(2.7)

being ε1 and ε2 the relative dielectric constants in these two regions, al-
though it must be pointed out that the meaning of ε1, in a volume of molec-
ular width, is unclear.
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All the quantities mentioned in this description are, strictly speaking, out
of the reach of experimental determinations in the majority of cases. In
contrast, there are a number of methods aimed at their indirect evaluation,
jointly known as electrokinetic techniques. These are associated to the elec-
trokinetic phenomena, which manifest when an external field (electrical,
pressure, concentration or temperature gradient, etc) produces a relative
movement between the particle and the solution containing the diffuse
part of the EDL. Since both the ions and the fluid in the region adjacent
to the surface are typically considered stuck to the particle, and hence im-
mobile, they do not participate in the electrokinetics of the system. For all
practical purposes, it is as if the interface were shifted out a certain distance
to the region that is mobile. An ideal surface of separation, known as slip-
ping plane, is assumed between both regions. The potential on this plane is
the zeta potential, ζ, which is the one actually detected by electrokinetics.

Although widely used, the existence of the slipping plane and the zeta
potential itself is strictly an abstraction, since it is based on the hypothesis
that the liquid viscosity is a spatially discontinuous function, which goes
from an infinite value inside the Stern layer to a finite value in the diffuse
layer. Normally, the slipping plane is identified with the boundary of the
Stern layer, and Ψd and ζ are considered identical, which is a reasonable
assumption for low ionic strengths [60]. At high ionic concentrations, on
the other hand, the thickness of the EDL is so small that the exact position
of the slipping plane is needed to extract any information on Ψd.

2.1.2. Non-equilibrum structure of the EDL

As mentioned, experimental access to the properties of the EDL is gener-
ally not possible, and therefore indirect techniques based of the response
of the particles in suspension to the application of external fields, which
perturbate the EDL, are normally used. In this section, we describe the
phenomena that take place in the double layer after the application of an
external electric field, until the steady state is reached. Taking into account
the usual EDL potential values (around 100 mV) and thickness (1-30 nm)
of the EDLs, in most cases the electric fields inside it are of the order of
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107 V/m, a value much higher than the external fields normally used to
perturb this structure.

In this situation, it can be considered that the characteristic properties of
the double layer are modified only by a first-order term in the potential, so
that this can be written, assuming spherical symmetry, as:

Ψ(r) = Ψ0(r) + ϕ(r) (2.8)

where Ψ0(r) is the equilibrium potential at position r, and ϕ(r) the pertur-
bation term. The latter, in turn, includes the potential associated directly
to the external field and a contribution related to the changes in the EDL
structure [61]. For spherical particles, the perturbation term is dipolar, and
Equation 2.8 can be written in spherical coordinates as:

OJO -> En las tesis ponia que puede ser considerado dipolar, pero es que
ES dipolar (verdad en general cuando hay simetria azimutal). Corroborar.

ϕ(r, θ) = −E0r cos θ +
d

4πεmε0r2
cos θ (2.9)

where E0 is the field amplitude, θ the angle between the position vector
and the direction of the external field and d the dipole strength. Hereafter,
we focus on induced polarization [62], for which the electric dipole reads:

d = αeE (2.10)

Therefore, d is proportional to the electric field and parallel to it. The
proportionality constant, αe, is the electric polarizability of the spherical
particle, which can in turn be expressed as

αe = 3Vpε0εmC (2.11)

where Vp is the particle volume and C the dipolar coefficient, defined to
contain all the information regarding the processes that take place in the
polarisation of the particle and on the particle/solution interface.
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2.2. Polarization of charged particles

2.2.1. Spherical particles under DC fields

Under the application of a step external electric field, there are several
successive polarization mechanisms that can give rise to the formation of
an induced dipole on the particles of a colloidal suspension. Moreover, the
external field also causes electromigration flows and the subsequent charge
accumulation which, in turn, provokes diffusive flows around the parti-
cles. All these processes, which take different times to be established, must
be analysed to understand the behaviour of colloidal suspensions sub-
jected to electric fields. Hereunder, we present the main particle polariza-
tion mechanisms ordered from shorter to longer characteristic times [62]:

The first reaction of the particles in suspension to the application of
an electric field, almost instantaneous, is the polarization of the elec-
tron clouds of the atoms or molecules [63]. Later, the orientation of
the molecular dipoles of both the particles and the solvent will give
rise to a polarization charge density, associated to the mismatch be-
tween their permittivities. This will take place typically 0.1 ns after
the application of the field. For this mechanism, the value of the dipo-
lar coefficient is [62]:

Cperm =
εp − εm
εp + 2εm

(2.12)

where εp is the relative permittivity of the particles. Figure 2.2a il-
lustrates this process in the case of a spherical particle immersed in a
medium of higher permittivity.

For longer times, free charges are able to move under the action of the
electric field, giving rise to a charge accumulation on the interface
due to the contrast between the conductivities of the particle (Kp)
and the medium (Km). This process is known as Maxwell-Wagner
polarization [64, 65], and is schematically represented in Figure 2.2b
for the case of a medium less conducting than the particle.
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FIGURE 2.2: Schematic representation of a) molecular polarization, b) Maxwell-Wagner-
O’Konski polarization and c) concentration polarization, of a negatively charged colloidal

particle.

Note that when referring to particle conductivity, the effect of the
presence of the EDL must be included. In general, the double layer
introduces an additional conductivity at the interface which is not
taken into account in the original Maxwell-Wagner approach, and
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that accounts for the fact that this polarization mechanism is found
even in dielectric materials. When the EDL is sufficiently thin, this
contribution can be modelled as a surface conductivity Kσ, as first
suggested by O’Konski [66]. Moreover, the excess conductivity, albeit
located on the interface, can be attributed to the particle by means of
an effective conductivity:

Keff
p = 2Kσ/a (2.13)

where a is the particle radius. This more realistic model, known as
Maxwell-Wagner-O’Konski (MWO) theory, is based on the assump-
tion that, for spherical nonconducting particles of radius a, the prob-
lem is equivalent to that of a uniform sphere with radius a+κ−1 and
conductivity Keff

p [61].

The dipolar coefficient for MWO polarization reads [62]:

Ccond =
Keff
p −Km

Keff
p + 2Km

(2.14)

where the medium conductivity can be calculated as:

Km =

N∑
k=1

(zke)
2nk0NA

kBT
Dk (2.15)

beingDk the translational diffusion coefficient of the k-th ion andNA

the Avogadro number. The characteristic time for the establishment
of this mechanism, associated to charge accumulation, is similar to
that required for the charging of a capacitor:

τMWO =
ε0εp + ε0εm
Keff
p +Km

(2.16)

The slowest contributing mechanism is concentration polarization,
associated to deformations of the EDL due to unsymmetrical electro-
migrating and diffusive ion flows around the particle [52]. Coions
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(ions with charge of the same sign than that of the particle surface)
and counterions (with opposite charge) present practically identical
transport numbers far from the EDL. However, their values differ
inside it and, in fact, if the particle is sufficiently charged, near its
surface the charge flows are almost exclusively associated to counte-
rions. This produces a continuous increase of salt concentration on
one side of the particle, and hence a reduction of the thickness of the
EDL according to Equation 2.6, and a depletion on the other, with
a subsequent increase in the EDL width. A steady state is reached
when diffusive flows counterbalance these concentration polariza-
tion clouds. A schematic representation of this mechanism in the case
of a negatively charged particle is displayed in Figure 2.2c, where the
deformation of the EDL can be observed.

Concentration polarization leads to a reduction of the induced dipole
for two reasons. First, the deformation of the EDL results in a small
dipole opposite to the external field. Moreover, ion redistribution due
to diffusive flows effectively lowers the MWO contribution. In the
case of a thin double layer, and neglecting convective flows (which
can be shown to barely affect), the following expression can be found
for the contribution of this mechanism to the dipolar coefficient for
non-conducting spherical particles, which must be added toCcond [62]:

Cconc = −3

2

Kσ2

(2Kσ + aKm)(Kσ + aKm)
(2.17)

The characteristic time for this process is determined by the estab-
lishment of diffusive flows along distances of the order of the particle
radius:

τα =
a2

2Deff
Deff =

2D+D−

D+ +D−
(2.18)

2.2.2. Polarization under alternating fields

The mechanisms just described in the time domain appear also in the
frequency domain: as the period of the field sweeps the characteristic
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times referred to above, frequency dispersion processes will be detected in
the polarisation spectrum of the system. To study this spectral behaviour,
we consider an alternating electric field of angular frequency ω, given by
E0e−iωt, where i =

√
−1. Since the described processes for particle po-

larization are established in a finite time, they can have a retardation with
respect to the external field, and therefore the dipolar coefficient is a com-
plex quantity, which can be expressed as:

C(t) = C∗(ω)e−iωt C∗ = C ′ − iC ′′ (2.19)

where C ′ and C ′′ are real numbers. For our purposes, only the real part of
the dipolar coefficient is needed [49], and hence we will refer to it simply
as C.

In the frequency domain, the spectrum of the dipolar coefficient shows
different relaxations, related to each polarization mechanism and its char-
acteristic time [67]. Thus, the frequency dependence of C provides useful
information on the processes that take place around the particle and its
double layer. A relaxation of the dipolar coefficient occurs when the fre-
quency of the applied field is so high that a determined process cannot be
established in the time corresponding to two consecutive field inversions.
As a consequence, the mentioned mechanism can no longer contribute to
the value of C. The relaxation frequency of each process is the inverse to
the characteristic time for its formation. According to this, two relaxations
are expected for the frequencies typically tested in dielectric spectra deter-
minations, namely between 1 kHz and a few MHz:

Maxwell-Wagner-O’Konski relaxation: If the frequency of the ap-
plied field is much higher than ωMWO = 1/τMWO, the electromigrational
flows do not have enough time to redistribute the ions in the EDL,
and hence the polarisation depends exclusively on the difference of
the permittivities of the medium and the particle. For lower frequen-
cies, in contrast, the displacement of the free charges dominates the
behaviour of the system, and the dipolar coefficient Ccond depends
on the contrast between the conductivities.

α-relaxation: If the field frequency is further lowered, down to val-
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ues below ωα = 1/τα, diffusive flows have enough time to estab-
lish and the concentration polarization mechanism contributes to the
value of the the dipolar coefficient, which then is Ccond + Cconc.

The Maxwell-Wagner relaxation can be in fact better understood if the
problem is analysed directly in the frequency-domain, since in this frame-
work it is possible to define a complex conductivity which includes the
contribution of both the permittivity and the conductivity,K∗ = K+ iωεε0.
The dipolar coefficient of a spherical particle with complex conductivity
K∗p immersed in a medium with complex conductivity K∗m is given by:

C∗ =
K∗p −K∗m
K∗p + 2K∗m

(2.20)

From this expression, the high and low frequency limits Cperm and Ccond

can be obtained, together with the relaxation frequency ωMWO. The tran-
sition from one value to the other is typically described by a Debye-type
relaxation [68]

C(ω) = Cperm +
Ccond − Cperm

1 + ω/ωMWO
(2.21)

Figure 2.3 shows the spectrum of the real part of the dipolar coefficient
corresponding to the particle represented in Figure 2.2, where the α and
MWO relaxations can be clearly observed.

Note that along this discussion, monodispersity of the dispersions was
assumed, since the particle radius has been fixed. However, real nanoparti-
cle suspensions present size distributions. The behaviour of these polydis-
perse samples can be better explained by Cole-Cole-type relaxations [69]:

C(ω) = C∞ +
C0 − C∞

1 + (ω/ωc)1−γ (2.22)

where 0 < γ < 1 is a parameter related to polydispersity. The value γ = 0

corresponds to the monodisperse case, for which the Debye-type relaxation
is recovered.
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FIGURE 2.3: Dipolar coefficient spectrum for the particle represented in Figure 2.2.

2.2.3. The case of non-spherical particles

The polarization mechanisms just described are also observed for non-
spherical particles, but the problem in this case presents further complexi-
ties. In the first place, the electric properties of the particles are inosotropic,
and hence their electric polarizability and dipolar coefficient are not scalar
quantities but tensors. Therefore, Equations 2.10 and 2.11 must be written
in their general form [63]:

d = α̃eE0 α̃e = 3Vpε0εmC̃ (2.23)

As a consequence, the polarization depends on the shape and orienta-
tion of the particles and, in general, the induced dipole is not parallel to
the applied field. This fact further complicates the theoretical approaches,
making the use of symmetry considerations and approximations normally
necessary to model the polarization of non-spherical particles. Here, we
will restrict ourselves to spheroidal geometries, schematically represented
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in Figure 2.4.

FIGURE 2.4: Representation of the geometry of a) a prolate and b) an oblate spheroid,
together with the electric field and dipole moment components along the symmetry axis

and perpendicular to it.

For spheroidal particles, if the principal axes are used as the reference
frame, the electric polarizability (and analogously the dipolar coefficient) is
diagonal, with only two independent non-zero terms, αe

‖ and αe
⊥, referred

to the directions parallel and perpendicular to the symmetry axis of the
spheroid respectively. In this manner:

di = αe
iEi (2.24)

where i =‖ / ⊥. For an arbitrary orientation, in which the symmetry axis
of the particle and the external electric field form an angle θ, the superposi-
tion principle can be used to obtain the induced dipole, since polarization
depends linearly on the applied field. As a result,

d = αe
‖ cos θê‖ + αe

⊥ sin θê⊥ (2.25)

where êi is the unit vector along the parallel or perpendicular direction. In
this manner, in the case of non-spherical axially-symmetric particles, the
polarization mechanisms formerly explained must be analysed along the
two main axes.
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Moreover, the problem presents an additional complication, given by the
fact that the electric field around a polarised spheroid is not purely dipo-
lar, but rather presents different multipolar contributions. However, these
do not affect the macroscopic response, and hence the dipolar approxima-
tion can still be used [24, 49]. Here we adopt this approach, taking into
account that for spheroidal geometries the particle conductivity depends
on its orientation with respect to the electric field:

K∗p,i = Kp +Keff
p,i + iωε0εp (2.26)

where Keff
p,i is an equivalent conductivity, analogous to that defined in the

case of spheres, which for spheroidal geometries depend on particle orien-
tation. The effective conductivities along the directions parallel and per-
pendicular to the symmetry axis can be obtained from the surface conduc-
tivity introduced by the EDL, Kσ, as Kp,i = Kσgi, where gi are purely
geometrical factors [25]:

g‖ =


3a
2bh

(
a2−2b2

h2 arctan h
b + b

h

)
for prolate spheroids (h =

√
a2 − b2)

3a
2bh

(
2b2−a2

h2 ln h+b
a −

b
h

)
for oblate spheroids (h =

√
b2 − a2)

g⊥ =


3a
2bh

(
a2

2h2 arccot bh + ba2−2b3

2a2h

)
for prolate spheroids

3h
2ba

(
2b3−ba2

2h3 − a4

2h4 ln h+b
a

)
for oblate spheroids

(2.27)

Similarly to the case of spheres, the dipolar coefficient of spheroidal par-
ticles can be obtained from the mismatch between the complex conductiv-
ities of the medium and the particle, taking into account the shape effects.
In this manner [63]:

C∗i (ω) =
1

3

K∗p,i −K∗m
K∗m + (K∗p,i −K∗m)Li

(2.28)

where L‖/⊥ are the depolarization factors, purely geometrical coefficients
which describe the electric field created inside a particle with a determined
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shape by an external electric field. In our case, the internal field is homo-
geneous and given by [63]

Eint
i =

E

1 + (K∗p/K
∗
m − 1)Li

(2.29)

For spheroidal geometries, the depolarization factors read [25]:

L‖ =
ab2

h3


(
atanhha −

h
a

)
for prolate spheroids(

h
a − atanha

)
for oblate spheroids

L⊥ =
1− L‖

2

(2.30)

Finally, operating in Equation 2.28, a Debye-type MWO relaxation is found
for each orientation:

C∗MWO,i(ω) = C∞MWO,i +
C0

MWO,i − C∞MWO,i

1 + iωτMWO,i

τMWO,i = ε0
(1− Li)εm + Liεp

(1− Li)Km + LiKp,i

C∞MWO,i =
1

3

εp − εm
εm + (εp − εm)Li

C0
MWO,i =

1

3

Kp,i −Km

Km + (Kp,i −Km)Li

(2.31)

The analysis of concentration polarization in the case of non-spherical
particles is further complicated by the fact that there is not a single charac-
teristic dimension. In particular, for spheroids the excess and defect ionic
clouds which modify the state of polarization of the EDL depend on the
semiaxis dimensions. In spite of this, given the linearity of the problem,
it is possible to consider separately the situations of the particle aligned
with its symmetry axis along the field direction and perpendicular to it,
distinguishing two typical values of the diffusion length, LD,‖ and LD,⊥
respectively. The ionic cloud size is similar to the characteristic dimension
of the particle in the field direction. The characteristic relaxation time can
be approximated by [70]:
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τα,i '
L2
D,i

2Deff
(2.32)

Figure 2.5 shows a schematic representation of the α polarization for pro-
late and oblate spheroids, aligned parallel and perpendicular to the electric
field. As observed, for the elongated geometry, LD,‖ ' a and LD,⊥ ' b. On
the other hand, for oblate spheroids, two similar characteristic times can be
expected for either orientation, since the ions cannot find a diffusion path
along the minor axis, and LD,‖ ' LD,⊥ ' b [70]. Although a discussion
of the contribution to the dipolar coefficient is not presented, the same ar-
guments as in the case of spheres hold for the decrease of C as compared
to the MWO polarization. More detailed information can be found else-
where [70].

FIGURE 2.5: Representation of the diffusive (dashed arrows) and electromigrational
(solid arrows) flows of the ions inside the EDL for a prolate and an oblate particle, in the
cases of orientation of the symmetry axis parallel and perpendicular to the external field.
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2.2.4. Extension to non-homogeneous particles

Up to this point, particles in suspension have been considered homoge-
neous. In this section, we analyse the extension of the MWO polariza-
tion theory for a non-homogeneous particle composed by a core and a
charged dielectric shell, both with spheroidal geometries. Schematic repre-
sentations of a prolate and an oblate particle with these characteristics are
shown in Figure 2.6.

FIGURE 2.6: Representation of particles formed by a core and a cover, both with
spheroidal shape, in the case of a) prolate and b) oblate geometries.

In this situation, Equations 2.28-2.31 still hold, but the calculation of the
complex conductivity of the particle is not well-defined, since the spheroid
is not homogeneous. In order to make use of these expressions we use the
Maxwell mixture formula, which allows the replacement of this system by
an equivalent homogeneous particle with complex conductivity K∗p,i along
its main axes [61]. In our case, we have a spheroidal core with bulk con-
ductivity Kb and symmetry and transverse semiaxes a and b respectively,
covered by a dielectric layer of complex conductivity K∗l and thickness h.
The semiaxes of the equivalent homogeneous particle are a+h and b+h. In
these conditions, the Maxwell mixture formula can be written as [61, 71]:

1

3

K∗p,i −K∗l
K∗l + (K∗p,i −K∗l )L′i

=
γ

3

K∗b −K∗l
K∗l + (K∗b −K∗l )L′i

(2.33)

where Li and L′i are the depolarization factors of the core and the equiva-
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lent particle along the i direction and

γ =
ab2

(a+ h)(b+ h)2
(2.34)

From Equation 2.33, the conductivity of the equivalent particle along its
symmetry and transverse axes can be obtained as

K∗p,i = Kl
(K∗b −K∗l )(L′i + γ − γLi) +K∗l

(K∗b −K∗l )(L′i − γLi) +K∗l
(2.35)

and the theory developed for homogeneous particles can be used in this
special case.
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2.3. Polarization of metallic particles

2.3.1. Induced EDL of metallic spherical particles

Up to this point in our description, it has been considered that modifica-
tions of the equilibrium structure of the EDL because of the application of
external electric fields can be considered as perturbations. As mentioned,
in general this is a very good approximation for charged particles under
the usual applied voltages. Nevertheless, if particles are barely charged
and highly polarisable, this consideration is no longer valid, and induced-
charge electrokinetic phenomena must be taken into account [72]. This
is the case for metallic particles, which normally present a small surface
charge and large induced dipoles. In this situation, the EDL structure in
equilibrium is very weak, as represented in Figure 2.7a. However, upon
application of an electric field, the induced charge accumulation inside the
particle will attract ions in solution, with different sign on each side (Fig-
ure 2.7b). Hence, while at equilibrium the EDL is almost non-existing, un-
der the application of an electric field two double layers are induced, one
on each side of the particle [72, 73]. As a consequence, the analysis of the
polarization of metallic particles must be carried out separately.

For the theoretical approach, the induced double layers are modelled as
capacitors [72, 74], with capacitance per surface unit CEDL = Q

SϕS
, where Q

is the accumulated charge, S the particle surface and ϕS the value of the
potential on the particle surface. Moreover, in the case of thin EDLs and
within the Debye-Hückel approximation:

CEDL = ε0εmκ (2.36)

The accumulated electric charge is due only to the electric current coming
from the electrolyte, and hence it can be calculated from the ion current
density J reaching the particle surface, as:

J = KmE⊥S → Q = CEDLSϕS = KmS

∫
E⊥Sdt =

KmS

iω
E⊥S (2.37)

where E = E0eiωt and E⊥S denotes the component of the electric field
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FIGURE 2.7: Representation of the EDL structure of a metallic spherical particle with very
low negative charge a) at equilibrium and b) under the application of an external electric

field.

perpendicular to the particle surface. Therefore, the following condition is
fulfilled [74]:

E⊥S
∣∣
S

= ∇ϕ · n̂
∣∣
S

=
iωCEDL

Km
ϕS (2.38)

being n̂ the unit surface vector. The potential far from the particle is taken
as 0 with no loss of generality.

For a spherical particle of radius a, using Equations 2.8 and 2.10, the elec-
tric potential on the particle surface can be written as:

ϕS = aE0 cos θ[C − 1] (2.39)

and the components of the electric field on the particle surface are given
by:

E⊥S = −dϕ
dr

∣∣
S

= E0 cos θ[1 + 2C]

E‖S = −1

r

dϕ

dθ

∣∣
S

= −E0 sin θ[C − 1]

(2.40)



32 CHAPTER 2. PARTICLE POLARIZATION AND ELECTRO-ORIENTATION

Taking into account these expressions, and applying condition 2.38, it can
be shown that 1 + 2C = iωaCEDL[1− C]/Km, and hence

Re[C] =
(ω/ωEDL)

2 − 2

(ω/ωEDL)2 + 4
ωEDL =

Km

aCEDL
(2.41)

In this manner, the spectral dependence of the dipolar coefficient of metal-
lic particles, shown in Figure 2.8, is obtained. Taking the high and low
frequency limits on Equations 2.40 and 2.41, it can be observed that:

C = −1

2
E⊥S = 0 ω → 0

C = 1 E‖S = 0 ω →∞
(2.42)

This behaviour can be physically explained in the following manner [74,
75]: When the electric field is applied, the metallic particle reaches perfect
polarization (C = 1) almost instantaneously. Hence, the field lines enter
the particle perpendicular to its surface (E‖S=0) and an electric dipole is
induced on the system. This situation is presented in Figure 2.8. In con-
trast, for field frequencies below ωEDL, ions in solution have enough time
to accumulate in the proximities of the particle charge and screen its effect.
In other words, the charging of the capacitors can be established between
two field inversions. In this situation, also shown in Figure 2.8, the dipole
induced on the particle and the one arising from ion redistribution coun-
teract each other and no system polarization is observed. Thus, the system
behaves as an insulator and the field lines are parallel to the particle sur-
face (E⊥S=0). The dipole coefficient goes to -1/2, a situation described by
Equation 2.14 with Kp << Km (the conductivity of the medium is effec-
tively much larger than that of the particle).

2.3.2. Asymptotic analysis for elongated geometries

For non-spherical particles, the solution of Poisson equation and the ap-
plication of condition 2.38 are not straight-forward. For this reason, an
asymptotic analysis is carried out for the case of extremely elongated ge-
ometries. This approach is based on the consideration that, without loss
of generality, the applied electric field gives rise to a charge distribution
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FIGURE 2.8: Dipolar coefficient spectrum of a spherical metallic particle in an electrolyte
solution. The simplified structure of the charges and the field lines around the particle are

also shown.

on the suspended particles, which in turn is responsible for the induced
dipole [74]. Let us consider a needle-shaped particle, with its major axis
placed along the x direction and its center situated on the origin. The ma-
jor and minor axis lengths are 2a and 2b respectively, with b << a. For this
geometry, the induced charge distribution λ(x) can be considered unidi-
mensional, and caused by the component of the field parallel to the parti-
cle axis, E‖. The total potential consists of the term corresponding to the
external field and the perturbation due to the induced charge distribution.
Thus [74, 76],

ϕ(x, ρ) = −E‖x+
1

4πε0εm

∫ a

−a

λ(x′)√
(x− x′)2 + ρ2

dx′ (2.43)

where ρ is the distance to the needle’s major axis.

For very thin cylinders, the linear charge distribution varies over dis-
tances of the order of a >> b. Thus, in the proximities of the particle
surface (ρ ≈ b << a), λ(x) can be taken out of the integral as a reason-
able approximation [74]. The remaining integral expression can also be
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approximated as:

∫ a

−a

dx′√
(x− x′)2 + ρ2

=

∫ x+a

x−a

dt√
t2 + ρ2

≈ ln
a+

√
a2 + ρ2

−a+
√
a2 + ρ2

≈ 2 ln
2a

ρ

(2.44)

and, hence, the potential and the potential gradient in the proximities of
the particle surface are given by the equations:

ϕ(x, ρ) = −E‖x+
λ(x)

2πε0εm
ln

2a

ρ

|∇ϕ · n̂| = ∂ϕ(x, ρ)

∂ρ
≈ − λ(x)

2πε0εmρ

(2.45)

which can be evaluated on the particle surface simply by substituting ρ =

b. Next, introducing these expressions into condition 2.38, we get:

λ(x) = 2πε0εmE‖x
iω/ωEDL

1 + iω/ωEDL ln 2a
b

ωEDL =
Km

bCEDL
(2.46)

from which the real part of the parallel electric polarizability can be calcu-
lated as:

Re[αe
‖] =

1

E‖S
Re
[∫ a

−a
xλ(x)dx

]
=

4πa3ε0εm
3

ω2/ω2
EDL ln 2a

b

1 + ω2/ω2
EDL ln2 2a

b

(2.47)

Finally, we obtain that the behaviour of the polarization of very elongated
metallic particles along their major axis is qualitatively similar to that of the
spherical case: For low frequencies, there is no overall polarization because
of ion redistribution. For frequencies of the order of ωEDL, ions can no longer
follow the field oscillations and the polarization grows until it reaches the
maximum value, 4πa3ε0εm

3 ln(2a/b) .

To estimate the particle polarizability along the minor axis, the following
approach is followed in [74]: For an infinitely long needle placed along the
x axis, the potential originated by a field perpendicular to it, along the z
axis, is independent of the x coordinate. Hence, we take a planar disk (the
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cross section of the cylinder) and solve the two-dimensional Laplace equa-
tion in cylindrical coordinates [74]. The general solution for the potential
reads:

ϕ(ρ, θ) =
∞∑
n=1

(
Cnρ

n +
Dn

ρn

)
(An cos θ +Bn sin θ) (2.48)

where An, Bn, Cn and Dn are constants. Far from the particle, the elec-
tric potential is only due to the external field, and hence the condition
ϕ = −Ez = −Eρ cos θ must be imposed at long distances (ρ → ∞). As
a consequence:

ϕ(ρ, θ) = −E⊥ρ cos θ +
dl

2πε0εmρ
cos θ (2.49)

where dl =
αe
⊥E⊥
2a = 2πε0εmD1 is the dipole moment per unit length. Now

we can apply the boundary condition given by Equation 2.38 on the parti-
cle surface (ρ = b), to get:

Re[αe
⊥] = 4πab2ε0εm

ω2/ω2
EDL − 1

ω2/ω2
EDL + 1

(2.50)

Thus, the qualitative behaviour of the polarization of the metallic parti-
cle along its short axis is similar to that along its major axis. However, the
maximum value of the electric polarizability along the two directions differ
by a factor 3 ln(2a/b) b

2

a2 , almost zero in the case of very elongated geome-
tries [74]. Therefore, for needle-shaped particles, αe

⊥ can be neglected as
compared to αe

‖.

2.4. Non-spherical particle electro-orientation

2.4.1. Electric torque and electro-orientation

As explained in previous sections, the polarization of non-spherical par-
ticles is in general anisotropic, and α̃e is a tensor. For axially symmetric
particles, using its symmetry axis as the reference frame, only two tensor
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components are independent and non-zero. Therefore, a scalar polarizabil-
ity anisotropy ∆αe can be defined as:

∆αe = αe
‖p − α

e
⊥p (2.51)

where αe
‖p and αe

⊥p are the electric polarizability along the directions paral-
lel and perpendicular to the symmetry axis. Normally, polarization along
the major axis is larger than along the minor axis, and therefore ∆αe is
expected to be positive (negative) for prolate (oblate) particles [77]. Due
to this anisotropy in the electric polarizability, the external electric field
and the total dipole moment that it induces are not parallel, as made ev-
ident by Equation 2.23. As a consequence, an electric torque τ e appears
on the particle and forces it to rotate until the dipole and the electric field
are aligned [49, 78]. This phenomenon is known as electro-orientation,
and competes with rotational diffusion, which tends to randomise particle
orientation. A schematic representation of the situation just described is
shown in Figure 2.9.

FIGURE 2.9: Representation of electro-orientation of non-spherical particles under an
external electric field for an elongated and a planar geometry.

The electric torque exerted by an external field E on an induced dipole
d can be obtained as τ e = d × E = (α̃e · E) × E. Thus, in the case of
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axially-symmetric particles under an alternating field, the average torque
reads [49]:

τ e
DC = −1

2
∆αeE2

0 sin θ cos θêθ (2.52)

where Equation 2.25 was considered. It it worth mentioning that even
if multipolar terms of the electric potential are considered, they do not
contribute to the electric torque, as shown in [49]. Hence, the dipolar ap-
proximation taken in the potential does not have an effect on the electro-
orientation description.

In general, besides τ e, a hydrodynamic torque τH may also contribute to
particle orientation. This hydrodynamic effect is caused by viscous forces
exerted by the fluid on the particle surface. Given the complexity of this
problem, calculations of this contribution are not available even for spher-
ical geometries, and simplifications are normally used to shed some light
on the possible hydrodynamic effects on particle electro-orientation [49].
For instance, in the case of centro-symmetric and moderately-charged par-
ticles with thin double layers, it has been shown by means of symmetry
arguments that τH = 0 [79]. This result may be reasonably extended for
highly-charged particles considering that the expressions for the velocity,
pressure and electric fields depend on odd powers of the external field [49],
this giving a zero average value over a field cycle. Thus, the hydrodynamic
term of the torque is normally not taken into account.

Nonetheless, in some situations the hydrodynamic contribution can be
non-negligible, as in the case of barely-charged metallic particles subjected
to low-frequency fields [74], detailed later in the text. Moreover, for con-
centrated suspensions, particle orientation is also strongly affected by the
hydrodynamic torque, and its consideration is fundamental to understand
anomalous effects as those observed in bimodal systems [1, 80] and poly-
disperse suspensions [78]. Nevertheless, taking into account these excep-
tions, in general the total torque can be approximated by the electric con-
tribution described in Equation 2.52.

When non-spherical particles in suspension are subjected to very high
electric fields, perfect orientation can be achieved. However, for moderate
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potentials, there is a balance between electric orientation and thermal ag-
itation. In this case, the state of orientation of the system is characterized
by the non-polar orientational order parameter [81, 82]:

SDC ≡
∫ π

0
P2(cos θ)fDC(θ) sin θdθ (2.53)

where P2 is the second Legendre polynomial and fDC(θ) the normalised ori-
entational distribution function of the sample. The subscript DC indicates
that the magnitudes are time-averaged. From this definition, it is straight-
forward to obtain SDC = 0 for random orientation (uniform fDC(θ)). The
angular distribution is proportional to the Boltzmann factor [81]:

fDC(θ) = F exp

(
−WDC(θ)

kBT

)
(2.54)

being F a normalisation constant andWDC(θ) the stationary orientation po-
tential energy, which in turn can be obtained from the torque exerted on the
particles as [43, 82]:

WDC(θ) = −
∫ θ

0
τ DC · êθdθ (2.55)

For an oscillating electric field, neglecting the hydrodynamic contribu-
tions to the dipole, Equations 2.52 and 2.55 lead to:

WDC(θ) = −1

4
∆αeE2

0 cos2 θ + k (2.56)

being k an integration constant. The same final result for SDC can be found
by analysing the forces acting on the particles rather that their potential
energy [49], which can be a more suitable description when dissipative
effects are present, or by solving the Smoluchowski equation [83].

OJO: Revisar lo ultimo.

2.4.2. Main features of stationary electro-orientation

The dependence of the orientational order parameter with the electric
field amplitude is given in general by Equations 2.53-2.56. In the case of
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elongated and planar axially-symmetric particles, explicit expressions of
SDC, represented in Figure 2.10, are available [81, 84]. Hereunder, two lim-
iting cases, indicated in the same figure, are analysed in more detail: Kerr’s
regime for weak fields and saturation of the orientation for high fields.

FIGURE 2.10: Order parameter as a function of the field amplitude for prolate and oblate
axially-symmetric particles.

In the first case, for low-enough fields (WDC << kBT ), the time-averaged
orientation distribution function can be approximated by:

fDC(θ) ≈ F
(

1− WDC

kBT

)
F ≈ 1

2
(2.57)

where the normalisation constant was obtained from the condition
∫ π

0 fDC(θ) sin θdθ =

1 with fDC(θ) ≈ F . Introducing this expression in Equation 2.53 and using
Equation 2.56, the stationary order parameter for low fields reads [81, 84]:

SDC =
∆αeE2

0

30kBT
∆αeE2

0 << kBT (2.58)

a quadratic dependence known as Kerr’s law.
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On the other hand, for very high fields, almost all particles are fully ori-
ented with the external field and saturation of the electro-orientation is
achieved. In this situation, no field dependence is observed. From the defi-
nition of SDC (Equation 2.53), it is straight-forward to obtain that, for prolate
particles, for which the symmetry and major axes coincide, SDC = 1 [81].
In contrast, oblate particles orient with their symmetry (minor) axis per-
pendicular to the external field, and hence SDC = −1/2 in the saturation
regime [84].

As previously explained, the torque that orients non-spherical particles
under an external electric field is due to their polarizability anisotropy,
and hence, in general, SDC is expected to strongly depend on ∆αe. In
the Kerr regime, in fact, electro-orientation is proportional to this quan-
tity, as expressed by Equation 2.58. Thus, SDC shows the same frequency
dependence as ∆αe. As previously shown, electric polarizability exhibits a
rich spectral behaviour, governed by the relaxation of polarization mecha-
nisms. ∆αe presents an even more complex frequency dependence, since it
is affected by both αe

‖p and αe
⊥p [49]. Figure 2.11 shows the spectrum of αe

‖p,
αe
⊥p and ∆αe ∝ SDC for an oblate dielectric particle with specific properties

in the Kerr regime. It must be noted that this example is not representative
of all oblate spheroids because of the strong dependence of ∆αe(ω) on the
electric and geometrical properties of the suspended particles. In the op-
posite limiting case, in the saturation regime, all particles are fully oriented
and no spectral dependence is observed in SDC if the saturation condition
is maintained for all frequencies.

2.4.3. Orientation due to ICEO flows

Up to this point, we have focused on the orientation of non-spherical par-
ticles due to the dipole induced on them by the action of an external elec-
tric field since, using symmetry arguments, the hydrodynamic torque was
found to be negligible under reasonable assumptions. Nevertheless, this is
not the case of barely charged metallic particles, for which the assymetric
ion accumulation provokes charge migration and the subsequent dragging
of liquid [41, 72–74, 85, 86]. This effect is called induced charge electro-
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FIGURE 2.11: Polarizability spectrum of the oblate particles with specific properties. The
polarizability along the symmetry and transverse axes and absolute value of the polariz-

ability anisotropy are displayed.

osmosis (ICEO), and effectively orients non-spherical metallic particles at
low field frequencies.

The ICEO phenomenon is represented schematically in Figure 8.8a in the
case of a spherical particle subjected to a low field frequency, for which
the induced double layers are formed. Here, it can be observed that the
electric field component tangential to the particle surface exerts a force on
the ions in the induced EDLs, which in turn gives rise to the movement of
the fluid with respect to the particle [75]. The case of elongated geometries
is exemplified in Figure 8.8b. The component of the electric field parallel
to the major axis is responsible for charge separation inside the elongated
particle, which gives rise to the formation of the induced EDLs if the field
frequency is sufficiently low. The ions in these double layers are affected
by both components of the electric field, but here we focus on the effect of
E⊥, which moves negative ions to the left and positive ions to the right,
dragging liquid in the same directions. This gives rise to an effective rota-
tion of the particle which tends to orient its major axis along the external
field [74].
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FIGURE 2.12: Schematic representation of the ICEO flows for the case of a) a spherical
particle and b) a very elongated particle.

The hydrodynamic torque caused by the ICEO flows in the case of very
elongated geometries is given by [74]:

τH = γθ̇ =
8πa3εmE

2
0

3f(λ)

sin θ cos θ

1 + (ω/ωDL)2
(2.59)

where θ̇ is the angular velocity of the particles, γ the friction coefficient,
λ = log(2a/b) and f(λ) = λ − 1.14 − 0.2/λ − 16/λ2. This expression is
analogous to Equation 2.52, and from it, the contribution of the viscous
torque to electro-orientation can be obtained. In the case of weak fields,
the order parameter can be approximated by:

SDC =
4πa3εmE

2
0

45f(λ)kBT

1

1 + (ω/ωDL)2
(2.60)

According to this expression, for high-frequency fields there is no hydro-
dynamic contribution to electro-orientation, an expected feature since ions
cannot redistribute between two field inversions. For low frequencies, on
the other hand, the electric contribution is null, according to Equation 2.47,
but there is a non-zero viscous torque responsible for slight particle orien-
tation along the electric field direction. This response is also proportional
to E2

0 , and hence Kerr’s law is fulfilled also for this orientation mechanism.
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2.4.4. AC component of electro-orientation

The previous section was devoted to the analysis of the stationary electro-
orientation of non-spherical particles in suspension. However, for alter-
nating fields, a time-dependent contribution to the orientation can also
be present [83]. This AC component can be easily understood in the fol-
lowing manner: For low frequencies, rotational diffusion has enough time
to randomise particle orientation between two field inversions. On the
other hand, for high values of the field frequencies, the particles can no
longer follow the field oscillations and no AC birefringence component is
observed. Thus,

S = SDC + SAC sin(2ωt− δ) (2.61)

where SAC and δ are, respectively, the amplitude and retardation of the AC
contribution to electro-orientation. In this expression, it can be observed
that the AC component oscillates with twice the frequency of the applied
field, a consequence of the quadratic dependence of orientation with the
field amplitude [83, 87]. This can be easily explained if it is taken into ac-
count that each time the alternating field passes through zero, twice a cycle,
the particles slightly randomise their orientation, and the order parameter
passes by a minimum.

The value of SDC has been obtained in a previous section by energetic
arguments. In order to study the AC component, in contrast, the diffu-
sion equation must be solved. Under a uniform electric field, this equation
reads [83]:

∇2f(t, θ)− d(t)E(t)

kBT

1

sin θ

∂

∂θ
[sin θf(t, θ)] =

1

Θ

∂f(t, θ)

∂t
(2.62)

where Θ is the rotational diffusion coefficient of the particles and d and
E the modulus of the induced dipole and the electric field. In the case
of an alternating field of frequency ω, this equation leads to the following
expressions for the AC component of the order parameter [83]:
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SAC = SDC,0
ω/(3Θ)

1 + [ω/(3Θ)]2

δ = arctan[ω/(3Θ)]

(2.63)

where SDC,0 is the low-frequency limiting value of SDC. Thus, as expected,
the amplitude of the AC component of electro-orientation tends to zero for
high frequency fields, and the behaviour is related only to particle rota-
tional diffusion.
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2.5. Non-spherical particle electro-optics

In the absence of external fields, non-spherical particles in suspension
are randomly oriented and hence, the dispersions are isotropic. However,
when an electric field is applied, particle electro-orientation gives rise to an
anisotropy of the physical properties of the system at a macroscopic scale.
The electro-optical effects are those related to the changes in the optical
properties of colloidal suspensions by the application of electric fields [42,
88]. Here, two electro-optical phenomena related to electro-orientation are
analysed: linear dichroism (LD) and electric birefringence (EB).

2.5.1. Linear dichroism

In general, the absorbance of a material is defined as A = log(I0/I),
where I0 and I are the incoming and transmitted light intensities. For
non-spherical particles, this quantity is not isotropic, since they are more
absorbent along their major dimension [43, 89]. As a consequence, when
particles in suspension are oriented with an external electric field, an ani-
sotropy in the macroscopic absorption coefficient of the sample, or linear
dichroism ∆A, appears. In general, LD is defined as:

∆A = A‖ −A⊥ (2.64)

where A‖(⊥) is the absorbance of the samples for linearly polarised light
with polarization plane parallel (perpendicular) to the electric field. For
normal orientation, the major axis of the particles is placed along the field
direction and hence ∆A is positive for elongated particles and negative for
oblate geometries. Equation 2.64 can be rewritten in the following manner:

∆A = ∆A‖ −∆A⊥ ∆A‖(⊥) ≡ A‖(⊥) −A0 (2.65)

In this expression, A0 is the absorbance of the sample for random orien-
tation, this is, in the absence of external field. For the case of axially sym-
metric particles, and neglecting the possible contribution of the solvent, it
reads:
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A0 =
A‖p + 2A⊥p

3
(2.66)

where ‖p and ⊥p indicate the directions parallel and perpendicular to the
symmetry axis of the particles. For normal orientation, the direction ‖p cor-
responds to ‖ in the case of prolate geometries and to⊥ for oblate particles.
Taking these considerations into account, Equations 2.65 and 2.66 lead to
the relations:

∆A‖ =

2/3∆A

1/3∆A
∆A⊥ =

−1/3∆A for prolate particles

−2/3∆A for oblate particles
(2.67)

The macroscopic linear dichroism of the dispersions is related to the op-
tical properties of the colloidal particles and their degree of orientation,
as [43, 90]:

∆A = φ∆ApS (2.68)

OJO: No tengo acceso al libro, pero digo yo que vendra, no??

where φ is the volume fraction of the sample and ∆Ap > 0 the dichroism
of a single particle, defined as the difference in light absorbance along its
major and minor axes.

2.5.2. Electric birefringence

As explained in previous sections, when an electric field is applied to a
colloidal suspension, it gives rise to particle polarization. When the fre-
quency of the applied field is in the visible spectrum, the term optical po-
larizability, αo, is used [49]. The electric field of a light beam traversing
a suspension will provoke this type of polarization which, in the case of
non-spherical geometries, is anisotropic. For axially-symmetric particles,
the optical polarizability anisotropy, ∆αo, can be defined analogously to
∆αe in Equation 11.6, and the same sign discussion can be applied to this
case.
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For particles with a characteristic size much smaller than the wavelength
of the incident light, the Rayleigh approximation can be used. In this case,
the bulk refractive index, np, is homogeneous, and an expression of ∆αo

can be obtained taking into account Equation 2.28 [50]:

∆αo = Vpε0εm

(
n2
p − n2

m

n2
m + (n2

p − n2
m)L1

−
n2
p − n2

m

n2
m + (n2

p − n2
m)L2

)
(2.69)

being nm the refractive index of the medium, and L1 and L2 the depolar-
ization factors along the major and minor axes of the particles respectively.

Because of this anisotropy in the optical polarization, the effective refrac-
tive index of non-spherical particles is different along their longitudinal
and traversal directions. As a consequence, when the particles are ori-
ented by the action of an external electric field, a macroscopic anisotropy
in the refractive index of the suspension, or electric birefringence (EB),
arises [42, 43]. This birefringence ∆n is defined as:

∆n = n‖ − n⊥ (2.70)

where again ‖ and ⊥ indicate the directions parallel and perpendicular to
the applied field. The macroscopic electric birefringence is related to the
microscopic optical properties of the particles as [42]:

∆n =
∆αoφ

2nmε0Vp
S (2.71)

As observed, the sign of ∆n is determined by S and ∆αo, two quantities
that are expected to exhibit the same sign (positive for prolate particles,
negative for oblate geometries). Hence ∆n is generally positive, a situation
corresponding to particles with a higher electric and optical polarizability
along their major axes. Nevertheless, negative birefringence can be ob-
served experimentally. This effect can be due either to an anomalous sign
of ∆αo [89] or to an anomalous orientation of the particles, with their minor
axes along the field direction [50, 78].
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2.5.3. Main features of EB and LD

In the first place, according to Equations 2.68 and 2.71, both the electric
birefringence and the linear dichroism are proportional to the particle vol-
ume fraction of the suspensions. This is the case for dilute samples, for
which particle interactions can be neglected, a feature that was assumed
in the theoretical approach. In the case of concentrated systems, models
exist for the electrokinetic response of suspensions of spherical particles
under certain conditions [91, 92], which have been partially extended to
elongated geometries [28, 29].

However, little is known about the effect of particle interactions on the
electro-orientation of the system. In fact, at high concentrations, particle
alignment occurs spontaneously due to steric repulsion [93], giving rise
to the formation of liquid crystal phases. The problem can be even more
complex if it is taken into account that particles are charged, and hence
there exists an electric interaction whose range is limited only by the size of
the EDL. Moreover, even for dilute suspensions, particle interactions have
been found to play an important role in some cases for very low field fre-
quencies, in which the relative motion among the particles leads to strong
dependences on the concentration [78, 80]. Here, we restrict ourselves to
the dilute regime, and the independent particle assumption is implicitly
used along the text unless indicated otherwise.

Electric birefringence and linear dichroism are proportional to the orien-
tational order parameter (Equations 2.68 and 2.71), and hence the analysis
developed for S may be used to study the main features of ∆A and ∆n. In
this manner, Equation 2.61 is translated into:

∆A = ∆ADC + ∆AAC sin(2ωt+ δ)

∆n = ∆nDC + ∆nAC sin(2ωt+ δ)
(2.72)

where ∆ADC(AC) and ∆nDC(AC) are given by Equations 2.68 and 2.71 using
the DC (AC) component of the orientational order parameter, SDC(AC). Most
works focus their attention on the DC component, which is normally re-
ferred to simply as linear dichroism ∆A and electric birefringence ∆n.
Hereafter, we follow this nomenclature and specify the subscript only for
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the AC component.

The dependence of LD and EB on the electric field is determined by Equa-
tions 2.53-2.55. Hence, the observation of the Kerr regime and saturation
are expected at low and high fields respectively. The saturation values are:

∆Asat =

φ∆Ap

−1
2φ∆Ap

∆nsat =


∆αoφ

2nsε0Vp
for prolate particles

−1
2

∆αoφ
2nsε0Vp

for oblate particles
(2.73)

whereas in the Kerr regime:

∆A = ∆Asat
∆αeE2

0

30kBT
∆n = ∆nsat

∆αeE2
0

30kBT
(2.74)

In the case of electric birefringence, it is usual to work with the Kerr con-
stant, a magnitude independent of E0 at low fields, defined as:

K =
∆n

λ0E2
0/2

= φ
∆αo∆αe

30kBTλ0nsε0Vp
(2.75)

where λ0 is the wavelength of the incident light. The frequency depen-
dence of EB and LD are determined by the spectral behaviour of SDC, which
was discussed in a previous section.

2.5.4. Dynamics of EB and LD

The electro-orientation of non-spherical particles and the subsequent ran-
domisation process upon removal of the electric field provoke, respectively,
the rise and the decay of the linear dichroism and the electric birefringence.
These processes are not instantaneous, but rather present a complex dy-
namic behaviour that is analysed in this section. Henceforth, the discussion
for EB is expounded; its extrapolation to the case of LD is straight-forward.

The randomisation process is due only to thermal agitation, and causes
the decay of the birefringence in a finite time after the field is removed. The
EB decay is expected to be in the form of a single exponential function for
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monodisperse samples; for the more realistic case of polydisperse suspen-
sions, in contrast, it must be computed as a superposition of independent
exponential processes with characteristic time τi [47, 94]:

∆n(t) = ∆n0

∑
i

Ai exp (−t/τi) τi =
1

6Θi
(2.76)

being ∆n0 the value of the electric birefringence just before the field is
turned off, Θi the rotational diffusion coefficient of each particle and Ai co-
efficients which measure the contribution of each process to the decay. In
the case of electric birefringence, this contribution is proportional to parti-
cle volume. This can be deduced from Equation 2.75, taking into account
that ∆αo and ∆αe are proportional to Vp.

To obtain an explicit expression for the shape of the birefringence decay
of polydisperse suspensions, we assume a continuous particle size distri-
bution P (m), and calculate the EB as [45, 46]:

∆n(t) = ∆n0

∫
P (m)A(m)e−t/τ(m) (2.77)

where m is the characteristic dimension of each particle, and A(m) and
τ(m) are analogous to Ai and τi in the discrete case. We will further as-
sume a size distribution in the shape P (m) ∝ e−Cm

p
, where C is a constant

and p a positive number. From this expression, using the saddle-point ap-
proximation and neglecting logarithmic corrections at very short times, it
can be shown that ∆n(t) presents the shape of a stretched exponential func-
tion [45, 46]:

∆n = ∆n0e−(t/τ)α (2.78)

where α is a polydispersity factor, ranging from 0 to 1 (monodisperse case),
and τ is a characteristic decay time, which can be related to the average
rotational diffusion coefficient of the particles as Θ = 1/(6τ).

The rise of electric birefringence is more complicated than the decay, since
it is affected by both rotational diffusion and the action of the external field.
For this reason, the general case is not analysed; instead two limiting cases,
weak and high fields, are considered:
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In the first place, when the electric fields are weak, the EB rise is dom-
inated by diffusive processes, and it is symmetric to the decay, for-
merly explained. Thus [95],

∆n(t) = ∆nst

[
1− e−(t/τ)α

]
(2.79)

where ∆nst is the stationary value of the birefringence, and τ and α

present the same value as in the case of the decay.

On the other hand, for high values of the applied field, diffusion is
negligible as compared to the electric driving force. In this situation,
for a single particle, we may equate the torque to the rotational fric-
tion force to obtain the angular velocity θ̇ of the particle [96]:

τ e = d×E = ζRθ̇ → θ̇ =
∆αeE

4ζR
sin θ cos θ (2.80)

being ζR = kBT/Θ the friction coefficient. In this expression, ∆αe

and ζR are proportional to particle volume, and hence θ̇ is indepen-
dent of the particle size. As a consequence, the rise of the birefrin-
gence is expected to be in the form of a single exponential function
even for polydisperse suspensions [89, 96]. In this manner:

∆n = ∆nst

[
1− e−t/τr

]
(2.81)

where τr is a characteristic rise time, whose inverse is expected to
depend linearly on the square of the field amplitude, both in the low
and high field ranges [81, 87], according to the expression:

1

∆nst

d(∆n(t)

dt
=

1

τr
=

2

5

∆αeE2
0

kBT
Θ (2.82)

Figure 2.13 shows an example of the rise and decay dynamics of EB under
different conditions. Here, it can be observed that the decay is independent
of the frequency and amplitude of the applied field, as it depends only on
particle diffusion (Equation 2.78). In the case of low fields, the rise of the
EB, given by Equation 2.79, is symmetric with respect to the decay. On the
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other hand, for high fields, the rise of the birefringence is given by Equa-
tions 2.81 and 2.82. The AC oscillations only appear at low frequencies, as
deduced from Equation 2.63.

FIGURE 2.13: Birefringence rise and decay of a polydisperse sample under 4 different
conditions. The time is given in units of τd. The decay is a stretched exponential function
with α = 0.5. In a) and b), WDC << kBT , and hence the rise and the decay are symmetri-
cal. In c) and d), on the other hand, the rise is in the shape of a single exponential function
with τr = τd/4. In a) and c), ω >> 3Θ and, as a consequence, the AC component of the
birefringence is not observed. In b) and d), in contrast, the birefringence oscillates with

twice the frequency of the applied field (ω = π/τd, ∆nAC = 0.2∆nst).
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3.1. General information

In this section we present the information regarding the methodology and
the materials used during the present work. Most of the experimental de-
terminations have been carried out at a laboratory of the Applied Physics
Department of the University of Granada, referred to as UGR laboratory.
Additionally, some experimental work was developed during a short-term
stay at Queen Mary London University (QMLU). As general information,
the water used in the cleaning of the materials, the synthesis and sample
preparation was deionized and filtered by a membrane of 0.2 µm (Milli-Q
Academic, Millipore, France). The chemical products have analytical qual-
ity and were purchased from Sigma-Aldrich (USA). The measurements of
the absorption spectra (6705 UV/Vis spectrophotometer, Jenway, UK), zeta
potential (Malvern Zeta Sizer Nano-ZS, Malvern Instruments, UK), dy-
namic light scattering (same instrument) and depolarised dynamic light
scattering (3D-DLS System, LS Instruments, Switzerland) were carried out
with commercial devices available in the UGR laboratory. The environ-
mental scanning electron microscope pictures were obtained in the Centro
Andaluz de Nanomedicina y Biotecnología, Málaga. The rest of the micros-
copy determinations were carried out with the instruments of the Centro de
Instrumentación Científica of the University of Granada.

3.2. Materials

3.2.1. Sodium montmorillonite

Montmorillonite is a laminar clay derived from pyrophyllite, a mineral
composed of sheets consisting of two tetrahedral layers of silica and an in-
termediate octahedral layer of alumina[97, 98]. In montmorillonite, certain
atoms of this structure are replaced by others with lower positive valence.
This isomorphic substitution provokes a lack of positive charge in every
layer, which favours the adsorption of cations on the surface. In the pres-
ence of water, the compensating cations can be easily exchanged by others
available in the solution, known as exchangeable cations. These can pen-
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etrate the structure, and therefore are located both on the particle surface
and in between the layers . Moreover, the water molecules also enter the
laminar structure, which strongly increases the basal distance of the clay,
an effect known as swelling. In aqueous suspension, this material can ex-
pand its volume by a factor 10-15 [97, 99].

The surfaces and the edges of sodium montmorillonite particles present
different charging mechanisms:

As mentioned, the surface charge is caused by imperfections of the
crystalline structure due to the isomorphic substitution of atoms in
the lattice. This negative charge is constant and independent of pH
and salt concentration.

On the other hand, the edge charge is due to the interruption of the
silica and alumina layers, and the subsequent adsorption of potential-
determining ions on the broken bonds [98]. The main charging mech-
anism is the exposure of Al3+ ions [98, 100]. This gives rise to a
strongly pH-dependent charge, which becomes more positive for low
pH values and decreases for more acid pHs, getting to reserve its
sign. Different works have shown that the edge charge is positive for
pH lower than 7 [101, 102].

Figure 3.1 shows a schematic representation of the mentioned structure
in an acidic medium. The layers of the material are negatively charged. In
aqueous suspension, the water molecules and the exchangeable ions (Na+

in the case of sodium montmorillonite) penetrate in between the sheets
and cause the swelling of the material. On the edges of the particles, the
H+ ions are absorbed, furnishing a pH-dependent charge.

In order to control the species present in the montmorillonite suspen-
sions, it is convenient to substitute the cations in between the layers by
those of the added electrolyte, so that all exchangeable ions are of the same
kind. In this manner, sodium montmorillonite (NaMt) was obtained from
bentonite (Serrata de Níjar, Spain) by a process of homoionization [103],
consisting of successively rinsing the clay with a 1 M sodium chloride so-
lution; surplus ions were removed by repeated cycles of centrifugation and
redispersion in deionized water. The resulting gel was dried and put aside
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FIGURE 3.1: Schematic representation of a sodium montmorillonite particle in an acidic
medium.

for sample preparation. The NaMt samples were sonicated for 5 minutes
prior to measurements being taken.

The sodium montmorillonite particles were observed by environmental
scanning electron microscopy. This technique allows us to maintain a cer-
tain level of humidity in the chamber (around 20% in our case), avoiding
particle aggregation. As a result, individual NaMt particles can be distin-
guished. As shown in Figure 3.2, NaMt particles are planar and irregu-
lar, and the sample is very polydisperse. The average diameter is 1.2±0.3
µm, where the error indicates the standard deviation of the distribution by
number. These pictures do not allow the determintion of the particle thick-
ness. The individual layers are only intuitively appreciated at the broken
edges of the particle (Figure 3.2b).

FIGURE 3.2: a) Environmental scanning electron microscopy picture of the sodium mont-
morillonite sample. b) Detail of a single particle.
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3.2.2. Gold nanorods

The gold nanorods (AuNRs) used in this work were synthesised in the
UGR laboratory following the Ag+-mediated seeded growth meethod [104],
in which the anisotropic growth is achieved by a capping layer of cetyltri-
methylammonium bromide (CTAB). At the end of the synthesis procedure,
the CTAB forms a 3.3 nm compact bilayer that covers the rods completely.
Gold nanorods present a very low negative charge, insufficient to achieve
stability of the suspensions. Instead, it is the CTA+ chains attached to the
gold surface which provide a large net positive charge that prevents par-
ticle aggregation [? ]. Hence, the CTAB layer is essential for the stability
of aqueous suspensions of AuNRs. Figure 3.3 shows a schematic represen-
tation of the structure of a CTAB-stabilised gold nanorod. These particles
have a zeta potential of 50 mV. When the CTAB is removed by centrifu-
gation, the zeta potential goes to small negative values, and the particles
aggregate.

FIGURE 3.3: Schematic representation of a gold nanorod (orange) stabilised by a compact
CTAB layer (purple).

To synthesise the gold nanorods, a seed solution and a growth solution
were prepared and mixed as follows [105]:

The seed solution was obtained by adding 25 µL of 50 mM HAuCl4
and 300 µL of 10 mM NaBH4 to 4.7 mL of a 100 mM CTAB solution.

For the growth solution, 190 µL of 37% HCl, 120 µL of 10 mM AgNO3,
100 µL of 50 mM HAuCl4 and 100 µL of 100 mM ascorbic acid were
added to 10 mL of a 0.1 M CTAB solution.
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Lastly, 24 µL of the seed solution were added to the growth solution
and the mixture was stored overnight at 30◦C.

A transmission electron microscope (TEM) picture of the resulting parti-
cles is displayed in Figure 3.4, where it can be observed that the sample is
quite monodisperse and the shape of the rods is regular. From the mea-
surement of 70 particles, an average length of 56±9 nm, a mean diameter
of 16±4 nm and an average aspect ratio 3.7±0.8 were obtained.

Because of their metallic nature and elongated shape, AuNRs display two
plasmon resonances, due to the oscillation of electrons along the transverse
and longitudinal axes [105]. Thus, AuNR suspensions exhibit beautiful
colors, which depend strongly on the rod size and shape. In Figure 3.5, the
optical absorption spectrum of a 9.8 mg/L suspension of the synthesised
AuNRs is shown. Here, two absorption peaks, corresponding to the two
characteristic dimensions of the rods, are clearly observed. The transverse
mode is situated at a wavelength of 520 nm, and the longitudinal mode at
850 nm. The resulting suspension color, purplish red, is shown in the same
image.

FIGURE 3.4: High-resolution TEM picture of the AuNR sample.
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FIGURE 3.5: Absorption spectrum of a 9.8 mg/L gold nanorod suspension. The inset
shows the color of a 98 mg/L AuNR suspension.

The concentration of the suspension resulting from the synthesis was es-
timated from the amount of gold precursor. The obtained value, 98 mg/L,
yields an extinction coefficient at the longitudinal plasmon peak of 6.6 ·109

Lmol−1cm−1, which is in very good agreement to measured values for rods
with a similar effective radius, 4.5-6.5·109 Lmol−1cm−1 [106]. For the ex-
periments that required higher particle concentrations, the solutions were
concentrated by two centrifugation cycles (15000 rpm, 5 min) up to 1400
mg/L.

3.2.3. Silver Nanowires

The silver nanowires (AgNWs) used in this work were obtained com-
mercially from PlasmaChem, Germany. Figure 3.6 shows TEM pictures
of these particles at two different zoom-scales. Here, it can be observed
that the particles are highly elongated, and the sample presents significant
polydispersity. From the measurement of 480 wires, we determined a mean
particle length of 3.0±2.3 µm and an average diameter of 121±17 nm. Fur-
thermore, in the zoom-in microscope picture, it can be observed that the
AgNWs seem to present a coating with a thickness of a few nanometers.
The composition of this layer was analysed by X-ray photoelectron spec-
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FIGURE 3.6: TEM pictures of the AgNWs at two different zoom scales.

troscopy (XPS), which shows the presence of silver and oxygen. The XPS
peaks corresponding to these two elements are shown in Figure 3.7. These
results suggest that the particle surface is at least partially oxidised.

As determined by electrophoretic mobility measurements, the silver na-
nowires present a small negative charge, probably due to the caping agents
used in the synthesis reaction. The zeta potential value ranges from -20 to
-40 mV, depending on the ion content. The particles could be easily dis-
persed in water with the help of a sonicator, and the suspensions remained
stable for hours. The absorption spectrum of the wires is presented in Fig-
ure 3.8, where a peak at around 400 nm is observed. This may be attributed
to the transversal surface plasmon resonance of the wires [107].

3.2.4. Carbon Nanotubes

Carbon nanotubes consist of rolled-up graphene sheets, typically with a
length in the micro-scale and a diameter of a few nanometers [108]. The
orientation of the rolled graphene layers strongly affects the microscopic
properties of the tubes, such as electronic transport [109, 110]. In fact, be-
cause of the different possible atomic structures, statistically one third of
the carbon nanotubes are metallic and two thirds, semiconducting [111].
Figure 3.9a shows a schematic representation of a graphene layer, where
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FIGURE 3.7: XPS peaks corresponding to silver and oxygen.

FIGURE 3.8: Absorption spectrum of a 100 mg/L sample of AgNWs in aqueus suspen-
sion. The inset is a colour picture of the sample.
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two possibilities for the geometry of the carbon nanotubes, one metallic
and one semiconducting, are indicated. Moreover, carbon nanotubes can
be formed by multiple coaxial graphene layers, which further complicates
the analysis of their characteristics. In this work, we use single-walled car-
bon nanotubes (SWNTs) and double-walled carbon nanotubes (DWNTs),
whose simplified structure is shown in Figure 3.9b. For DWNTs, it must be
taken into account that all particles with at least one conducting layer, 5/9
of the total, are metallic [112].

FIGURE 3.9: Schematic representations of carbon nanotubes. a) Two possibilities for the
formation of carbon nanotubes from a graphene layer. The black lines indicate the atoms
that coincide after the sheet is rolled. The blue and red configurations correspond to a
semiconducting and a metallic tube respectively. b) Structure of a metallic SWNT (purple)

and DWNT (orange).
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The single- and double-walled carbon nanotubes used in the present work,
synthesised by the arch-discharge method, were obtained commercially
from Carbolex and US Research Nanomaterials respectively. The SWNTs
were subjected to a process of soxhletting for 12 hours using toluene, in
order to remove amorphous carbon. The resulting sample contains 90%
SWNTs and 10% encapsulated catalyst (nickel). The DWNT sample was
used with commercial purity, 60%, since the main impurities, single- and
multi-walled carbon nanotubes, cannot be removed by this process. In
both cases, the particles were dispersed in 1,2-dichloroethane with the help
of an ultrasonic probe.

Figures 3.10 and 3.11 display TEM pictures of the SWNT and DWNT sam-
ples. Although the manufacturers report a value of the individual tube di-
ameter of 1.4 nm and 1-3 nm, in the microscope image it can be observed
that particles are bundled, with a mean bundle width of 12 nm and 9 nm
respectively. The average lengths are 500 nm and 600 nm, ant the standard
deviation is 400 nm in both cases.

FIGURE 3.10: TEM pictures of the SWNTs.

3.2.5. Graphene oxide flakes

Graphene is an allotrope of carbon consisting of a single layer of atoms
arranged in an hexagonal lattice [113]. When the sheet is decorated at
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FIGURE 3.11: TEM pictures of the DWNTs.

some degree with oxygen containing groups, mainly hydroxyl and epoxyl
groups on the surface and carbonyl and carboxyl groups at the edges [114],
the material is referred to as graphene oxide (GO). The degree of oxida-
tion strongly affects the properties of the GO flakes, such as electric con-
ductivity, optical absorbance or hydrophobicity [115, 116]. For instance,
while graphene is a good conductor, for GO a transition from metallic to
semiconducting and insulating behaviour can be observed as oxidation in-
creases [117]. This occurs because of the presence of sp3 hybridised carbon
atoms due to the functional groups, which perturb the pure sp2 hybridisa-
tion of graphene.

The exact atomic structure of GO is still uncertain, and depends on sev-
eral factors. Furthermore, recently it has been reported that the functional
groups are distributed aperiodically, and that typically there are bare gra-
phene areas combined with heavily functionalised regions [118]. In spite
of this, a schematic model of a sheet of graphene oxide, showing possible
oxygen-containing functionalities, is shown in Figure 3.12.

The graphene oxide flakes used in this work, purchased from Graphe-
nea (Spain), were obtained by chemical processing of bulk graphite. Ac-
cording to the manufacturer, the particles are formed by a monolayer in
a high percentage (>95%). From a scanning electron microscope image of
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FIGURE 3.12: Schematic representation of a possible atomic structure of a GO flake.

the flakes, shown in Figure 3.13, a mean major axis length of 2.5±2.2 µm
was obtained. The C:O ratio of the particles was determined by XPS mea-
surements, which provide a value of 2.1. The XPS peaks corresponding
to carbon and oxygen are shown in Figure 3.14. Thanks to the functional
groups present on the GO surface, the particles could be easily dispersed
in water with the help of a sonicator. The GO platelets present a small
negative charge, with a zeta potential of around -30 mV.

FIGURE 3.13: High resolution scanning electron microscopy pictures of the graphene
oxide flakes.
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FIGURE 3.14: XPS peaks corresponding to carbon and oxygen.

3.2.6. Other particles

An overview of additional materials used in this work is given below. In
all cases, the particles could be easily dispersed in water with the help of a
sonicator, and the suspensions were stable for hours.

Goethite needles: Goethite is the mineral form of iron(III) oxide-hydroxide,
α-Fe3+O(OH). The goethite needles used in this work were purchased from
Sigma Aldrich (USA), and observed by TEM (Figure 3.15a). As shown, the
particles are irregular and very elongated, and the sample is highly poly-
disperse. An average length value of 410±190 nm and mean aspect ratio
of 12±6 were obtained from the measurement of 80 particles.

PTFE rods: Polytetrafluoroethylene (PTFE) particles were obtained from
Ausimont (Italy), and kindly provided by Drs. Bellini and Mantegazza
(University Milano-Bicocca, Italy). Figure 3.15b displays a microscope im-
age of the sample, where the regular rod shape can be appreciated. From
the observation of 300 particles, the average length (480±100 nm), diame-
ter (240±50 nm) and aspect ratio (2.0±0.5) were obtained.

Gibbsite platelets: Gibbsite, Al(OH)3, is one of the mineral forms of alu-
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FIGURE 3.15: TEM pictures of a) goethite needles, b) PTFE rods, c) gibbsite platelets, d)
sepiolite particles and e) laponite nanodisks.

minium hydroxide. The gibbsite platelets used in this work, synthesised
by the procedure detailed in [119], were kindly provided by Drs. Bellini
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and Mantegazza. As observed in the microscope picture (Figure 3.15c),
the particles are planar, with a quite regular hexagonal shape. From 140
particles, a volume-averaged length of 250±60 nm was obtained. Gibbsite
platelets are very slim, with a reported aspect ratio of 13 [50].

Sepiolite needles: Elongated particles of sepiolite, a clay mineral, were
purchased from Sigma Aldrich and used for comparison measurements. In
the TEM picture shown in Figure 3.15d, it can be observed that the particles
are needle-shaped, and the sample is extremely polydisperse. The average
length is 600±500 nm.

Laponite nanodisks: Laponite R©-RD nanodisks were obtained from BYK
(Germany) and used for supplementary measurements. A TEM picture
of these synthetic clay particles, provided by Dr. Ramos (University of
Jaén, Spain), is shown in Figure 3.15e. Although particle distinction is not
straight-forward because of their very small size, it can be appreciated that
the sample is very monodisperse, with a particle size in the nanoscale.

LUDOX spheres: LUDOX R© AS-30 colloidal silica particles were pur-
chased from Sigma-Aldrich. The particles are spherical and negatively
charged, and have a diameter of 30 nm. The sample can be considered
monodisperse.

3.3. Methods

3.3.1. Electro-optical determinations

Electric birefringence and linear dichroism measurements were performed
with a home-made device based on the measurement of the change in light
transmission through an optical setup containing the samples, when these
are subjected to external electric fields. The optical setup is different for
EB and LD measurements, but the main characteristics of the experiments
are similar in both cases. The samples are placed in a quartz cell (Starna
Scientific, UK) of 1 cm path length, shown in Figure 3.16. In general, plas-
tics, especially when they are subjected to the stress necessary to build the
cell, are birefringent, what would introduce a parasitic contribution in the
measurements. For this reason, quartz was chosen as a suitable material to
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minimise the stress birefringence. The cell was thermostated at 15◦C using
a water circuit. The samples are subjected to an external uniform electric
field via vertical planar stainless steel electrodes with a 1 mm separation
(Figure 3.16) immersed in it.

FIGURE 3.16: Detail of the electrodes and quartz cell used in the experiments.

Sinusoidal electric field pulses in a frequency range of 10 Hz-50 MHz are
sent to the electrodes from a commercial generator (Tektronix AFG 3101,
USA). When needed, low frequency (Piezo Systems Inc. EPA-104,USA)
and high frequency (AR Modular RF KMA2020, USA) amplifiers are used.
The application of the field in the form of pulses instead of a continuous
signal serves a double purpose: It prevents the overheating of the sample
and allows the observation of the dynamic response of the system. The
pulse duration is adjusted for each sample, and varies from some millisec-
onds to several seconds. High-quality HP wires were used, which present a
good behaviour in the wide spectral and field strength ranges used in this
work. A He-Ne laser beam (Laser Products 05-LHP-151, USA) traverses
the optical setups for the determination of EB and LD, which include the
sample. All the optical plates were purchased from Edmund Optics, UK.
The transmitted intensity is collected by a photodiode (Edmund Optics,
UK) connected to a digital oscilloscope (Tektronix TDS 2012C, USA). The
data acquisition and analysis are computer controlled. Figure 3.17 shows a
complete picture of the experimental setup, where the mentioned elements
can be distinguished.
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FIGURE 3.17: Picture of the experimental setup for electro-optical measurements. The
main elements are indicated on the image.

In the QMLU laboratory, a similar device for the determination of LD and
EB was used. In this case, the samples were placed in a 3 cm long Teflon
cell with glass walls. The electrodes have a separation of 2 mm. The room
temperature was kept at 20 ± 0.2◦C. The electric field was supplied by a
function generator (Thurlby Thandor Instruments model TG5011, UK) in a
frequency range of 100 Hz-10 kHz, and was amplified using a commercial
voltage amplifier (Trek 609E-6, USA). The silicon junction photodiode and
all the optical plates were purchased from Thorlabs, USA.

Linear dichroism

The linear dichroism measurements are based on the changes in light
transmission caused by the orientation of the particles due to their higher
absorbance along the major axis. The optical setup consists of i) a polar-
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izer parallel to the electric field and ii) the suspension. Figure 3.18 shows a
schematic representation of this setup and a picture of the ensemble.

FIGURE 3.18: Optical setup for the determination of linear dichroism. The elements of
the schematic representation can be identified in the picture.

In the case of elongated particles, the normal orientation is with the sym-
metry axis along the direction of the field, and therefore parallel to the light
polarization. In this case, the light intensity I(t) transmitted by this setup
is related to the parallel dichroism of the sample as ∆A‖ = log10 I0/I(t),
where I0 is the light intensity transmitted when no electric field is applied
to the suspension. Taking into account Equation 2.67, the total dichroism
can be obtained via the equation [89]

∆A =
3

2
log10

I0

I(t)
(3.1)

On the other hand, oblate particles align with their symmetry axis per-
pendicular to the electric field, and hence to the polarization plane of the
incident light. Thus, ∆A⊥ = log10 I0/I(t) and:
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∆A = −3 log10

I0

I(t)
(3.2)

Electric birefringence

When a linearly polarised light beam travels through a suspension of par-
ticles oriented with an external electric field, a retardation δ appears be-
tween the components parallel and perpendicular to the orientation axis,
due to the different speeds of propagation in these directions [43]. Hence,
the light beam exits the system elliptically polarised. The resulting retar-
dation is directly related to the birefringence of the medium as:

δ =
2πl

λ0
∆n (3.3)

where l is the path length. The optical setup for the measurement of EB is
based on this effect. It consists of i) a polarizer at 45◦ to the electric field, ii)
the suspension, iii) a quarter-wave plate whose fast axis is placed parallel
to the polarizer axis and iv) an analyser at 90◦-α to the initial polarization.
The angle α is small, normally with a value of ±3◦. Figure 3.19 shows a
schematic representation of this setup and a picture of the ensemble.

Because of the complexity of this optical system, the calculations of the
transmitted intensity were carried out by Jones calculus, modelling the
birefringent sample as an element which introduces a retardation δ. A
complete description of the calculations can be found in Reference [120].
Taking into account Equation 3.3, the birefringence of the sample can be
obtained as

∆n(t) =
λ

πl

arcsin

√I(t)

I0
sinα

− α
 (3.4)

This setup for the experimental determination of EB presents several ad-
vantages over other options. In the first place, the choice of a configuration
with non-crossed polarisers allows to minimise the effect of light transmis-
sion through crossed non-ideal polarisers. Moreover, the measurements
are based on the ratio I/I0, which is convenient, since the photodiode gives
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FIGURE 3.19: Optical setup for the determination of electric birefringence. The elements
of the schematic representation can be identified in the picture.

a signal proportional to I , but not its actual value. In addition, this config-
uration allows the determination of the sign of the birefringence, unlike
others which do not include a quarter-wave plate. This setup also enables
the correction of the stress birefringence introduced by the cell, provided
that it is sufficiently small, by a simple procedure described in detail in Ref-
erence [120]: When assembling the optical setup, in the first place, α is set
to zero and the analyser is slightly rotated until the minimum transmitted
intensity is found. After this, α is set to its final value. With this protocol,
the stress birefringence is counteracted.

OJO: Dice Angel que explique por que el fotodiodo no da la intensidad,
pero no se a que se refiere.

Furthermore, linear dichroism can also affect the experimental determi-
nation of electric birefringence. Thus, when light polarised at 45◦ to the
orientation of the particles traverses the sample, not only a retardation ap-
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pears between the two components, but also does a difference in the ab-
sorption between the two main directions occur, affecting the transmitted
intensity. If the absorption of the particles is significant, this effect can al-
ter the birefringence measurements. Our experimental setup enables the
correction of such effect, given that LD is previously measured. For this
purpose, Equation 3.4 must be modified in the following manner [89, 121]:

∆n(t) =
λ

πL

arcsin


√√√√ I(t)

I0
sinα2 − ζ(∆A)

Ω(∆A)

− α


ζ(∆A) = 1/4 · 10−2∆A/3 + 1/4 · 10∆A/3 − 1/2 · 10−∆A/6

Ω(∆A) = 10−∆A/6

(3.5)
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Electric Birefringence Spectroscopy of Montmorillonite Particles

P. Arenas-Guerrero, G. R. Iglesias, A. V. Delgado, M.
L. Jiménez (2016). Soft matter, 12(22), 4923-4931.

Electric birefringence (EB) of suspensions of anisotropic particles can be
considered an electrokinetic phenomenon in a wide sense, as both liquid
motions and polarization of the electrical double layer (EDL) of the par-
ticles participate in the process of particle orientation under the applied
field. The EB spectrum can be exploited for obtaining information on the
dimensions, average value and anisotropy of the surface conductivity of
the particles, and concentration and Maxwell-Wagner polarization of the
EDLs. It is thus a highly informative technique, applicable to non-spherical
particles. In this paper, we investigate the birefringent response of plate-
like montmorillonite particles as a function of the frequency and ampli-
tude of the applied AC electric field, for different compositions (pH, ionic
strength, particle concentration) of the suspensions. The transient electric
birefringence (i.e., the decay of the refractive index anisotropy with time
when the field is switched off) is used for estimating the average dimen-
sions of the particle axes, by modeling it as an oblate spheroid. The ob-
tained values are very similar to those deduced from electron microscopy
determinations. The frequency spectra show a very distinct behaviour at
low (on the order of a few Hz) and high (up to several MHz) frequen-
cies: the α and Maxwell-Wagner-O’Konski relaxations, characteristic of
EDLs, are detected at frequencies above 10 kHz, and they can be well ex-
plained using electrokinetic models for the polarization of EDLs. At low
frequencies, in contrast, the birefringence changes to negative, an anoma-
lous response meaning that the particles tend to orient with their symme-
try axis parallel to the field. This anomaly is weaker at basic pHs, high
ionic strengths and low concentrations. The results can be explained by
considering the polydispersity of real samples: the fastest particles redis-
tribute around the slowest ones, inducing a hydrodynamic torque opposite
to that of the field, in close similarity with results previously described for
mixtures of anisometric particles with small amounts of spherical nanopar-
ticles.
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4.1. Introduction

The optical properties of suspensions of non-spherical colloidal particles
can be modified by the application of an electric field [42, 49, 88]. One
of these electro-optical effects is the electric birefringence (EB), that is, the
anisotropy of the refractive index of the suspension caused by the elec-
trically induced orientation of the particles. The analysis of EB has been
proposed as a suitable technique for the characterization of non-spherical
particles [1, 42, 43, 49, 88, 122], as it is susceptible to provide much useful
information not only about the optical, electrical and geometrical proper-
ties of the particles in suspension but also about the electrokinetic phenom-
ena taking place at their interfaces. For instance, Transient Electric Birefrin-
gence (TEB), the study of the dynamic response of the system, is utilized to
examine the size distribution of the particles in the sample [45, 48–50, 87].
Electric Birefringence Spectroscopy (EBS), the analysis of the behaviour of
the birefringence as a function of the frequency of the applied field, albeit
yet incomplete, can provide exhaustive information about the different po-
larization mechanisms of the nanoparticles and their electric double layers
(EDLs) [1, 25, 26, 49, 122, 123].

However, although the foundations of the electric birefringence have been
long-established, the process is hitherto not understood on the whole and
cannot yet be considered as a widespread characterization technique [26,
80, 124, 125]. Thus, microscopic models relating the nanoparticle proper-
ties to their macroscopic birefringent response are to date not completely
satisfactory [1, 25, 26, 45]. For instance, only simplified geometries are
considered; the effect of the polydispersity of the sample and the pres-
ence of interparticle interactions are taken into account partially if at all;
the effect of the hydrodynamic torque is normally neglected [25] and the
contribution of a heterogeneous charge distribution is still an open ques-
tion [25, 55, 126]. Consequently, further research of the topic is needed, not
only from an applied point of view, but also at a fundamental level.

Similar to other laminar materials, sodium montmorillonite (NaMt) is a
good candidate for the analysis of EB, since these clay particles are known
to possess a non-homogeneous and pH-dependent charge [97, 103, 127,
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128]. Moreover, it has been found that suspensions of sodium montmo-
rillonite and other similar clays exhibit a negative (anomalous) birefrin-
gence [84, 124, 129], sparking interest in the phenomenon. The mentioned
anomaly consists in the tendency of the particles to orient under some con-
ditions with their major axis perpendicular to the external field, instead of
parallel, as in "normal" EB. In dilute suspensions, negative birefringence
has been recently reported for a variety of materials [50, 80, 125, 130, 131],
and in most cases it cannot be explained theoretically inside a classical
framework.

With this motivation, in this article we will focus our attention on the
study of the birefringence phenomenology of sodium montmorillonite sus-
pensions. Firstly, TEB experiments are performed together with electron
microscopy determinations in order to estimate the size distribution of the
sample. Thereupon, an extensive examination of the spectral response of
this material is carried out in order to study the electrical properties of the
particles and the origin of the anomalous response.

4.2. Theory

4.2.1. Electro-orientation of non-spherical particles.

When an electric field E is applied to a colloidal suspension, an electric
dipole is induced on the particles [52, 66, 67]. If these are not spherical,
their electric polarizability is anisotropic [25, 70, 122, 123], and for axially
symmetric particles, this anisotropy can be expressed by the scalar quan-
tity ∆αe = αeb − αea, being αeb(α

e
a) the electric polarizability along their ma-

jor(minor) axis, b and a, respectively. In general, this quantity is different
from zero, and hence, the total dipole moment induced by an applied field
is not parallel to the latter. As a consequence, it appears an electric torque
that tends to orient the particle with its major axis parallel to the external
field.

In addition, most non-spherical nanoparticles exhibit anisotropic optical
polarizability ∆αo = αob − αoa, due to their shape and/or their anisotropic
crystal structure. Normally, when the particles are suspended in an elec-
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trolyte solution, their orientation is random and the system is optically
isotropic on a macroscopic scale. However, upon application of an external
electric field, particles orient, giving rise to an anisotropy in the refractive
index of the suspension known as birefringence and given by [42]

∆n =
∆αoφ〈P2(cos θ)〉

2nsε0Vp
(4.1)

where φ is the volume fraction of dispersed particles, ns the refractive
index of the suspending solution, ε0 the vacuum permittivity and Vp the
particle volume. 〈P2(cos θ)〉 is the average value of the second Legendre
polynomial of the orientational distribution, which is a measure of the de-
gree of alignment of the particles with the external electric field.

In this contribution we restrict ourselves to diluted suspensions of parti-
cles with no intrinsic dipole moment and we work in the low field range,
where expansions in power series of E are usable. In these conditions,
and neglecting the viscous forces (which is a good approximation for high
frequency fields [26]) an explicit expression of ∆n is available [122]

∆n =
∆αo∆αeφE2

0

30nskBTVp
(4.2)

Here kB is the Boltzmann constant, T the temperature and E0 the field am-
plitude. The quadratic dependence of the birefringence on E0 is known as
Kerr’s law and allows us to define the Kerr constant, a magnitude inde-
pendent of the field strength, as

K =
∆n

λE2
0

(4.3)

where λ is the wavelength of the incident light beam.

4.2.2. Transient Electric Birefringence (TEB).

Upon removal of the external electric field, rotational diffusion due to
thermal agitation will randomize the orientation of the nanoparticles in
a finite time. The subsequent decay of the birefringence is expected to
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be in the form of a simple exponential for monodisperse samples; for the
more realistic case of polydisperse samples, however, the relaxation of the
birefringence must be computed as a superposition of independent expo-
nential processes. In this manner, under reasonable assumptions, it can
be shown that ∆n(t) presents the shape of a stretched exponential func-
tion [45]

∆n(t) = ∆n0 exp [−(t/τ)α] (4.4)

where τ is a characteristic decay time and α a polydispersity factor. These
two parameters provide an average rotational diffusion coefficient Θ for
the particles in suspension by the relation [45]

Θ =
α

6τΓ(1/α)
(4.5)

where Γ is the Euler gamma function.

This coefficient depends on the third power of the particle size, and there-
fore its measurement can provide a good estimation of the size distribution
of the sample. The diffusion coefficient is related solely to the particle’s size
and shape, and analytical expressions are available for simple geometries.
In this work we have modelled our particles as oblate ellipsoids of major
axis b and aspect ratio ρ = b/a. In this case, Θ can be written as [132]

Θ =
3kBT

16πηa3

[
(2− ρ2)(1− ρ2)−1/2 arctan(

√
ρ2 − 1)− 1

1− ρ4

]
(4.6)

being η the viscosity of the suspending medium. Making use of eqns (4.5)
and (4.6), an estimation of the average particle size can be calculated from
TEB measurements.

4.2.3. Electric Birefringence Spectroscopy (EBS).

When the electric field applied to the suspension is alternating, ∆n can be
separated into two spectral components: a time-independent DC compo-
nent or steady-state birefringence and an AC component oscillating with
twice the frequency ν of the field
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∆n = ∆nDC(ν) + ∆nAC(ν) sin(4πνt) (4.7)

The spectral behaviour of ∆nDC and of ∆nAC furnish information about
different properties of the particles in the suspension. On the one hand, the
amplitude of the AC oscillations decreases with ν, becoming negligible at
a certain value of the frequency of the applied field. Such value gives an
idea of the characteristic time at which the particles can no longer follow
the field oscillations, and therefore provides an estimation of the particle
size.

On the other hand, the spectral behaviour of the DC term is related to
the relaxations of the particle’s dipole, and hence a thorough analysis of
the ∆nDC spectrum is very useful for the characterization of the electrical
properties of the nanoparticles in suspension. Because the AC component
averages to zero over time, the DC Kerr constant can be defined as

K(ν) =
2〈∆n(ν)〉
λE2

0

(4.8)

Normally, two relaxations can be observed in the DC birefringence spec-
trum of colloidal suspensions, namely, the α and the Maxwell-Wagner-
O’Konski (MWO) relaxations. The α relaxation is related to the concen-
tration polarization, which is in turn produced by the different transport
numbers of coions and counterions in the double layer [67]. The character-
istic frequency for the α relaxation can be estimated as να ∼ D/R2, being
D the diffusion coefficient of the ions in solution and R the characteris-
tic diffusion length, of the order of the particle size. If the frequency of
the field is larger than να the concentration polarization mechanism can-
not be established and therefore can no longer contribute to the formation
of the electric dipole. In this case, the dipole is determined by the MWO
polarization mechanism. For spherical and insulating particles, it has been
demonstrated [66] that MWO electric polarizability is the same as that of a
conductive particle with an effective conductivity of Keff = 2Kσ/R, being
Kσ the surface conductivity. This is normally the case of colloidal par-
ticles, where the excess of conduction in the EDL can be simulated as a
surface conductivity. If particles are not spherical, the effective conduc-
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tivity is different for the two axes, Kb,a [25], being the relation between
them a geometrical factor in the case of homogeneous charge. For the case
of non-homogeneously charged particles this relation is not geometrically
determined [49]. This polarization relaxes at a characteristic frequency,
νMWO, determined by the particle and medium conductivities and permit-
tivities [66]. When ν > νMWO, the free charges in the EDL of the particle
cannot successfully redistribute anymore and only the molecular polariza-
tion contributes to the dipole formation.

4.3. Materials and Methods

4.3.1. Materials

NaMt was obtained from bentonite (Serrata de Níjar, Spain) by a process
of homoionization [103] consisting in successive rinses of the clay with a 1
M sodium chloride solution; surplus ions were removed by repeated cycles
of centrifugation and redispersion in deionized water (Milli-Q Academic,
Millipore, France). The resulting NaMt gel was dried and put aside for
sample preparation.

Sodium montmorillonite is a laminar clay with negative charge on the
faces and a pH dependent charge on the edges [97, 103], whose isoelectric
point is located at pH 7, a value close to the natural pH of the NaMt sus-
pensions (6.8). The average dimensions of the particles were firstly deter-
mined by environmental scanning electron microscopy (ESEM, FEI Quanta
250 SEM, The Netherlands). This technique allows us to maintain a certain
level of humidity (around 20 % in our case) in the chamber, avoiding par-
ticle aggregation. As a result, individual particles can be distinguished, as
shown in Fig. 4.1a. From this image, the histogram in Fig. 4.1b is obtained
and the average length (by volume) of the major axis of the particles is esti-
mated as 1.7± 0.6 µm. In addition, in Fig. 4.1a we can see that the particles
are planar, and hence, we can approximate their shape by oblate spheroids.



4.3. MATERIALS AND METHODS 87

a)

b)

FIGURE 4.1: Geometrical characterization of the clay particles. a) ESEM picture of a NaMt
sample; b) histogram of the largest axis lengths obtained from a).

4.3.2. Methods

The electric birefringence of the suspensions is obtained via the analysis
of the polarization of light after passing through the samples [43, 133]. In
the experimental setup, a He-Ne laser beam traverses i) a polarizer at 45◦

to the electric field, ii) the suspension, iii) a quarter-wave plate whose fast
axis is placed parallel to the polarizer axis and iv) an analyser at 90◦ − α
to the initial polarization. All the optical elements were purchased from
Edmund Optics, UK.

The sample is placed in an optically neutral quartz cell of 1 cm path length
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(Starna Scientific, UK), thermostated at 15.0 ± 0.2◦C, and subjected to an
external uniform electric field via vertical planar stainless steel electrodes
immersed in it and separated 1 mm. Sinusoidal electric field pulses (dura-
tion of 5 s) in a frequency range of 1 Hz-10 MHz are sent to the electrodes
from a commercial generator (Tektronix AFG 3101, USA). The light inten-
sity transmitted through the optical setup is collected by a photodiode (Ed-
mund Optics T59-142, UK) connected to a digital oscilloscope (Tektronix
TDS 2012C, USA). The data acquisition and analysis are computer con-
trolled. The light intensity I reaching the photodiode at time t is directly
related to the birefringence of the sample, ∆n(t), by [120]

∆n(t) =
λ

πl

arcsin

√I(t)

I0
sinα

− α
 (4.9)

where I0 is the intensity transmitted by the setup when no electric field
is applied and l is the path length. In order to determine the steady-state
birefringence, the plateau region of 1 or 2 pulses is averaged over time.
The stress birefringence introduced by the cell is subtracted as indicated
elsewhere [120].

4.4. Results and Discussion

4.4.1. General features

In Fig. 4.2 the birefringent response of a sample of NaMt subjected to elec-
tric field pulses is shown. As can be observed, the shape of the transient
behavior of the DC component is independent of the frequency of the ap-
plied field. Systematic measurements do not show any dependence on the
particle concentration, ionic strength, pH of the sample, field strength, and
pulse duration. On the other hand, the AC oscillations can only be ob-
served for the 1 Hz data, being negligible for other presented frequencies.
This can be seen in a more detailed way in Fig. 4.3a, where the amplitude
of the AC oscillations as a function of the frequency of the applied field is
presented. The oscillations decay strongly with ν, becoming negligible at
a frequency of about 100 Hz. This behavior indicates that for times shorter
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than 0.01 s the particles are not able to follow the field oscillations, which
is expected for micron-sized particles.

FIGURE 4.2: Birefringent response (relative to the stationary DC value) of EB measure-
ments of a sample of NaMt 1 g/L and 0.3 mM NaCl when subjected to field pulses of

different frequencies, 5 seconds of duration and a field amplitude of 10 V/mm .

A more precise estimation of the particle’s size can be achieved from TEB
measurements. In Fig. 4.3b, the obtained decay of the birefringence af-
ter the field is turned off is presented together with a fit of the data via a
stretched exponential function (eq 4.4). From the obtained values of τ and
α (374 ± 2 ms and 0.593 ± 0.002, respectively), making use of eqns (4.5)
and (4.6), and assuming ρ = 3, we obtain a diameter of 1.9 µm for these
particles. This value is very similar to the one obtained via ESEM pic-
tures, differing from it by no more than 20%, a deviation comparable to
that found for other planar particles [50]. These results show that, even
though our sample is polydisperse, this method is adequate for the estima-
tion of the particle size.

In our experiments, Kerr’s law is satisfied in every case for E0 < 11

V/mm. At larger fields, deviation from this law due to saturation of the
birefringence is observed, in agreement with the data reported elsewhere
[128] where it was found that linearity with E2

0 is lost above 20 V/mm for
similar clays. Hereafter all experiments are performed with an electric field
of 10 V/mm and hence, the Kerr constant can be properly used.
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a)

b)

FIGURE 4.3: EB measurements of a sample of NaMt 1 g/L and 0.3 mM NaCl; the field
amplitude is 10 V/mm. a) Spectrum of the AC component of the birefringence. The dashed
line is a guide to the eye. b) Birefringent response (relative to the stationary DC value) of the
sample when subjected to field pulses of different frequencies and 5 seconds of duration.

Fig. 4.4a shows a typical birefringence spectrum of NaMt. The spectrum
exhibits a complex structure with different dispersion processes occurring
at all explored frequencies. As already pointed, if only the electric torque
promoted by the external field is taken into account, the Kerr constant is
proportional to the polarizability anisotropy (see ec. 4.2), and hence, the
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dispersion in Fig. 4.4a is a manifestation of the different electrokinetic phe-
nomena that contribute to the induced polarization. The electrokinetic ex-
pectations are depicted in Fig. 4.4b for oblate spheroids with a radius of 800
nm and an aspect ratio of 3, suspended in 0.3 mM NaCl solution. In these
and subsequent calculations, the models used are those in [25, 122]. Two
cases are presented: particles that exhibit a homogeneous charge distribu-
tion (for which Ka/Kb = 0.27), and particles presenting a strong charge
anisotropy (Ka/Kb = 0.008). The observed spectra can be understood con-
sidering the frequency dependences of the mechanisms responsible for the
polarization along the minor (αea) and major (αeb) axes of the particle. Both
polarizabilities increase in the kHz range at similar frequencies, but the
rise is more significant for αeb due to the larger characteristic size in this
direction, and the balance between αea and αeb produces an increase in ∆αe.
The increase in polarizabilities is associated to the disappearance of con-
centration polarization (ions cannot move a distance of the order of R be-
tween two field inversions), which diminishes the polarizability when it is
present. On the other hand, around 10 MHz, both polarizabilities decrease
sharply, being again the amplitude of the relaxation larger for αeb , and at
frequencies highly dependent on the particle conductivity. In the case of
non-homogeneous charge distribution, this conductivity, and, hence, the
characteristic frequency differs for the two polarizations, and can be dis-
tinguished in the spectrum of ∆αe in this frequency range: an increase due
to the MWO relaxation associated to αea is followed by a larger decrease as-
sociated to αeb . The decay of αea,b is due to the progressive disappearance of
the dipole associated to the mismatch of particle/medium conductivities.
The most relevant difference between the spectra calculated for homoge-
neous and non-homogeneous charge distributions is the presence of the
hump before the MWO decay in the latter case, whereas the homogeneous
case presents a dip after the MWO decay.

The features of the electrokinetic predictions in Fig. 4.4b are in line with
the experimental results of Fig. 4.4a. In the kHz range there exists an in-
crease of the Kerr constant which corresponds to the α relaxation. This
increase occurs at a frequency comparable to that expected from electroki-
netic calculations, although the amplitude of the jump is larger than pre-
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a)

b)

FIGURE 4.4: a) Kerr constant of NaMt suspensions (1 g/L particles, 0.3 mM NaCl) as a
function of the frequency of the applied field. The points are the experimental data and
the line is the electrokinetic prediction. Field strength 10 V/mm. Electrokinetic predictions
for the electric polarizability along the major (αeb) and minor (αea) axes of the particles and
for the electric polarizability anisotropy (∆αe). Two cases are analysed: homogeneous
(Ka/Kb = 0.27) and heterogeneous (Ka/Kb = 0.008) charge distribution. The particles
are oblate spheroids with major semiaxis b = 800 nm and aspect ratio b/a = 3. Dispersion

medium: 0.3 mM NaCl

dicted. This can be understood, since in the kHz range the hydrodynamic
torque, not taken into account in the theoretical calculations, can play an
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important role on the orientation of the particles [26]. In the MHz range,
the hump and final decay in this spectrum is well reproduced by the elec-
trokinetic model. According to the model, this hump indicates that NaMt
particles have an heterogeneous charge distribution. In the Hz range the
birefringence presents a negative value, indicating a switch in the axis of
alignment of the particles that is not predicted by classical electrokinetics,
in line with findings by other authors working with sodium montmoril-
lonite and other similar clays [84, 124, 125, 129, 131]. Note that the negative
values correspond to an anomalous orientation of the particle, with its axis
of symmetry along the electric field. The characteristic frequency of this
process (νc) is located at around 7 Hz.

Some features of the spectrum are similar to those presented by other
planar particles like gibbsite in Ref. [50], although the Kerr constant values
and the MWO relaxation frequency are much higher in the present work
because of the larger particle size and surface conductivity. For example, at
1 MHz, the value of the electrical polarizability is αea = −5.49× 10−28 Fm2

along the symmetry axis and αeb = 2.41× 10−27 Fm2 along the particle sur-
face. In this case, the polarizability anisotropy per unit volume, ∆αe/Vp =

3.7 × 10−9 F/m, is comparable to values obtained elsewhere [124, 128] for
similar materials.

From the experimental birefringence spectrum much information about
the properties of the particles in suspension can be obtained. First, we de-
termined the value of their optical anisotropy, ∆αo = 4.3×10−33 Fm2. This
value corresponds to particles with a lower refractive index than the one of
NaMt (n = 1.5) due to the swelling of this material [97]: sodium montmo-
rillonite particles absorb water, which lowers their refractive index, thus
reducing the magnitude of the Kerr constant. From the value of ∆αo we
can calculate the refractive index of the swollen particles, and hence esti-
mate their water content. The obtained value of the volume fraction, 88%
of water, is in agreement with the values found elsewhere [97, 99] (90-93%)
for the osmotic swelling of sodium montmorillonite.

From the electrokinetic predictions we can also obtain information about
the geometrical properties of the particles in suspension. Note that the de-
gree of swelling does not only affect the refractive index but also the aspect
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ratio of the hydrated particles, in the same proportion. In fact, from the
experimental results we obtain an aspect ratio ρ = 3.3 for the swollen par-
ticles. Given the water content, this corresponds to an aspect ratio of 30 for
the dry particles, a reasonable value for these particles. The obtained value
of the major axis length is 1.6 µm, in good agreement with the average size
obtained from both ESEM and TEB determinations.

4.4.2. Effects of pH and ionic strength

The birefringent response of sodium montmorillonite is modified sub-
stantially when the pH of the sample is changed, as can be clearly ob-
served in Fig. 4.5. This is an intriguing result, since the pH alters only
the edge charge, which is much smaller than the surface charge. Note that
these results cannot be caused by structure formation, since TEB experi-
ments confirm that the transient behaviour is not altered by edge charge
variation. Therefore it can be suggested that indeed the charge distribu-
tion plays an important role on particle electro-orientation. The effect of
the pH on the birefringence spectrum can be introduced in the electroki-
netic predictions via the modification of the conductivity along the particle
symmetry axis. The agreement between the experimental data and the the-
oretical predictions is very good for frequencies above 104 Hz, where the
MWO dispersion is the predominant contribution. As it can be seen in Ta-
ble 4.1, the pH modifies the particle’s conductivity anisotropy, the more
so at more acid pHs, when the edges are charged positively in contrast
with the negatively charged faces. However the experimental values are
always far from the case of homogeneously charged particles, for which
K‖/K⊥=0.27. The conductivity valuesKσ are rather large, probably a man-
ifestation of the presence of the Stern layer conductivity [52, 134, 135]. This
comes from the motion of ions (not liquid) in the stagnant layer, that is, the
volume comprised between the solid boundary of the particle and its slip
or electrokinetic plane, which roughly corresponds to the beginning of the
diffuse part of the EDL. This agrees with the estimations ofKσ of montmo-
rillonite particles of the same origin as those used in this work, obtained
using DC conductivity data [136]. These authors found Kσ = 6 × 10−8 S,
comparable to our present data. Concerning the values of effective particle
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conductivity Keff, our results yield Keff = 0.05 S/m, almost identical to
those reported in Ref. [136], as expected from the similarities between the
samples. The values of surface conductivity shown in Table 4.1 are how-
ever larger than those reported by other authors in layered materials. For
example, Dozov et al. [128] calculated Kσ = 0.5 × 10−8 S for beilledite
particles. However, this corresponds to a larger value for Keff (15 S/m in
their case), that is, to highly conductive particles.

TABLE 4.1: Values of the surface conductivity and charge anisotropy obtained from the fit
of the electrokinetic expressions to the experimental data. The pH dependence is analysed

at 0.3 mM NaCl. The ionic strength dependence is studied at pH 7

pH Kσ (10−8 S) Ka/Kb

5 4.4 0.003
7 4.0 0.008
9 3.7 0.009
NaCl (mM) Kσ (10−8 S) Ka/Kb

0.1 4.1 0.008
0.3 4.0 0.008
0.6 3.9 0.008
1 3.5 0.008

In Fig. 4.6 the EB spectra for different values of the NaCl concentration
are shown. The same features as in the previous figures are observed, and
a similar analysis provides the surface conductivities shown in Table 4.1.
The relation Ka/Kb does not change appreciably, which is coherent with
the fact that neither the edge nor the face charges are modified by changes
in the ionic strength.

4.4.3. Low-frequency anomalous birefringence

As mentioned, it is remarkable that in the low frequency range there ex-
ists a reversal of the birefringence for all values of the pH and the ionic
strength (Figs. 4.5a and 4.6a). Such an effect has been previously reported
for a number of materials [50, 80, 84, 124, 125, 129–131], always for DC or
slowly oscillating fields, and cannot be explained by classical electrokinetic
theories.
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a)

b)

FIGURE 4.5: Kerr constant spectra of NaMt suspensions (1 g/L and 0.3 mM NaCl) for the
indicated pH values. a) Complete frequency range; b) detail of the high frequency region.
The points are the experimental data and the lines correspond to the predictions of the

electrokinetic model [25].

The features of the anomalous effect for sodium montmorillonite sam-
ples can be summarized as follows. First, in Fig. 4.2 we observe that the
dynamic behaviour is the same in the negative and positive birefringence
regions, with Kerr’s law being always fulfilled. The negative effect is larger
for more acidic values of the pH (Fig. 4.5a), when the edge and face charges
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a)

a)

FIGURE 4.6: EB spectra of samples of sodium montmorillonite (1 g/L, pH 7) with dif-
ferent values of the ionic strength: a) Complete frequency range, b) zoom in the high
frequency range. The points are the experimental data and the lines correspond to the

predictions of the electrokinetic model [25].

exhibit opposite signs. Regarding the ionic strength dependence, in Fig. 4.6a
it can be seen that the anomalous birefringence is more pronounced for
smaller values of the salt concentration.

A first hypothesis for the explanation of the negative effect could be the
formation of structures. This can be ruled out since such phenomenon
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would lead to a change in the dynamic behaviour in the low frequency
range, which is not detected. However, long range particle interactions are
still plausible. In order explore this possibility, we studied the EB spectrum
as a function of particle concentration C. The results are shown in Fig. 4.7a,
where it can be observed that in the kHz and MHz ranges all curves col-
lapse to the same values, indicating that the Kerr constant is proportional
to the particle concentration. We can thus consider that the system is di-
lute and particle interactions can be neglected in the high frequency range.
On the other hand, in the Hz range K/C depends strongly on the parti-
cle concentration. These results lead to the conclusion that the negative
torque is caused by long-range particle interactions and rule out an expla-
nation based on a single particle phenomenon. In Fig. 4.7b, the spectrum
of the logarithmic derivative of the normalized Kerr constant ( 1

C
dK
d log ν ) is

presented. Here, it can be observed that the shape of the curve is indepen-
dent of the particle concentration. Thus, even though a larger value of the
concentration yields a more pronounced negative effect, the characteristic
frequency of the process does not depend on the volume fraction.

The negative birefringence can have either an electric or hydrodynamic
origin. In the former approach, the existence of a permanent [84, 129] or
saturable [124, 130] induced dipole moment for these particles has been
proposed as possible explanation for this effect. However, a theory based
only on the existence of a dipole of electric origin perpendicular to the
particle surface cannot account for the concentration dependence found
in Fig. 4.7a. Moreover, the fulfillment of Kerr’s law is not compatible with
the existence of a saturable induced dipole moment.

In order to explain this concentration dependence, a particle-concentration
induced mechanism that gives rise to an overall perpendicular dipole mo-
ment was proposed in [125] to account for the anomalous orientation of
laponite and hectorite. There it was argued that, for high concentrations,
the overlapping of the EDLs of the edges of adjacent particles diminishes
the polarization along the particle surface, leaving unperturbed the per-
pendicular component. At some point, the latter can reach larger values,
leading to a preferred perpendicular orientation. Nevertheless, if this is the
case, the effect should occur whatever the frequency of the applied field, in



4.4. RESULTS AND DISCUSSION 99

a)

b)

FIGURE 4.7: a) Birefringence spectra of samples with 0.3 mM NaCl and different con-
centrations of NaMt. The birefringence is normalized to the particle concentration C. b)
Spectrum of the logarithmic derivative of K/C. The characteristic frequency of the anoma-

lous behaviour (νc = 7 Hz) is indicated in grey.

contrast to our results. In fact, in the MHz range the Kerr constant does not
depend on the particle concentration, ruling out the EDL overlapping as a
possible explanation for our system. In addition, since the EDL is very thin
in our case (around 20 nm), particles would need to be very close for this
effect to occur. Hence, some dependence of the dynamics of the system
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with the particle concentration would be expected, but this has not been
found.

The anomalous orientation has also been observed in bidisperse systems
of non spherical particles (or primary particles, PPs) and smaller (secondary)
nanoparticles (SPs) of different composition [50, 80]. This effect is enhanced
when the SP concentration increases, whereas smaller SPs tend to produce
this action for a wider frequency range. The anomalous torque experi-
enced by the primary particles is subsequently confirmed in these cases
through measurements of the turbidity of the samples for incident laser
light polarized either parallel or perpendicular to the electric field [137].
The explanation for the negative K values was based on the assumption
that in the low frequency range the SPs distribute themselves asymmetri-
cally around the PPs exerting a hydrodynamic torque that forces them to
orient with their minor axis along the electric field. Similarly to normal
hydrodynamic torques or electrical ones, the existence of the anomalous
torque should not affect the randomization time. Also, this effect should
occur at low frequency, where an asymmetric particle distribution, driven
by their different electrophoretic velocities, is possible.

Such a possibility is in fact theoretically confirmed in [26], where the au-
thor shows that when ions accumulate asymmetrically around a particle,
they can provoke a hydrodynamic torque opposite to the electric one, pro-
ducing an anomalous orientation at low enough frequencies. In the case of
bidisperse systems there are not slow ions, but the mechanism described in
[26] is still valid: the SPs migrate at different velocity than PPs and hence,
they move asymmetrically around the particle provoking the anomalous
orientation.

The anomalous effect in [80] has several similarities with our experimen-
tal results. Particularly, in our case, the role of SPs can be played by the
smaller size range in the polydisperse sample, thus explaining the negative
effect and the low frequency range at which it occurs. This explanation is
coherent with the absence of any effect on the relaxation time, as shown in
Fig. 4.2 and with the enhancement of the anomalous effect with the par-
ticle concentration, displayed in Fig. 4.7a. In contrast, the characteristic
frequency at which it occurs depends only on the particles velocity, and is



4.5. CONCLUSIONS 101

therefore independent of the concentration, in line with results in Fig. 4.7b.
The pH dependence is also coherent with this picture: for acid pHs, the
negatively charged faces of the smaller particles will be more strongly at-
tracted to the positive edges of the larger ones, enhancing the anomalous
orientation. In addition, increasing the ionic strength will reduce their at-
traction by the larger electrostatic screening. This explains the smaller sig-
nificance of the anomaly for higher NaCl concentrations (Fig. 4.6).

4.5. Conclusions

The analysis described of the birefringence of sodium montmorillonite
suspensions demonstrates the positive prospects of this technique and the
amount of information that it can provide on such complex systems. The
frequency spectra of the birefringence permits the observation of well known
relaxations of the ionic clouds in EDLs, namely, α and Maxwell-Wagner.
The use of classical electrokinetic theories further enables a quantitative
analysis from which the surface conductivity and its anisotropy (associ-
ated to the face-edge inhomogeneous charge distribution) can be obtained.
Interestingly, the low frequency range of the birefringence spectra shows
anomalous negative values, that is, a tendency of the particles to orient
with their faces perpendicular to the applied field, instead of parallel. Such
effect is minimized at basic pHs (all surfaces are negatively charged), high
ionic strengths (electrostatic screening) and low concentrations. Compari-
son with previous data on bimodal suspensions suggest that this behavior
is the result of an additional torque induced by the interaction between the
smallest particles of the size distribution of the clay and the largest ones.
Such interaction necessarily occurs at low frequencies, where particle ac-
cumulation, driven by their difference velocities, is possible.
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When subjected to an external electric field, carbon nanotubes in sus-
pension are polarized and forced to rotate due to the consequent electric
torque. The analysis of this electro-orientation is interesting not only at
a fundamental level, but also because of the many applications that re-
quire the alignment of these particles. Moreover, the study of the inter-
action of the tubes with an electric field is a highly informative technique,
able to provide much information on their microscopic properties. In order
to monitor the orientation of the particles, in this work we measured the
macroscopic optical anisotropy of the suspension, or electric birefringence,
that emerges when the tubes are oriented by the field. Two types of parti-
cle were studied: single-walled and double-walled carbon nanotubes. The
electric, optical and geometrical properties of the suspended tubes were
analysed via the field dependence of the electric birefringence over a wide
range. Remarkably, it was found that, whilst SWNTs show a positive sig-
nal, DWNTs exhibit a negative birefringence caused by an anomalous op-
tical anisotropy of unknown origin.
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5.1. Introduction

Carbon nanotubes consist of rolled-up graphene sheets with a diameter
in the nanoscale but a micron-sized length. Because of their extreme as-
pect ratio, they can be considered as the nearly one dimensional form of
fullerenes. They were discovered in 1991 [108], and since then they have
generated much interest both because of their unique physical properties
[109, 110, 138, 139] and their potential applications [109, 138–141] in elec-
tronics, nanomaterials or nanomedicine.

Much work has been carried out on the characterization of carbon nan-
otubes, regarding their thermal, geometrical, mechanical, chemical or elec-
tronic properties [109, 138, 139, 142–144]. Furthermore, many works fo-
cus on the optical properties of carbon nanotubes and other carbon-based
nanoparticles, and their potential applications [142, 145–148].

Special attention has been paid to the morphology of the tubes [109, 110],
which directly affects their microscopic properties. For instance, electronic
transport is highly affected by the atomic structure, and depending on the
orientation of the rolled graphene layers, the tubes can be either metallic
or semiconducting [111]. Furthermore, carbon nanotubes can be made of
a single graphene sheet, or by several of them structured coaxially. In the
latter case, the interplay of the different layers can also play an important
role in the microscopic properties of the tube [112, 149].

Moreover, the current understanding of the interaction of carbon nan-
otubes with external electric fields is basic not only at the fundamental
level, but also from the applied point of view. Thus, many applications re-
quire the controlled deposition and orientation of these particles [150–153].
For instance patterns of aligned tubes have been used as DNA or protein
sensors [13, 154], microscopy nanoprobes [14], structures for field emission
displays [155] and photodetectors [15]. The use of electric fields has proven
a simple and efficient method for the controlled orientation of these parti-
cles [22, 150], but is not yet a widespread technique. Furthermore, the sep-
aration of the metallic and semiconducting nanotubes, essential for appli-
cations in nanoelectronics, may be tackled via dielectrophoresis [19, 156].
Although some effort has been carried out to understand the orientation
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of carbon nanotubes in electric fields [22, 96, 157–159], further work is still
needed for achievement of its full potential.

With this motivation, in this work we monitored the orientation of single-
and double-walled carbon nanotubes in non-aqueous suspension under
the application of an external electric field, via the measurement of the elec-
tric birefringence (EB) and the linear dichroism (LD). The thorough study
of the birefringent phenomenology provides information about the elec-
tric, optical and geometrical properties of the tubes [78, 96].

Non-spherical particles present anisotropic microscopic properties, in par-
ticular an anisotropic polarizability [25, 49] which, for intrinsically homo-
geneous materials, is determined solely by the particle geometry. In the
case of elongated, axially symmetric particles, this polarizability aniso-
tropy can be written as ∆α = αL−αd, where L(d) refers to the major(minor)
axis of the particle.

Hence, when an electric field is applied to a suspension of non-spherical
particles, the dipole induced on them [25, 49] is generally not parallel to
the electric field, due to the electrical polarizability anisotropy at the field
frequency, ∆αe. This generates a torque that forces the particles to ori-
ent until the dipole is aligned with the field direction, normally with their
major axis parallel to it. This phenomenon, known as electro-orientation,
competes with the rotational diffusion of the particles, which tends to ran-
domize their orientation.

The electro-orientation of the particles under the application of an electric
field gives rise to an optical anisotropy of the suspension at a macroscopic
level. In this work we analysed the electric birefringence ∆n, and the linear
dichroism ∆A.

The electric birefringence is the anisotropy induced on the refractive in-
dex of the suspension due to the electro-orientation of the particles, and it
can be written as [42]

∆n =
∆αoφ〈P2(cos θ)〉

2nsε0Vp
(5.1)

where φ is the volume fraction of the particles, ns the refractive index of
the suspending solution, ε0 the vacuum permittivity and Vp the particle
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volume. ∆αo is the polarizability anisotropy of the particles at optical fre-
quencies, θ the angle between the particle symmetry axis and the electric
field and 〈P2(cos θ)〉 the average value of the second Legendre polynomial
of the orientation distribution, a measure of the degree of alignment of the
particles with the external electric field. For large enough fields, when the
particles are fully oriented, 〈P2(cos θ)〉 = 1 and the birefringence tends to
the saturation value

∆nsat =
∆n(E →∞)

φ
=

∆αo

2nsε0Vp
(5.2)

For low fields, however, 〈P2(cos θ)〉 decreases due to the effect of rota-
tional diffusion. When expansions in power series of E0 are usable, it can
be shown that the average of the Legendre polynomial, and therefore the
EB, is proportional to the second power of the field strength, a dependence
known as Kerr’s law. Thus, the Kerr constant, a magnitude independent
of the field strength, can be defined as

K =
∆n

λE2
0/2

(5.3)

where E0 is the field amplitude and λ the light wavelength.

Because of this proportionality, when a sinusoidal electric field of fre-
quency ν is applied to the suspension, the birefringence presents both a
DC an AC component [49], the latter oscillating with twice the frequency
of the applied field

∆n = ∆nDC + ∆nAC sin(2νt) (5.4)

Unless indicated otherwise, the birefringence refers to the DC component.
The AC component averages to zero over time and therefore the value of
∆nDC can be easily obtained from the experimental signal.

In this contribution we restrict ourselves to diluted suspensions of par-
ticles with no intrinsic dipole moment. Furthermore, the viscous torque
is neglected, a good approximation in the case of uncharged rods [49]. In
these conditions, an explicit expression of the Kerr constant is available in
the low-field range [122]
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K =
∆αo∆αeφ

30nsε0kBTVpλ
(5.5)

where kB is the Boltzmann constant, T the temperature and ∆αe the elec-
tric polarizability at field frequencies.

After the application of an electric field the induced birefringence grows
and reaches a stationary value in a finite time. As mentioned, the build-
up process of the electric birefringence presents in general both a diffusive
and an electric contribution. However, for large-enough fields, the former
can be neglected.

In these conditions, it was found that the angular velocity of orientation
of the particles does not depend on their size, but only on the applied field
and the viscosity of the medium [96]. Hence, the polydispersity of the
sample is not relevant for the build-up process, which, as a result, is in the
shape of a single-exponential function

∆n(t) = ∆nst(1− e−t/τr) (5.6)

Here ∆nst is the stationary value of the birefringence and τr the charac-
teristic rise time. The inverse of τr is expected to depend linearly on the
square of the field amplitude, both in the low field [87] and high field [81]
ranges, according to the expression (Θ is the rotational diffusion coefficient
of the particles):

d(∆n/∆nst)

dt

∣∣∣∣
t→0

=
1

τr
=

2∆αe

5kBT

E2
0

2
Θ (5.7)

Upon removal of the external electric field, rotational diffusion due to
thermal agitation will randomize the orientation of the particles in a finite
time. The rotational diffusion coefficient is strongly size-dependent, and,
for the case of long cylinders (ρ > 2), can be written as [160]

Θ =
3kBT

πηL3
[ln ρ+ Cr] =

FΘ

L3

Cr = −0.662 + 0.917/ρ− 0.050ρ2

(5.8)
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where η is the viscosity of the suspending medium and ρ = L/d the aspect
ratio of the particles. As a result, the decay of the birefringence is highly
affected by the particle size and by the sample polydispersity. The decay of
the birefringence is expected to be a superposition of individual exponen-
tial processes. Under reasonable assumptions, such superposition yields a
decay in the form of a stretched exponential function [45, 46]

∆n(t) = ∆n0exp

[
−
(
t

τd

)α]
(5.9)

where ∆n0 is the initial value of the birefringence, τd a characteristic decay
time and α a polydispersity factor. From these parameters, an average
diffusion coefficient can be calculated as

Θ =
α

6τΓ(α−1)
(5.10)

Thus, from the analysis of the birefringence decay, the diffusion coeffi-
cient can be obtained. From it, the length of the particles can be calculated
using Eq. 5.8. This procedure, referred to as stretched exponential method,
has been used in many works for size determination from birefringence
measurements [50, 78, 161]. Since the birefringent signal is proportional to
Vp, the average size provided by this technique is weighted by volume.

The electro-orientation of non-spherical particles also gives rise to an ani-
sotropy in the light absorption of the sample. The linear dichroism is de-
fined as the difference between the absorption A in the directions parallel
and perpendicular to the applied electric field

∆A = A‖ −A⊥ = ∆A‖ −∆A⊥ (5.11)

where ∆A‖(⊥) = A‖(⊥)−A0 and A0 is the absorption when no electric field
is applied to the suspension.

For normal orientation, the major axis of the particles, more absorbent,
is in the parallel direction. Therefore A‖ > A⊥ and ∆A is positive. Only
when the particles orient anomalously, with their minor axis along the field
direction, is a negative LD expected. Since the linear dichroism is propor-
tional to the orientation of the particles in the sample, the same general
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features of EB (frequency and field strength dependences, effect of the con-
centration, transient behaviour, ...) are expected in the case of LD.

5.2. Experimental

5.2.1. Materials

In this work we have analysed the electro-optic behaviour of two different
types of particles: single-walled carbon nanotubes (SWNTs) and double-
walled carbon nanotubes (DWNTs), obtained commercially from Carbolex
and US Research Nanomaterials respectively. In all experiments, the par-
ticles were dispersed in 1,2-dichloroethane with the help of an ultrasonic
probe. It has been checked that the electro-optic response of the solvent is
negligible under the applied fields. The suspensions are stable over peri-
ods of several days, but were sonicated for 20 minutes prior to measure-
ments being taken in every case.

The tubes were synthesized by the arch discharge method. The SWNTs
were purified by soxhletting for 12 hours using toluene. This process re-
moves amorphous carbon, much more soluble than SWNTs. Acetone was
used to remove toluene from the sample, which was then dried. Approxi-
mately 12-15% of the original sample is left after this procedure, of which
it was found that approximately 90% are SWNTs, the other 10% encapsu-
lated catalyst (nickel). However, as the impurities do not have large electric
dipoles (either permanent or induced), and they are isotropic and small
in size, they do not affect the anisotropy measurements; they only con-
tribute to isotropic absorption, but not to birefringence. This was experi-
mentally tested for the present work. For the DWNTs, the main impurities
are single- and multi-walled carbon nanotubes, which cannot be removed
by this method. Thus, the sample was used at the commercial purity, 60%.

According to the manufacturers, the SWNTs and DWNTs present an indi-
vidual diameter of 1.4 nm and 1-3 nm respectively. Electron transmission
microscopy images of the tubes are shown in Figure 5.1, where it can be
observed that the samples are very polydisperse and that the particles are
bundled in both cases. The presence of the catalyst nanoparticles can be ap-
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FIGURE 5.1: Electron Transmission Microscopy images of the SWNTs and the DWNTs
along with the size distribution obtained from them.

preciated. For the SWNTs (DWNTS), the mean bundle diameter obtained
from the microscopy images is 12 nm (9 nm) and the mean bundle length
is 900±570 nm (550±390 nm), where the error is the standard deviation of
the distributions. The information on the particle length is presented in
Table 5.1.

For calculations carried out in this work, the density of the nanotubes is
needed. For the SWNTs, we used the value found via gradient sedimenta-
tion measurements for the density of bundled SWNTs, 1.87 g/L [162]. In
the case of the DWNTs, the density, 2.1 g/L, is provided by the manufac-
turer. The values of the density (1.26 g/L), the refractive index (ns=1.44),
the viscosity (ηs = 0.84 cP) and the dielectric constant (εs=10.5) of the 1,2-
dichloroethane were also used.
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5.2.2. Methods

The standard methods for the determination of the electric birefringence
and the linear dichroism are based on the measurement of the change in
the light transmission through an optical setup containing the samples
[42, 43, 120]. In this work, a 7 mW, 500:1 polarised, low noise He-Ne laser
beam (λ = 633 nm) is used (JDS Uniphase model 1137p, UK). The samples
are placed in a Teflon cell of 3 cm path length, which is kept at 20◦C, and
they are subjected to an external electric field in the form of short sinu-
soidal pulses supplied by a function generator (Thurlby Thandor Instru-
ments model TG5011, UK) in a frequency range of 100 Hz-10 kHz. The ex-
ternal field is amplified using a commercial voltage amplifier (Trek 609E-6,
US). The light intensity is collected by a silicon junction photodiode (Thor-
labs PDA36, USA). All the optical plates were purchased from Thorlabs.

For the LD measurement, the optical setup consists of i) a polarizer par-
allel to the electric field and ii) the suspension. The light intensity I trans-
mitted by this setup is related to the parallel dichroism of the sample as
∆A‖ = log10

I0
I(t) , where I0 is the light intensity transmitted when no elec-

tric field is applied to the suspension. Taking into account that, due to
symmetry, ∆A‖ = −2∆A⊥, the total dichroism can be obtained via the
equation [163]

∆A(t) =
3

2
log10

I0

I(t)
(5.12)

In the case of EB, the optical setup consists of i) a polarizer at 45◦ to the
external electric field, ii) the suspension, iii) a quarter-wave plate whose
fast axis is placed parallel to the polarizer axis and iv) an analyzer at 90◦-α
to the initial polarization. The offset α allows the sign of EB to be deter-
mined as well as the magnitude. The light intensity I transmitted by this
setup is related to the birefringence of the sample via the expression

∆n(t) =
λ

πL

arcsin

√I(t)

I0
sinα2

− α
 (5.13)

where L is the path length.
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A complete description of this seutp can be found in [120]. Other methods
have been proposed that substitute the quarter-wave plate by a photoelas-
tic modulator, which changes the polarization of the incident light [164].
The sensitivity of ∆n is somewhat smaller than in our case, but the tech-
nique can be used with much shorter optical path lengths. On the other
hand, our setup allows the correction of the stress birefringence of the cell
walls with a simple procedure, described in [120].

Moreover, when the absorption of the sample is not negligible, the changes
in the transmitted intensity caused by LD can affect the experimental de-
termination of EB. Our experimental setup enables the correction of such
effect, given that LD is previously measured. For this purpose, Eq. 5.13
must be modified [121]

∆n(t) =
λ

πL

arcsin


√√√√ I(t)

I0
sinα2 − ζ(∆A)

Ω(∆A)

− α


ζ(∆A) = 1/4 · 10−2∆A/3 + 1/4 · 10∆A/3 − 1/2 · 10−∆A/6

Ω(∆A) = 10−∆A/6

(5.14)

Lastly, for future calculations, it is also necessary to obtain the absorp-
tivity of the carbon nanotubes. For this purpose, we used a commercial
spectrophotometer (6705 UV/Vis spectrophotometer, Jenway, UK) to mea-
sure the transmission of red light trough the nanotube suspensions. From
these data, the extinction coefficient k was experimentally estimated both
for the SWNTs (k = 0.79) and the DWNTs (k = 1.58).

5.3. Results and discussion

5.3.1. Sign of the electric birefringence and the linear dichroism

Experimental birefringent signals of the SWNT and DWNT suspensions
subjected to an electric pulse of 20 ms are shown in Figure 5.2a. The most
remarkable feature of these measurements is that the SWNTs and DWNTs
exhibit a positive and negative birefringence respectively. The anomalous
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(negative) birefringence of the DWNTs has been observed for all the stud-
ied range of frequencies, field amplitudes and particle concentrations.

Negative birefringence has been reported for a variety of materials un-
der different conditions [78, 80, 125], and is normally associated with an
anomalous orientation of the particles where their major axis aligns per-
pendicular to the direction of the electric field. In order to check whether
this explanation applies in the case of the carbon nanotubes, the linear
dichroism of both samples under the same conditions was also measured.

As can be observed in Figure 5.2b, both SWNTs and DWNTs present a
positive dichroism, corresponding to a normal orientation of the particles
parallel to the field. Thus, the negative birefringence of the DWNTs is not
caused by an anomalous orientation and hence, according to Equation 5.5,
the optical polarizability anisotropy of the DWNTs must exhibit a negative
value.

5.3.2. Effect of the field frequency and the particle concentration

The frequency dependence of the EB of a SWNT suspension is shown in
Figure 5.3. Here, it can be osberved that the AC oscillations decay strongly
with the field frequency, and become negligible at about 10 kHz. This be-
haviour indicates that for times shorter than 0.1 ms, the particles are not
able to follow the field oscillations, which is expected for micron-sized par-
ticles.

On the other hand, for frequencies above 500 Hz, the DC component of
the birefringence is independent of the frequency of the applied field. This
behaviour was expected, since there are no frequency-dependent polar-
ization mechanisms in the non-aqueous media in this range. The same
features have been found for the linear dichroism and for the case of the
DWNTs. It can be noticed, however, that the value of the birefringence at
100 Hz is lower than the rest. For these slowly varying fields, the parti-
cles can travel a long distance between two field inversions, and they can
migrate to the electrodes and deposit on them. To avoid such effects, a
frequency of 1 kHz was chosen for the measurements.

The concentration dependence of the EB of the samples has also been
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a)

b)

FIGURE 5.2: Electro-optic response of suspensions of SWNTs and DWNTs 10−4 wt%
when subjected to sinusoidal field pulses of 1 kHz, 20 ms of duration and a field amplitude

of 250 V/mm. a) Electric birefringence. b) Linear dichroism.
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FIGURE 5.3: Transient birefringent response of a SWNT suspension 10−4 wt% when sub-
jected to sinusoidal field pulses of 20 ms of duration, a field amplitude of 250 V/mm and

different frequencies.

analysed. The suspensions used in this work have a particle concentration
of 10−4 wt%, which, taking into account the average dimensions of the
tubes and their low density, corresponds approximately to 1 particle/100
µm3. Hence, the measurements have been carried out in the dilute regime,
and no particle interactions are expected to affect the measurements. This
is confirmed by the linear dependence of the birefringence with the particle
concentration that can be observed in Figure 9.4. Thus, particle interactions
like the ones in [112] do not have an effect on the electro-optical behaviour
of the samples.

5.3.3. Transient behaviour of the birefringence

The transient behaviour of the EB of the samples also provides informa-
tion about the particles in suspension. Figure 5.5a shows the normalized
birefringent response of the SWNTS and the DWNTs as a function of time,
in the same experimental conditions, when subjected to an electric pulse of
20 ms. Interestingly, it can be observed that both types of nanotubes un-
dergo almost the same orientation process (rise of the birefringence), whilst
the randomization process (decay of the birefringence) is different for each
kind of particle. Moreover, similarly to what was found elsewhere [96], the
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FIGURE 5.4: Stationary electric birefringence (in absolute value) of SWNT and DWNT
suspensions of different concentrations. The field strength is 250 V/mm and the field fre-

quency 1 kHz.

rise of the EB can be fitted to a single exponential function.

This shape of the rise suggests that the build-up process does not de-
pend on the particle size and, therefore, the diffusive contributions to the
build-up process must be negligible in comparison to the electric contri-
butions. In these conditions, the inverse of the characteristic time of the
single-exponential build-up process is expected to depend linearly on the
square of the field amplitude. Using Equations 5.7, 5.8 and 5.16, this de-
pendence can be written as

1

τ
=
ε0εsE

2
0

10ηs

(
ln ρ+ Cr⊥

ln 2ρ− 1

)(
1 +

4/3− ln 2

ln 2ρ− 1

)
(5.15)

As can be observed, the L3 contributions of ∆αe and Θ cancel out, and
the expected slope depends only on properties of the solvent and slowly
varying logarithmic functions of the aspect ratio. Since ρ is very similar for
both the SWNTs and the DWNTs, the expected value of the slope is almost
identical for both types of particles, thus explaining their similar build-up
process. As can be observed in Figure 5.5b, proportionality is found in all
the field range. The experimental values of the slope, g = (2.20±0.02)·10−8

m2/sV2 and g = (2.18±0.02)·10−8 m2/sV2, differ from the theoretical ones
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a)

b)

FIGURE 5.5: a) Transient electric birefringence (normalised to the stationary value) of the
samples of carbon nanotubes 10−4 wt% when subjected to field pulses of a duration of 20
ms, a field amplitude of 250 V/mm and a frequency of 1 kHz. The solid line is a fit of the
build-up to a single exponential function. The dashed line is a fit of the decay to a stretched
exponential function. b) Inverse of the rise time as a function of the square of the field

amplitude for the samples in a). The line is a fit of the data to a linear function.



5.3. RESULTS AND DISCUSSION 121

only by 2% and 5% respectively.

On the other hand, the decay of the birefringence is strongly dependent
on the particle size, and therefore the decays of the SWNT and DWNT
samples are very different. Since carbon nanotubes are entangled, the dy-
namics of the decay are related to the morphology of the particle bundles.
In both cases, the decays can be fitted to a stretched exponential function,
as it is shown in figure 5.5.

From the fitting parameters of the SWNTs (α=0.545±0.002, τr=6.95±0.03
ms) and the DWNTs (α=0.3166±0.0006, τr=33.4±0.1 ms), the length of the
tubes was estimated using equations 5.10 and 5.8 and assuming the bun-
dle width found via microscopy. The results are shown in Table 5.1. As
previously mentioned, the average lengths provided by this method are
weighted by volume.

The value of the particle length obtained with this method for the SWNTs,
1100 nm, is very similar to the volume-averaged length obtained from mi-
croscopy measurements, 1270 nm, within a 15% difference. However, in
the case of the DWNTs, the length obtained with the stretched exponential
method, 2400 nm, is much larger than the volume-averaged mean length
provided by microscopy measurements, 860 nm. This indicates that, when
in suspension, the DWNTs are more bundled than when the particles are
dried.

TABLE 5.1: Experimental values of the particle length found by microcopy measurements
(averaged and volume averaged), by the analysis of the birefringence decay via the stret-
ched exponential method and by the analysis of the electrical polarizability anisotropy. For
the microscopy measurements, the error is obtained from the standard deviation of the

distribution.

Method SWNTs DWNTs

Microscopy (averaged) 900 ± 570 nm 580 ± 40 nm

Electrical polarizability anisotropy 1080 ± 200 nm 1630 ± 100 nm

Microscopy (volume averaged) 1270 ± 660 nm 860 ± 430 nm

Stretched exponencial method 1100 nm 2400 nm
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5.3.4. Effect of the field strength

The effect of the field strength on EB has been studied in depth since, as
discussed previously, it can provide useful information about the electric
properties of the particles in suspension. Figures 9.5a and 9.5b show the
experimental birefringence as a function of E2

0 for the carbon nanotubes.
The data presented on these graphs have been corrected to remove the ef-
fect of LD in the birefringence experiment. Although the dichroism cannot
be reliably measured at very high fields, as the experiment is very sensi-
tive to small changes in the sample, it was possible to determine LD until
saturation was achieved, and use this saturation value for the correction at
larger fields.

On the graphs, it can be observed that, as expected, Kerr’s law is satisfied
at low fields, although there exists some intercept that could be caused
by small misalignments or by a not fully corrected stress birefringence
introduced by the cell. For high fields, saturation of the birefringence is
achieved. This behaviour is similar to the one observed for other carbon-
based particles [112]. However, since in our case the suspension is non-
aqueous, the only contribution to polarization is that of the particles, unlike
in [112], where additional polarization mechanisms associated to the parti-
cle charge are present. For this reason, the magnitude of ∆n in Figure 9.5a
is not as large and saturation is achieved at larger fields.

Table 7.1 shows the experimental values of the Kerr constant K, the satu-
ration birefringence ∆nsat and the field at which saturation is achievedEsat

both for the SWNTs and the DWNTs. The values of the electric and opti-
cal polarizability anisotropies, also presented in Table 7.1, were calculated
from K and ∆nsat, using Equations 5.2 and 5.5.

It has been shown elsewhere that the contribution to electric polarizabil-
ity is much higher for the metallic tubes than for the semiconducting ones
[158]. In the case of the SWNTs, the conducting tubes correspond to 1/3 of
the total concentration. For the DWNTs, all particles with at least one con-
ducting layer, 5/9 of the total, behave as metallic [112]. The polarizability
anisotropy of a metallic cylinder of length L and a very large aspect ratio ρ
in a medium with a static dielectric constant εs can be written as [63]
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a)

b)

FIGURE 5.6: Electric birefringence of the samples as a function of the amplitude of the
applied field. The particle concentration is 10−4 wt% and the field frequency 1 kHz. a) Full
range. b) Zoom in the low-field range. The points are the experimental data and the line is

the fit to Kerr’s law.
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TABLE 5.2: Experimental values found from the measurements in Figure 9.5: Kerr con-
stant, saturation value of the birefringence, saturation field, electrical and optical polariz-

ability anisotropies and refractive index of the SWNTs and DWNTs.

SWNTs DWNTs

K (10−12 m/V2) 3.6 ± 0.2 -20.5 ± 0.7

∆nsat 0.041 ± 0.007 -0.074 ± 0.004

Esat (V/mm) 200 ± 20 100 ±20

∆αe (10−30 Fm2) 16.9 ± 3.1 48.7 ± 3.3

∆αo (10−34 Fm2) 1.09 ± 0.18 -2.18 ± 0.13

np 2.6 ± 0.1 ≈ 2.2

∆αe ≈ αe
L =

4πε0εsL
3

24 (ln 2ρ− 1)

(
1 +

4/3− ln 2

ln 2ρ− 1

)
(5.16)

With this equation, the length of the nanotubes can be estimated from
the experimental value of ∆αe. The results are presented in Table 5.1 and,
in the case of SWNTs, are in perfect agreement with the length values ob-
tained from the stretched exponential determination, differing only by 2%.
The result is also very similar to the one found from microscopy measure-
ments, within a 15% difference. These results confirm that the electro-
optical response is due mainly to the metallic tubes.

In the case of the DWNTs, the obtained length is larger than the result
obtained by microscopy, which suggests that the DWNTs are more bun-
dled or aggregated when suspended. This supports the previous results
obtained via the stretched exponential method, which provided a much
larger mean length than the volume-averaged length provided by micros-
copy. However, it is not possible to directly compare the results provided
by the stretched exponential method and by the determination of the elec-
trical polarizability anisotropy, since the former is averaged by volume
while the second is not.

As previously mentioned, carbon nanotubes are entangled, which can af-
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fect their band structure and therefore their electric properties. Indeed,
it has been shown elsewhere that bundling enhances the metallic nature
of the tubes [165]. However, a larger conductivity does not modify the
strength of the electric dipole, but only the characteristic frequency at which
it relaxes. This frequency is orders of magnitude higher than that of our ex-
periments, so changes in it do not affect our EB results.

The optical polarizability anisotropy of non-spherical particles is directly
related to their complex refractive index, n∗p = np+ ik. In the case of highly
elongated rods, this dependence can be written as [25]

∆αo =
ε0Vp

4π
Re


(
n∗2p − n2

s

)2

n∗2p + n2
s

 (5.17)

This expression is valid only for a homogeneous refractive index, which
is expected in the case of the honeycomb structure of graphene. Accord-
ing to Eq. 5.17, if the complex part of the refractive index is known, the
real part can be obtained from the experimental value of the optical polar-
izability anisotropy. As already mentioned, the value of k for the SWNTs
and DWNTs was determined with a spectrophotometer. The values of np
obtained in this manner are presented in Table 7.1.

For the SWNTs, the obtained refractive index, 2.6, is within a 5% differ-
ence with the one found for graphene in [166], 2.73, and very similar to the
values given in [167]. The major contribution to the error is due to the un-
certainty in the purity of the sample, which is estimated to range between
85% and 95%. Despite this rather large uncertainty in the concentration,
the error in ∆αo is quite small (<4%). Therefore, this is a suitable method
to obtain the refractive index of suspended particles.

In the case of the DWNTs, the larger absorption of the particles explains
the negative sign of the optical polarizability anisotropy. It is, to our knowl-
edge, the first time that a negative birefringence associated with the ab-
sorbance of the particles has been reported. The obtained value of the
refractive index of the DWNTs cannot be considered accurate because of
the uncertainty in the concentration of the suspension due to the moderate
sample purity.
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5.4. Conclusion

The study of the electric birefringence of suspensions of carbon nanotubes
allowed the real-time monitoring of their alignment with an external elec-
tric field, and the extraction of much information on the microscopic prop-
erties of the suspended tubes. The analysis of the field dependence of
the birefringence permitted the calculation of the polarizability anisotropy
both at the frequency of the applied field and at optical frequencies for
the SWNTs and DWNTs. From this information, the average length of the
SWNTs and their refractive index were obtained. The results are in excel-
lent agreement with the ones found in other works using different tech-
niques. Furthermore, it was possible to prove that the metallic tubes, and
not the semiconducting ones, control the electro-optical response of the
system.

Interestingly, it was found that DWNTs exhibit a negative birefringence,
in contrast to the positive signal found for SWNTs. Electric dichroism ex-
periments allowed the conclusion that the negative sign of the birefrin-
gence is not due to an anomalous orientation, but rather to a negative op-
tical polarizability anisotropy. This anomalous feature could be explained
taking into account the absorptivity of the DWNTs.

Acknowledgements

Financial support for this investigation by Junta de Andalucía, Spain (grant
No. PE2012-FQM0694), MICINN, Spain (project No. FIS2013-47666-C3-1-
R), is gratefully acknowledged. One of the authors (P. A.) thanks MEC,
Spain for her FPU grant and University of Granada, Spain, for her mobil-
ity grant.



6
DETERMINATION OF THE SIZE

DISTRIBUTION OF NON-SPHERICAL

NANOPARTICLES BY ELECTRIC

BIREFRINGENCE-BASED METHODS





129

Determination of the Size Distribution of Non-Spherical
Nanoparticles by Electric Birefringence-Based Methods
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F. Mantegazza, M. L. Jiménez (2018). Scientific Reports, 8(1), 9502.

The in situ determination of the size distribution of dispersed non-spherical
nanoparticles is an essential characterization tool for the investigation and
use of colloidal suspensions. In this work, we test a size characterization
method based on the measurement of the transient behaviour of the bire-
fringence induced in the dispersions by pulsed electric fields. The specific
shape of such relaxations depends on the distribution of the rotational dif-
fusion coefficient of the suspended particles. We analyse the measured
transient birefringence with three approaches: the stretched-exponential,
Watson-Jennings, and multi-exponential methods. These are applied to
six different types of rod-like and planar particles: PTFE rods, goethite
needles, single- and double-walled carbon nanotubes, sodium montmoril-
lonite particles and gibbsite platelets. The results are compared to elec-
tron microscopy and dynamic light scattering measurements. The meth-
ods here considered provide good or excellent results in all cases, proving
that the analysis of the transient birefringence is a powerful tool to obtain
complete size distributions of non-spherical particles in suspension.
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6.1. Introduction

Non-spherical micro and nanoparticles have gained a growing interest
because of the number of applications associated specifically to shape (drug
delivery, nanosensors, electrorheology, printed electronics, photodetectors,
... [15, 168–171]) as well as their possible use as models with well defined
aspect ratios. Progress in size characterization techniques for these par-
ticles is thus essential both for further development of these applications
and for general progress in nanoparticle synthesis [172–174]. While his-
torically most efforts in size characterization have been directed towards
spherical geometries [175], recent works have specifically targeted the size
characterization of non-spherical particles.

Thus, techniques such as micro-flow imaging, asymmetrical flow field
fractionation, dynamic light scattering (DLS), focused beam reflectance mea-
surements or centrifugal separation analysis have been applied to particles
with different shapes, although there are still many limitations [176–180].
Very promising results have been achieved with the analysis of the optical
absorption spectra of two-dimensional materials like MoS2 [181]. For more
general non-spherical geometries, the study of the electric birefringence of
dispersed particles has proven a useful tool for size characterization [182].

6.1.1. DLS for size characterization of non-spherical particles

Dynamic light scattering is an in situ size characterization technique for
nanoparticles in suspension based on the measurement of their transla-
tional diffusion coefficient, related to the length L of their major axis as

D =
kBT

3πηL
FD (6.1)

where η is the viscosity of the solvent, kB the Boltzmann constant and T

the temperature of the sample. FD is a geometrical coefficient depending
on the shape, but not the size, of the particles. For spheres, FD = 1. Ex-
pressions of FD for the geometries used in this work can be found in the
Supporting Information.
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DLS is the most used tool for the size characterization of spherical par-
ticles, commercial equipments being available and widespread. In many
cases, these commercial devices, prepared for spheres, are used for the size
characterization of non-spherical particles in suspension [177, 183–189].
However, it has been shown that, for these geometries, the contribution
of rotational diffusion, not taken into account, can have important effects
on the DLS determinations [190, 191], and hence alternative approaches
must be proposed.

In recent years, an effort is being made to develop depolarised dynamic
light scattering as a suitable tool for the characterization of non-spherical
particles [178, 192–197]. Nevertheless, this technique still faces experimen-
tal challenges and cannot yet be considered as a widespread method [198].
Moreover, the results are still limited to average dimensions of the particles
and can hardly provide complete size distributions.

6.1.2. Electric birefringence-based methods for size characteriza-
tion

Electric birefringence (EB) is the macroscopic optical anisotropy that emerges
in a suspension of non-spherical particles when they are oriented by the
application of an external electric field. Upon removal of the field, thermal
agitation randomises the orientation of the particles and the birefringence
of the sample decays. This randomisation process, controlled by rotational
diffusion and strongly size-dependent, can be monitored via the measure-
ment of the birefringence decay and, in this manner, information on the
size distribution of the suspended particles can be extracted.

The use of birefringence-based methods for particle size characterization
presents several advantages. First of all, this technique analyses the parti-
cles directly in suspension, so they do not need to be dried out or placed
near a surface. This avoids the corruption of the sample and the modifi-
cation of the state of aggregation. Secondly, a very wide range of sizes,
including the nano and microscale, can be studied with the same method.
In this technique, it is not necessary to know the concentration of the sam-
ple, as long as it can be ensured that particle interactions do not modify the
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rotational diffusion of the single particle.

EB-based methods measure the rotational diffusion coefficient Θ of the
particles, which depends on size as

Θ =
3kBT

πηL3
FΘ (6.2)

where FΘ is a shape factor, with a value of 1/3 in the case of spheres.
Expressions of FΘ for the geometries used in this work can be found in
the Supporting Information. Note that the dependence of rotational diffu-
sion on particle size is much stronger than that of translational diffusion.
Therefore, EB measurements are more sensitive to size than DLS experi-
ments. Moreover, the EB measurements are not affected by translational
diffusion, which simplifies the data analysis as compared to DLS, affected
by both rotational and translational diffusion.

With this motivation, in this work we analyse the suitability of three
different birefringence-based approaches for particle size determination:
the stretched exponential (SE) [45, 199], multi-exponential (ME) [47] and
Watson-Jennings (WJ) [48] methods. From the analysis of a single birefrin-
gence decay, the former enables the determination of the average particle
dimensions, and the latter two can provide a complete size distribution of
the particles in the sample. It is worthy to note that the ME method was
proposed elsewhere [47], but it has not been experimentally tested for col-
loidal particles.

These methods are applied to suspensions of four different types of elon-
gated particles, namely teflon rods, goethite needles, and single- and double-
walled carbon nanotubes, and two types of planar particles, sodium mont-
morillonite particles and gibbsite platelets. The obtained results are com-
pared amongst the three methods and to size distributions obtained from
electron microscopy (EM) and DLS measurements.

Recall that when a suspension of non-spherical particles is subjected to
an external electric field, this will induce an anisotropic distribution of par-
ticle orientations because of the torque of the field on the induced and/or
permanent dipoles of the particles and their electrical double layers. As
a consequence, an optical anisotropy arises at the macroscopic scale, this
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is, the refractive index of the suspension along the direction parallel to the
electric field (n‖) is different to that along the perpendicular direction (n⊥).
The difference ∆n = n‖ − n⊥ is the electric birefringence of the system.

When the field is turned off, the particles randomise their orientation
due to rotational diffusion. The three EB-based methods mentioned for
size characterization measure the diffusion coefficient Θ of the particles
analysing this transient behaviour of electric birefringence upon removal
of the electric field. They can be summarised as follows (more detailed
information is provided in the Supplementary Information file):

SE Method. The decay of the electric birefringence of a polydisperse sam-
ple is expected to be, under reasonable assumptions, in the form of a stret-
ched exponential function [45, 199]

∆n(t) = ∆n0 exp

[
−
(
t

τ

)α]
(6.3)

where ∆n0 is the initial value of the birefringence, α a polydispersity fac-
tor and τ a characteristic decay time, which can be related to the average
rotational diffusion coefficient of the particles as Θ = 1

6τ .

As previously mentioned, the diffusion coefficient is strongly dependent
on the particle size (Equation 6.2), expressions being available for simpli-
fied geometries (presented in the Supporting Information). Thus, from
the obtained value of Θ, the average dimensions of the particles can be
estimated. Note that, since the birefringent signal is proportional to the
particle volume, the average values provided by this method are volume-
weighted.

WJ method. The Watson-Jennings method [48] assumes that the length
distribution of the sample has the shape of a log-normal function

P (L) =
1

Lσ(2π)1/2
exp

{
−[ln(L/LM)]2

2σ2

}
(6.4)

where LM is the median and σ the breadth parameter of the distribution.
For highly oriented systems, these parameters are directly related to the
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initial logarithmic derivative, DWJ, and the area under the curve, IWJ, of
the normalised birefringence decay, as

DWJ =
d

dt

(
ln

∆n(t)

∆n0

)
t→0

= −
6L3

M
FΘ

e15σ2/2 (6.5)

IWJ =

∫ ∞
0

∆n

∆n0
dt =

e9σ2

DWJ
(6.6)

In this manner, LM and σ, and hence the size distribution of the sample,
can be obtained from a single birefringence decay measurement.

ME method. The multi-exponential method [47] assumes that the bire-
fringence decay can be built as a superposition of single exponential decay
processes, each corresponding to a fraction of a well-defined size, as

∆n(t)

∆n0
=

N∑
i=1

Cie
−t/τi (6.7)

The coefficientsCi weight the contribution of each population to the over-
all signal, which in the case of birefringence is proportional to the particle
volume. Thus, these coefficients provide a volume distribution of the par-
ticle dimensions in the sample. The characteristic decay time for each pop-
ulation is determined from the respective rotational diffusion coefficient
with the expression τi = 1/6Θi, where Θi can be calculated if the geome-
try of the particle is known. The values of t and ∆n are obtained from the
measured EB decay. The equation system 6.7 is solved to obtain the Ci.

In contrast with the WJ method, no specific form is assumed for the dis-
tribution. Moreover, unlike the SE method, this technique provides a com-
plete size distribution of the particles in suspension. In order to minimize
the contribution of experimental noise, the birefringence decay data must
be smoothed in some manner. In this work, we have chosen to use the
fitting to a stretched-exponential function for the application of the ME
Method. Furthermore, it must be noted that a reasonable length range
must be found to carry out the calculations. For this purpose, we used
the size estimation provided by the SE method.
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6.2. Methods

We have selected particles both in the micro and nanoscale, with different
shapes, including elongated and planar geometries. Goethite and teflon
(PTFE) rods were purchased from Sigma Aldrich (Spain) and Ausimont
(Italy) respectively. Single- and double-walled carbon nanotubes were ac-
quired from Carbolex (USA) and US Research Nanomaterials (USA). As
planar particles we studied gibbsite platelets, synthesised following the
procedure described elsewhere [119], and sodium montmorillonite (NaMt)
particles, obtained from bentonite (Serrata de Níjar, Spain) by a process of
homoionisation to the Na-form [103]. Briefly, this consisted in rinsing the
sample with a 1 M sodium chloride solution, and redispersing in deionised
water (Milli-Q Academic Millipore, France). All samples were prepared by
simple dispersion of the particles in the solvent with the help of a sonicator.

The electric birefringence data presented in this work have been mea-
sured in different laboratories using the standard device, based on the
measurement of the changes in light transmission though an optical setup
containing the suspension, which is subjected to electric field pulses [78].
The DLS measurements have been performed with a commercial appa-
ratus (Zetasizer, Malvern Instruments (UK)) which provides the diameter
distribution of the particles assuming they are spherical. In order to obtain
the major length of the non-spherical particles, we recalculate the mea-
sured translational diffusion coefficient using the expression for spheres
and then obtain L from equation 6.1.

Note that, in order to apply DLS and the three EB-based methods, ex-
pressions for the translational and rotational diffusion coefficients of the
particles are needed. For this purpose, here we assume that they can be ap-
proximated either by short rods, long rods, thin disks or oblate spheroids
and use equations 6.1 and 6.2, and the expressions of FD presented in the
supporting information, where ρ is the aspect ratio, this is, the quotient
between the major and minor axis of the particles.
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FIGURE 6.1: Birefringence signal of the goethite sample subjected to an electric field pulse
of 30 ms. The points are the experimental data, and the black line a fitting of the decay to a
stretched exponential function. In the inset, the data for short times (points) are presented
in logarithmic scale, along with a linear fitting (black line), to show the linear dependence.

6.3. Results

Figure 6.1 shows the birefringence signal of the goethite sample. Here, it
can be observed that, when the electric field is turned on, the birefringence
grows and reaches a stationary value. When the field is turned off, the
birefringence decays to zero following a stretched exponential function. In
this figure, we also present this decay in logarithmic scale for short times,
in order to calculate the initial logarithmic derivative required for the WJ
method (Eq. 6.5). The birefringence decay of all the studied suspensions
can be consulted in the Supporting Information of this contribution. The
results found for the six samples with the SE, ME and WJ methods are
presented and discussed below, together with the electron microscopy and
DLS measurements.

6.3.1. Goethite needles

The electric birefringence of goethite particles, purchased from Sigma
Aldrich (USA), was analysed in aqueous suspension, at 10 mg/L. The sam-
ple was subjected to electric field pulses of 5 V/mm and 100 kHz. These
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and subsequent experiments with aqueous suspensions were carried out
at 15◦C, to minimise heating effects and solvent evaporation. Figure 6.2a
shows a transmission electron microscopy image of these particles, from
which the volume-averaged length (0.64 µm) and mean aspect ratio (ρ=12.3)
have been obtained. For calculations, we used the expression of the dif-
fusion coefficients of short rods and the microscopy value of ρ. The as-
sumption of constant aspect ratio is not expected to produce a significant
effect on the results, since the /rho-dependence of Θ through F (Θ) is very
smooth, as compared to the L−3 dependence. In fact, when contrasted
with the assumption of constant diameter, both obtained distributions are
comparable, although the constant aspect ratio approximation yields better
results (Fig. S2 of the Supplementary Information).

The length distributions provided by the ME and WJ methods, together
with the one obtained from EM, are shown in Fig. 6.2b. The values of the
mean length and standard deviation of all methods, including DLS, can
be consulted in Table 6.1. All presented distributions and averages are in
volume.

The SE method (τ=7.96 ms and α=0.836) furnishes a mean length of 0.67
µm, within a 5% difference of the microscopy value, and coinciding with
the average length provided by the ME method. As shown in Fig. 6.2b, the
ME method yields excellent results, as the obtained distribution is almost
identical to the one found from EM. The WJ method also gives satisfactory
results, with a mean length of 0.68 µm. However, the WJ distribution is
narrower than the EM results and its maximum is slightly shifted to the
left.

In Table 6.1, the discrepancy of the DLS measurement with EM and the
SE, ME and WJ methods is evident. The distribution obtained by DLS is
wider and strongly shifted to larger lengths than all other results.

6.3.2. PTFE rods

The elongated PTFE particles were purchased from Ausimont (Italy). In
the experiments, an electric field of 40 V/mm and 100 kHz was applied
to a 0.1% v/v PTFE aqueous suspension. Fig. 6.3a shows a transmission
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a)

b)

FIGURE 6.2: a) Electron microscope image of the goethite particles. b) Volume size dis-
tribution obtained via the ME method (colored squares and line) and WJ method (dotted
black line), compared with the distribution determined from electron microscopy (grey

bars).
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TABLE 6.1: Volume-averaged length of the major axis of the particles (and standard de-
viation of the distribution when available) obtained via EM and DLS measurements and

with the SE, ME and WJ methods.

Goethite PTFE

SE method 0.67 µm 0.50 µm

ME Method 0.67 µm (21%) 0.49 µm (31%)

WJ method 0.68 µm (14%) 0.46 µm (23%)

Microscopy 0.64 µm (24%) 0.50 µm (22%)

DLS 0.99 µm (38%) 0.24 µm (45%)

SWNTs DWNTs

SE method 0.88 µm 1.61 µm

ME method 0.89 µm (53%) 1.69 µm (98%)

WJ method 0.94 µm (28%) 1.60 µm (57%)

Microscopy 0.89 µm (62%) 0.86 µm (50%)

DLS 0.58 µm (45%) 1.10 µm (27%)

Gibbsite NaMt

SE method 0.23 µm 1.74 µm

ME method 0.23 µm (25%) 1.73 µm (42%)

WJ method 0.24 µm (20%) 1.61 µm (33%)

Microscopy 0.25 µm (25%) 1.62 µm (43%)

DLS 0.18 µm (37%) 0.42 µm (35%)
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electron microscope image of the PTFE rods, where it can be observed that
they present a significant polydispersity. From this picture, values for the
volume-averaged length (0.50 µm) and mean aspect ratio (ρ = 2.0) were
obtained. Again, we modelled the particles as short rods and assumed the
microscopy value of ρ, the same approximation as in the case of goethite.

The results obtained by all methods are presented in Fig. 6.3b and Ta-
ble 6.1. The SE method (τ=12.00 ms and α=0.721) provides a mean length
of 0.50 µm, which is in perfect agreement with both the EM and the ME re-
sults. As shown in Fig. 6.3b, the size distribution found by the ME method
is very similar to the microscopy one for lengths over 0.40 µm. However,
this method predicts the presence of small particles that were not identi-
fied in the image, which results in a slightly broader distribution. Note
that the PTFE particles present an aspect ratio of 2, which is in the limit of
the application range of the expressions used for the diffusion coefficient
of short rods. Hence, the deviations could be related to the geometrical
approximation. In spite of this, the difference in the average length is only
3%. The WJ method gives very good results, with a size distribution that is
very similar to the EM one, but slightly shifted to the left, which results in
a value of the mean length 8% lower than expected.

In the DLS measurement of the PTFE sample, two peaks were observed.
The one corresponding to shorter lengths is spurious, due to the rotational
diffusion effect on the DLS measurement, as already reported elsewhere
[191] for suspensions of gold nanorods. This peak was not taken into ac-
count for the calculation of the average length and standard deviation pre-
sented in Table 6.1. Despite this consideration, the obtained mean length is
smaller by 50% than measured by EM and the EB-based methods, and the
distribution is notably wider.

6.3.3. Single-walled carbon nanotubes

Single-walled carbon nanotubes (SWNTs) were suspended 1,2-dichloroethane
with a volume fraction of 10−4%. The carbon nanotubes required a very
high field, 250 V/mm, to be oriented. The field frequency was 1 kHz and
the measurement temperature 20◦ C.
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a)

b)

FIGURE 6.3: Same as Fig. 6.2 but for the PTFE rods.
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A transmission electron microscope image of the SWNTs can be found in
Fig. 6.4a, where it can be observed that the particles appear bundled, with
a mean bundle width of 12 nm. From 300 particles, an average length value
of 0.98 µm was obtained. The polydispersity in length is quite important,
whilst the width is more uniform. Naked-eye distinction of the bundles in
the picture is not straightforward, but an effort has been made to look at
the image at different zooms to account for all present lengths. In calcula-
tions, we used the expression of the diffusion coefficients of long rods and
assumed a constant particle diameter of 12 nm. All results are presented in
Table 6.1 and Fig. 6.4b.

The birefringence decay fits perfectly to a stretched exponential function
(τ=6.95 ms, α=0.545), and the SE method furnishes a value for the volume-
averaged length very similar to that found from EM, with less than a 1%
difference. The ME method also provides excellent results, giving a size
distribution very similar to the one found from microscopy determina-
tions, the more so taking into account the poor particle distinction in the
picture. The WJ method calculates a mean length reasonably similar to the
EM result, within a 5% difference, but the distribution is notably different,
as it is clear from the comparison of their standard deviations.

The results obtained by the EM and the EB-based methods are also com-
patible with the mean length value of 1.08±0.20 µm found elsewhere [89]
for a similar sample via the measurement of the electrical polarizability ani-
sotropy of the conducting tubes. On the other hand, the results found by
DLS deviate strongly from all other methods, being the given mean length
35% smaller than, for example, the EM value.

6.3.4. Double-walled carbon nanotubes

The birefringence of double-walled carbon nanotubes (DWNTs) was de-
termined in the same experimental conditions as the SWNT sample. A
transmission electron microscope image of these particles (Fig. 6.5a) shows
that they are also bundled, with a bundle width of 9 nm. From 75 tubes,
a mean length of 0.86 µm was obtained. Again, the particles are not easily
distinguished. For the calculations, we use a constant width of 9 nm and
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a)

b)

FIGURE 6.4: Same as Fig. 6.2 but for the SWNT suspension.
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the diffusion coefficient of long rods.

The birefringence decay of this suspension is quite slow and could be fit-
ted by a stretched exponential function with fitting parameters τ=33.4 ms
and α=0.3166, indicating a very polydisperse sample. The results are pre-
sented in the usual way in Table 6.1 and Fig. 6.5b, where it can be observed
that the volume-averaged particle length provided by the three EB-based
methods, around 1.63 µm, is quite different from that obtained via EM.

These findings are in line with the results reported elsewhere [89], where
the length of the bundles in a similar sample was obtained from the exper-
imental determination of their electrical polarizability. The obtained mean
length, 1.63±0.10 µm, is identical to the value found by our methods. These
results suggest that, when in suspension, the DWNTs are more entangled
than observed by EM. This is one of the advantages of the birefringence-
based methods over the use of microscopy techniques, since particles are
analysed directly in suspension and do not need to be dried out.

In the DLS measurement of the DWNTs, a spurious peak was found and
removed for the calculations. In spite of this, again, the measured value of
the mean length is notably smaller than that found by the EB-based meth-
ods (Table 6.1).

6.3.5. Gibbsite platelets

We also considered the birefringence decay of gibbsite platelets, studied
in aqueous suspension with a particle concentration of 0.1% v/v and 0.1
mM potassium chloride, under a 30 V/mm electric field of 100 kHz. In
the transmission electron microscope image of the sample (Fig. 6.6a) the
platelets can be easily told apart. From this picture, a volume-averaged
length of 0.25 µm was obtained. Since the particles are very slim, the
thin disk approximation was used for the calculations. The results are pre-
sented as before in Table 6.1 and Fig. 6.6b.

The decay of the birefringence can be suitably fitted to a stretched ex-
ponential function (τ=8.7 ms, α=0.501). The SE method provides a mean
diameter of 0.23 µm, very similar to the microscopy value and identical to
the ME result. The size distribution obtained by the ME method is in very
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a)

b)

FIGURE 6.5: Same as Fig. 6.2 but for the DWNT sample.
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a)

b)

FIGURE 6.6: Same as Fig. 6.2 but for the gibbsite platelets.



148
CHAPTER 6. DETERMINATION OF THE SIZE DISTRIBUTION OF NON-SPHERICAL

NANOPARTICLES BY ELECTRIC BIREFRINGENCE-BASED METHODS

good agreement with the EM determinations, although there is a slight un-
derestimation of the presence of particles over 0.3 µm that accounts for the
8% difference in the mean length values.

In the case of the WJ method, although the obtained average length and
standard deviation are similar to the ones given by the other techniques,
the distribution is somewhat different, with the peak slightly shifted to
shorter sizes. This could be due to the log-normal distribution assumed in
this procedure, that does not seem to account for the distribution found by
EM.

As for the DLS results, once more, the obtained size distribution is con-
siderably wider and strongly shifted to short lengths as compared to both
EM determinations and the SE, ME and WJ results.

6.3.6. Montmorillonite particles

Finally, we analysed the electric birefringence of NaMt particles dispersed
in a 0.3 mM sodium chloride solution, with a concentration of 1 g/L. An os-
cillating electric field of 10 V/mm and a frequency of 1 MHz was applied.
An environmental scanning electron microscope picture of the sample is
shown in Fig. 6.7a, where it can be seen that distinction of the particles
is quite difficult. From 320 particles, a value of 1.65 µm for the average
diameter was obtained. For the calculations, the geometry was modelled
by oblate spheroids with a constant aspect ratio of 3.3 [78], an approxima-
tion already discussed in the goethite case. The results are presented in
Table 6.1 and Fig. 6.7b.

The birefringence decay fits perfectly to a stretched exponential function
(τ=375 ms, α=0.594), and provides a volume-averaged length of 1.74 µm.
This is within 8% of the microscopy value and very similar to the ME re-
sult. The latter fails to account for the size distribution found via EM, as
it overestimates the presence of long particles. This could be attributed to
the approximations used for these particles, which are very irregular and
planar, but were approximated by spheroids. In spite of this, both distribu-
tions are reasonably similar, with the same standard deviation and a mean
length differing only by 7%. The WJ method provides very good results,
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a)

b)

FIGURE 6.7: Same as Fig. 6.2 but for the NaMt sample.
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giving the same value of the mean length as EM and a good shape of the
size distribution, although the standard deviation is smaller than measured
by microscopy.

For the sodium montmorillonite particles, a spurious peak was found in
the DLS measurements and removed for the calculations. The mean length
found by this technique is again notably smaller than predicted by all other
methods.

6.4. Discussion

In this work, we have compared the performance of three birefringence-
based characterization techniques, namely the stretched-exponential, Watson-
Jennings and multi-exponential methods, with electron microscopy and
DLS measurements. Differently from the other two EB-based approaches,
the SE method enables determining only the average size, which we find
to match the one obtained by the ME method. This is expected, since the
two approaches share common assumptions. The value determined from
SE allows a first estimate of the size, which is useful to choose the range of
work of the ME method.

The ME method furnishes a complete size distribution of the sample, and
the results are excellent in most cases. Thus, for the goethite needles, the
SWNTs and the gibbsite platelets, the obtained distributions are in perfect
agreement with the microscopy results. For the DWNTs, the ME method
gives a length identical to the one found by other techniques [89] and also
by the WJ method, which suggests that these particles are more bundled in
suspension than when prepared for microscopy measurements.

For the PTFE and NaMt particles, there are slight differences between the
ME and the EM results, but they are not large (below 8%) and can be at-
tributed to the approximations employed such as a constant aspect ratio
or the simplified geometry for the rotational diffusion coefficient. There-
fore, these differences may be tackled by an improvement of the models.
Moreover, distinction of the particles in the microscope pictures is some-
times non-straightforward, as in the case of the SWNTs, which could also
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account for slight deviations between the results.

The WJ method, in addition to the already mentioned approximations,
assumes a fixed shape for the size distribution of the sample, which could
be responsible for the larger deviations with respect to the microscopy re-
sults that are observed in almost all cases as compared to the ME method.
For instance, for the SWNTs, where the sample deviates strongly from the
log-normal length distribution, the WJ results differ substantially from the
ones obtained by both EM and the ME method.

In our results, it can be observed that the peak of the distributions ob-
tained by the WJ method is systematically shifted to the left as compared
with the other procedures. This can be understood taking into account that
the log-normal function must go quickly to zero for short lengths, under-
estimating the presence of small particles, which leads to a shifted maxi-
mum. Furthermore, the determination of the initial logarithmic derivative,
needed for the WJ calculations, is in some cases non-straightforward, since
it is sometimes unclear where the linear behaviour is lost. In spite of this,
the results of the WJ method are very satisfactory.

In general, it can be remarked that, except for the DWNTs for the ex-
plained reasons, deviations between the mean length obtained by EM and
the EB-based methods are in all cases smaller than 8%. This is an excellent
result taking into account the very different nature, characteristic sizes and
geometries of the selected particles.

On the other hand, the DLS results present strong deviations with respect
to the average length found by microscopy, no less than 28% in all cases
and up to 74%. Although no systematic behaviour can be confirmed, the
DLS distributions present normally a shorter mean length than that found
by EM and the SE, ME and WJ methods, which can be attributed to the
contribution of rotational diffusion, interpreted as a faster translational dif-
fusion, and hence a smaller size, by the commercial setup. In addition, DLS
typically predicts wider standard deviations, a well known feature, anal-
ysed elsewhere for elongated geometries [191]. These findings show that
the use of commercial DLS setups provides a rough estimation of the char-
acteristic size of non-spherical particles, but not a complete and accurate
description of the sample. Nevertheless, these measurements have proven
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useful, for example, for the characterization of two-dimensional particles,
for which a good correlation can be found between the hydrodynamic radii
and the dimensions obtained by EM [177].

In conclusion, the results obtained in this work show that the analysis
of transient electric birefringence is a powerful tool for the determination
of the size distribution in polydisperse suspensions of non-spherical par-
ticles. The multi-exponential method was found to be the most suitable
technique for the analysis of the birefringent decay, providing excellent re-
sults, although the Watson-Jennings method performance is also very sat-
isfactory.

Supplementary information

Translational and rotational diffusion coefficients of non-spherical
particles

The rotational and translational diffusion coefficients of suspended par-
ticles, D and Θ respectively, can be calculated as indicated in Equations 1
and 2 of the main text, where FD and FΘ are geometrical factors depend-
ing only on the particle shape. In this work, we used the expressions of D
and Θ for several simplified geometries, namely, short rods [160], long rods
[200], thin disks [48] and oblate spheroids [132]. The expressions of FD and
FΘ corresponding to these particle shapes are presented in Table 6.2.

Experimental birefringence decay curves

The normalised birefringence decays of all the suspensions studied in this
work are shown in Fig. 6.8, where it can be observed that the data are suit-
ably fitted by stretched exponential functions in all cases. In this figure,
we also show the decays in logarithmic scale for short times, in order to
calculate the initial logarithmic derivative required for the WJ method.
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TABLE 6.2: Expressions of the coefficients FD and FΘ in equations 6.1 and 6.2 for the
simplified geometries used in this work.

Short rods FD = log ρ+ 0.312 + 0.565/ρ− 0.1/ρ2

FΘ = log ρ− 0.662 + 0.918/ρ+ 0.05/ρ2

Long rods FD = log ρ+ 0.312 + 0.565/ρ− 0.1/ρ2

FΘ = log ρ− 0.2/(log 2ρ)− 16/(log 2ρ)2

+63/(log 2ρ)3 − 62/(log 2ρ)4

Thin disks FD = π/2 FΘ = π/4

Oblate FD = ρ arctan(
√
ρ2 − 1)/

√
ρ2 − 1

spheroids FΘ = ρ3((2− ρ2)GΘ − 1)/(2− 2ρ4)

GΘ = arctan(
√
ρ2 − 1)/

√
ρ2 − 1

Data analysis

The birefringence decay of a monodisperse sample is known to be in the
form of a single-exponential function, with characteristic time τm:

∆n(t) = ∆n0 exp[−t/τm] (6.8)

For a polydisperse system, the overall signal is a superposition of these
independent exponential processes, and the contribution of every popula-
tion must be taken into account. In this manner, the birefringence signal
can be expressed as

∆n(t) = ∆n0

∫
P (L)S(L) exp[−t/τ(L)]dL (6.9)

where τ(L) is the decay time for a particle with characteristic dimension
L, P (L) is the size distribution of the sample and S(L) measures the con-
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FIGURE 6.8: Normalized birefringence decays of the studied suspensions. The points are
the experimental data, and the black lines fittings to stretched exponential functions. In
the insets, the data for short times (points) are presented in logarithmic scale, along with a

linear fitting (black line), to show the linear dependence.

tribution of each independent process to the total birefringence signal. It
is further assumed that P (L) ∝ exp(−ALp), S(L) ∝ Lr and τ(L) ∝ Lq,
where A is a constant and p, q and r positive integers. As a result, it has
been demonstrated that [45, 46]

∆n(t) ∝ tγ exp[−t/τm] (6.10)

where the contribution of the tγ factor is only significant at very short
times, and is neglected to obtain equation 3 of the main text. A non-linear
fitting of the birefringence decay data to this stretched-exponential func-
tion yields the parameters α and τ , and from the latter the rotational diffu-
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sion coefficient is obtained.

A more realistic shape for the size distribution is typically the log-normal
function (equation 4 of the main text). Assuming this distribution and cal-
culating the average of the rotational diffusion coefficient of the particles
and its inverse, it is possible to relate the distribution parameters, LM and
σ to the initial logarithmic derivative and the area under the curve of the
normalised birefringence decay. Details of the derivation of equations 5
and 6 of the main text can be found in the original reference [48]. The area
under the curve, IWJ , is calculated numerically, whereas the initial deriva-
tive, DWJ is obtained from a linear fitting of the short-time decay data, as
shown in Figure 6.8.

In the multi-exponential method, no assumption is made for the shape of
the size distribution of the sample. Instead, a superposition analogous to
that made in equation 6.9 is used in the discrete form, as indicated in equa-
tion 7 of the manuscript. For the data analysis, the experimental results are
previously fitted to a stretched-exponential function, in other to smooth
the time dependence. Then, this function is sampled, and M=10.000 pairs
of tj , ∆n(tj) are taken. Later, N size intervals, typically around 10, are cho-
sen. The covered size range must be reasonable, and can be estimated from
the SE result. Finally, a linear equation system is obtained, which can be
expressed in matrix form as:


∆n(t1)

∆n(t2)

...

∆n(tM )

 =


e−t1/τ1 e−t1/τ2 ... e−t1/τN

e−t2/τ1 e−t2/τ2 ... e−t2/τN

... ... ... ...

e−t1/τM e−tM/τ2 ... e−tM/τN




C1

C2

...

CN

 (6.11)

Here, the only unknowns are the Ci, obtained numerically by solving the
matrix equation with Matlab R©.

Effect of the constant aspect ratio approximation

For goethite needles, PTFE rods and NaMt particles, the aspect ratio is
assumed to be constant in order to carry out the required calculations. As
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FIGURE 6.9: Comparison of the size distributions obtained by the ME method for the
goethite sample, assuming a constant aspect ratio and a constant particle width. The mi-

croscopy result (grey bars) is also shown.

discussed in the main text, this approximation is not expected to have a
strong effect on the final results, due to the smooth dependence of the rota-
tional diffusion on ρ, as compared to the major axis length. As an example,
Figure 6.9 shows the size distribution of the goethite sample obtained by
the ME method using the constant aspect ratio and the constant particle di-
ameter assumptions. The differences are not very pronounced, indicating
that the chosen approximation is not critical. Nevertheless, it is clear that
the constant ρ assumption yields better results, since it is more reasonable
for this system.
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The optical and electrical properties of gold nanorods, together with the
possibility to control their orientation, have proven crucial for their use in
applications such as metamaterials, nanoelectronics, molecular devices or
particle traps. Due to the synthesis procedure, these particles present a
complex structure, with a metallic core surrounded by a CTAB soft layer
that prevents particle aggregation. When the rods are immersed in liq-
uid media, their orientation can be controlled by electric fields and moni-
tored by electro-optical techniques. We demonstrate that both the charged
CTAB layer and the conducting core affect electro-orientation. An inter-
pretation in light of a soft particle polarization model is provided: below
1 MHz, ions in the surfactant layer produce a large dipole accountable for
the response of the system. With this model, we obtain the charge den-
sity of the CTAB coating and the conductivity of the metallic core, which
is of the same order as values found for similar particles. The results
are contrasted with electrophoresis data, providing information about the
charge on the particle-solution interface. We also study the transient orien-
tation behaviour, and demonstrate that the presence of CTAB micelles in
the medium slows down the dynamics of the system.
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7.1. Introduction

In recent years, gold nanorods (AuNRs) have sparked a strong interest
because of their unusual physical properties and their electronic, optical
and biomedical applications, enhanced by their non-spherical shape [201–
205]. Moreover, the possibility to control the orientation of these particles
has opened new possibilities of applications ranging from nanoelectronics
to particle traps [10, 11, 206, 207]. For this reason, the manipulation of
gold nanorods in suspension via the application of electric fields is rapidly
gaining importance [74, 208, 209].

Nevertheless, although many steps have been taken towards the synthe-
sis of highly monodisperse elongated gold nanoparticles and their optical
and geometrical characterization, few works target the study of their inter-
action with external electric fields [210–213]. In fact, the fundamental elec-
trokinetic properties of metallic particles in aqueous suspension have re-
ceived far less attention than those of insulating ones. Furthermore, in the
few works related to this topic, particles are made of an homogeneous con-
ducting material [73, 74, 214, 215]. However, gold nanorods are normally
covered by a soft capping layer, necessary to prevent particle aggregation.
While the chemical and geometrical properties of this shell have been ex-
tensively studied [216–220], little attention has been paid to the effect that
its presence may exert on the electrical properties of the conducting rods.

As it is well known, electric birefringence (EB) is an electro-optical phe-
nomenon associated to the orientation of non-spherical particles in sus-
pension under the application of external electric fields, and it has been
demonstrated as a powerful tool for their geometrical, electric and optical
characterization. In particular, the birefringence spectrum (that is, the fre-
quency dependence of the EB signal) is strongly related to the polarization
mechanisms of the particles, and hence provides vital information on their
interaction with electric fields [1, 25, 26, 49, 78, 123]. Therefore, the anal-
ysis of the experimental birefringence phenomenology of gold nanorods
can provide useful information for further understanding of these parti-
cles and progress in their applications.

With this motivation, in this contribution we present an extensive inves-
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tigation of the EB of gold nanorods in aqueous suspension, together with
flow birefringence, electron transmission microscopy and depolarised dy-
namic light scattering measurements as complementary experiments.

7.2. Experimental section

7.2.1. Materials

Gold nanorods were synthesised by the Ag+-mediated seeded growth
meethod [104]. The seed solution was obtained adding 25 µL of 50 mM
HAuCl4 and 300 µL of 10 mM NaBH4 to 4.7 mL of a 100 mM CTAB so-
lution. For the growth solution, 190 µL of 37% HCl, 120 µL of 10 mM
AgNO3, 100 µL of 50 mM HAuCl4 and 100 µL of 100 mM ascorbic acid
were added to 10 mL of a 0.1 M CTAB solution. Lastly, 24 µL of the seed
solution were added to the growth solution and the mixture was stored
overnight at 30◦C. As mentioned, the AuNRs synthesised in this manner
are stabilised by a 3.3 nm compact bilayer of CTAB that covers the rods
completely [218].

Fig. 7.1a shows a transmission electron microscope image of the AuNRs
together with a length histogram obtained from 70 particles. The rods
present an average length of L=56±9 nm and a mean diameter of d=16±4
nm. In Fig. 7.1b, the optical absorption spectrum of a 9.8 mg/L suspen-
sion of AuNRs, obtained with a 6705 UV-VIS spectrophotometer (Jenway,
UK), is shown. Here, two absorption peaks due to the plasmon resonance,
corresponding to the two characteristic dimensions of the rods, are clearly
observed.

From the amount of gold precursor, a particle concentration of 98 mg/L
was calculated for the suspension resulting from the synthesis. This es-
timation is reasonable, since the extinction coefficient obtained from the
absorption measurements at the plasmon peak, 6.6 ·109 L mol−1cm−1, is in
good agreement with measured values of 4.5 − 6.5 · 109 L mol−1cm−1 for
rods with an effective radius of 13-15 nm [106], similar to that of our parti-
cles. In electric birefringence measurements, the used samples are diluted
down to 90% from the initial suspension and the particle concentration is
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(A)

(B)

FIGURE 7.1: a) Length histogram of the AuNR sample obtained by TEM pictures. The
inset shows one of the microscope images. b) Absorption spectrum of a 9.8 mg/L gold

nanorod suspension.

88 mg/L. For flow birefringence and depolarised dynamic light scattering
experiments, the solutions had to be concentrated by two centrifugation
cycles (15000 rpm, 5 min) up to 1400 mg/L.

For comparison purposes, sepiolite rods purchased from Sigma Aldrich
(USA) and laponite R©-RD platelets obtained from BYK (Germany) were
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also used.

7.2.2. Methods

The experimental setup for the determination of electric birefringence is
based on the measurement of the changes in the transmitted light intensity
of a He-Ne laser beam that traverses i) a polariser at 45◦ to the electric
field, ii) the suspension, iii) a quarter-wave plate whose fast axis is placed
parallel to the polariser axis and iv) an analyser at 90◦ − α to the initial
polarization [43, 78]. All the optical plates were purchased from Edmund
Optics, UK.

The sample is placed in a quartz cell of 1 cm path length (Starna Scientific,
UK), and is thermostated at 15.0 ± 0.2◦C. With the help of a commercial
generator (Tektronix AFG 3101, USA) and low frequency (Piezo Systems
Inc. EPA-104,USA) and high frequency (AR Modular RF KMA2020, USA)
amplifiers, 2 ms long sinusoidal electric field pulses in a frequency range
of 1 kHz-10 MHz are sent to stainless steel electrodes immersed in the sam-
ple. The light intensity transmitted through the optical setup is collected
by a photodiode (Edmund Optics, UK) connected to a digital oscilloscope
(Tektronix TDS 2012C, USA). The transmitted light intensity I at time t is
directly related to the birefringence of the sample, ∆n(t), by [78]

∆n(t) =
λ

πl

arcsin

√I(t)

I0
sinα

− α
 (7.1)

where I0 is the intensity transmitted by the setup when no electric field
is applied and l is the path length. A value of -3◦ was chosen for α. The
stress birefringence of the cell is corrected as indicated elsewhere [120]. The
effect of linear dichroism on the EB measurements, obtained following the
procedure detailed in another work [89], is less than 1% in all cases.

An estimation of the surface charge of gold nanorods was obtained by
measuring the electrophoretic mobility of the (CTAB-coated) particles as
a function of ionic strength with a Malvern Zetasizer NanoZS (Malvern
Instruments, UK). The same instrument was used to control particle aggre-
gation via the determination of the hydrodynamic diameter.
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Depolarised dynamic light scattering measurements were performed with
a commercial setup (3D-DLS System, LS Instruments, Switzerland), with
which the autocorrelation function g2(t)− 1 was measured in the vertical-
vertical (vv) and verical-horizontal (vh) configurations. The results can be
related to the diffusion coefficients of the rods according to the expressions
[221]

gvv2 (t)− 1 = βe−2Dtq2t[A+ (1−A)e−6Θt]2

gvh2 (t)− 1 = β′e−(2Dtq2+12Θ)t
(7.2)

where Dt is the translational diffusion coefficient of the particles and q =

1.9 · 107 m−1 the light scattering vector. The parameter A is related to the
polarizability of the rods along their main directions, and β and β′ are cor-
rection factors.

7.3. Results and discussion

7.3.1. General features of the electric birefringence of AuNRs

Electric birefringence, ∆n, is the macroscopic anisotropy that arises in the
refractive index of a colloidal suspension of non-spherical particles when
these are oriented by an external electric field. ∆n is defined as n‖ − n⊥,
that is, the difference of the refractive index of the suspension along the
directions parallel and perpendicular to the field. For particles with no in-
trinsic dipole moment, and neglecting the possible contribution of viscous
forces, the electric birefringence for low applied fields can be calculated as
[122]

∆n =
∆αo∆αeφE2

0

2nsε0Vp30kBT
(7.3)

where E0 is the field amplitude, φ the volume fraction of the suspended
particles, ns the refractive index of the solution, ε0 the vacuum permittivity,
Vp the particle volume and ∆αe(o) the polarizability anisotropy at the field
(light) frequency.
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Fig. 7.2 shows complete birefringence measurements of the AuNRs in
suspension at different field frequencies. Here it can be observed that,
when the field is turned on, the absolute value of the birefringence grows
in a finite time and reaches a stationary value. When the field is turned
off, the particles randomise their orientation and the birefringence decays
to zero. Moreover, it can be observed that for low frequencies, the bire-
fringence oscillates with twice the frequency of the applied electric field.
This AC component of the birefringence, referred to as ∆nAC , is due to
the partial randomisation of the system between two field inversions for
sufficiently slow alternating fields.

FIGURE 7.2: Electric birefringence signal of the AuNRs subjected 150 V/mm electric field
pulses of 2 ms duration, at different field frequencies. The sample has a particle concentra-

tion of 85 mg/L and 0.1 mM KCl.

The first noticeable feature is that gold nanorods exhibit negative bire-
fringence for all the studied frequencies. According to Eq. 7.3, this can be
due to a negative value of either the electric or the optical polarizability
anisotropy. In the first case, the particle orients anomalously, with its ma-
jor axis perpendicular to the direction of the applied field. This has been
observed, for instance, for polydisperse samples and bidisperse suspen-
sions at low field frequencies. In these systems, the anomalous orienta-
tion was caused by the accumulation of the smallest particles around the
largest ones [78, 80, 125]. In the second case, the particle orients normally,
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with its major axis along the field direction, but ∆αo is negative. This be-
haviour has been observed for suspensions of double-walled carbon nan-
otubes [89].

In order to explore these two possibilities for the gold nanorods, flow
birefringence measurements were performed. This method is based on the
fact that non-spherical particles in suspension can also be oriented parallel
to a narrow channel by the effect of a flow velocity gradient [222, 223]. The
birefringence arising in this case is known as flow birefringence, and its
sign is determined solely by the optical polarizability anisotropy ∆αo of
the suspended particles.

The results are presented in Fig. 7.3, where it can be observed that AuNRs
exhibit negative flow birefringence, unlike sepiolite needles. In flow bire-
fringence experiments, the orientation of the particles, parallel to the chan-
nel, is determined by their geometry, and hence it is similar for sepiolite
and gold rods. Therefore, the negative sign in the case of AuNRs can only
be due to a negative optical anisotropy of these particles. Note that the ob-
served oscillations in these measurements are due to flow jumps because
of the pump.

FIGURE 7.3: Flow birefringence measurements of a 1400 mg/L sample of AuNRs and
a 1 g/L aqueous suspension of sepiolite particles. The 0.2 mL/s flow is maintained for 4

seconds through a channel of 1 mm2 section.
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The optical polarizability anisotropy is related to both the mismatch be-
tween the optical properties of the AuNRs and the medium, and the elon-
gated geometry of the particles. It can be calculated as

∆αo = Vpε0Re

[
(AL −Ad)(n2

p − n2
s)

2

((1−AL)n2
s +ALn2

p)

]
(7.4)

where AL/d are the depolarization factors of rods [63] and np is the refrac-
tive index of the particle, which is assumed to be uniform. Since gold is
highly absorbent, the AuNRs present a complex refractive index, which for
a light wavelength of 633 nm has been measured to be np = 0.143 + 3.610i
[224]. This yields a value for the optical polarizability anisotropy of ∆αo =

−1.4 · 10−33 Fm2. Thus, the negative sign of the electric and flow birefrin-
gence of gold nanorods can be successfully explained in terms of their ab-
sorbance, as was also the case for double-walled carbon nanotubes studied
elsewhere [89].

Fig. 7.4a shows that the electric birefringence is proportional to particle
concentration in the studied range, and hence it can be assured that we find
ourselves in the dilute regime, where particle interactions can be neglected.
In Fig. 7.4b, it can be observed that the birefringence is also proportional
to the square of the field amplitude, and therefore Kerr’s law (Eq. 7.3) is
satisfied in the field range used in this work. Then, the Kerr constant K
can be defined as

K =
2∆n

λE2
0

(7.5)

being λ = 633 nm the wavelength of the incident light in vacuum.

7.3.2. Birefringence spectrum

Fig. 7.5 shows the Kerr constant of the AuNRs as a function of the fre-
quency of the applied field, for different values of the ionic strength. Here,
it can be observed that the birefringence spectrum is flat and independent
of the salt content for frequencies up to 1 MHz. On the other hand, for
higher values of ν, the absolute value of the birefringence decays strongly
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(A)

(B)

FIGURE 7.4: Electric birefringence of the AuNRs as a function of a) particle concentration
and b) square of the field amplitude, for different frequencies of the applied field. The
points are the experimental data and the lines fittings to linear functions. In a) the field

strength is 37 V/mm, and in b) particle concentration is 88 mg/L.

and some increase ofK with ionic strength is observed. From the Kerr con-
stant, using Eqs. 7.3 and 7.5 and the calculated value of ∆αo, the electrical
polarizability anisotropy (right axis in Fig. 7.5) was also obtained.

The polarizability anisotropy of colloidal particles is strongly frequency-
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FIGURE 7.5: Kerr constant as a function of the frequency of the applied field, for a sample
of gold nanorods at 88 mg/L and three different values of the ionic strength. The points

are the experimental data and the lines fittings to the used model.

dependent, due to the relaxation of the polarization mechanisms involved
in the dipole formation, which in general depend on the properties of both
the particles and their electric double layers. For metallic particles with
zero or very low charge, there is no electric double layer in the absence
of field. In this situation, it has been shown that, for high-frequency fields,
the dipole is that of a perfectly polarizable particle immersed in a dielectric.
On the other hand, for low frequencies, the ions in the dispersing medium
are attracted by the displaced charges of the metal, and form an induced
double layer that screens the particle electric dipole, lowering the absolute
value of the birefringence [74, 75].

These theoretical expectations for barely-charged conducting particles have
been experimentally confirmed in the case of silver nanowires [74]. Nev-
ertheless, for the AuNRs, the opposite behaviour is observed. Hence, in
order to explain the experimental birefringence spectra, the system must
be analysed in all its complexity, and the effect of the CTAB covering the
AuNRs must be taken into account. This layer provides a surface charge
that gives rise to the formation of an electrical double layer. In this situ-
ation, the dominant mechanism is the Maxwell-Wagner-O’Konski polar-
ization, due to the mismatch of conductivities between the bulk solution
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and the particle plus its electrical double layer. The electrical polarizability
anisotropy can then be written as [25]

∆αe
MW =

ε0εsVp
3

Re

[
KL
p −Ks

Ks + (KL
p −Ks)AL

−
Kd
p −Ks

Ks + (Kd
p −Ke)Ad

]
(7.6)

being εs the relative permittivity of the medium and Ks = σs + i2πνεsε0
its complex conductivity. Here, εs is that of water and σs can be obtained
from ion concentration. The presence of the CTAB layer is also taken into
account in the calculation of the complex conductivity of the particle,KL/d

p ,
modelling it as as a metallic rod surrounded by a homogeneous charged
shell of constant width.

For that purpose, we make use of the Maxwell mixture formula [225],
which allows the replacement of this system by an equivalent homoge-
neous particle with complex conductivityKL/d

p along its major/minor axis
respectively. In our case, we have a spheroidal metallic particle with com-
plex conductivity Ki and dimensions L and d, covered by a dielectric layer
of complex conductivity Kl and thickness h. The equivalent homogeneous
particle has dimensions L + 2h and d + 2h. In these conditions, and from
the Maxwell mixture formula, the conductivity of the equivalent particle
along its major/minor axis can be obtained as [61, 71]

KL/d
p = Kl

(Ki −Kl)(A
′
L/d + γ − γAL/d) +Kl

(Ki −Kl)(A
′
L/d − γAL/d) +Kl

(7.7)

where A′L/d are the depolarization factors of the equivalent particle and

γ = Ld2

(L+2h)(b+2h)2 .

As above described, the AuNRs are modelled as prolate spheroids 56 nm
long and 16 nm wide, with a 3.3 nm thick soft layer of CTAB [218]. Al-
though experimental values in a range 2.5-4 nm have been found for this
thickness [216–219], it has been checked that the selection of values within
this range has negligible influence on the results. The values of the con-
ductivities of both the particle core and the layer determine the absolute
value of the birefringence at low frequencies. The intrinsic conductivity
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of the gold cores, σi, is taken from published values for gold nano-objects,
which range from 3.5 to 440·105 S/m depending on the particle geometry
and synthesis route [226? –232]. Only the values in the low side of this
range, below 10 · 105 S/m, fit our experimental data. This can be under-
stood, since our particles are much shorter than those used in determining
the range referred to above, and conductivity has been shown to be lower
for shorter wires [232]. A value of 8 · 105 S/m was chosen as the most
suitable, although variations inside the mentioned range do not affect the
results substantially.

Therefore, the conductivity inside the CTAB layer, σl, is left as the only
adjustable parameter, and Fig. 7.5 shows that the fitting achieved is very
acceptable. The fitted values of σl depend slightly on ionic strength, yield-
ing 0.15, 0.19 and 0.26 S/m for 0.03 mM, 0.1 mM and 0.3 mM KCl con-
centration respectively. From these values, the charge density of the CTAB
layer, assuming electroneutrality, can be obtained. The results are shown
in Table 7.1.

The electrophoretic behaviour of particles consisting in a core surrounded
by a soft layer has been widely studied in literature [233? ? ? ]. In par-
ticular, it has been shown that the core and shell charges determine this
response. For AuNRs, the electrophoretic mobility is inside a range of 4.0-
4.4·10−8 m2/Vs for all measured ionic strengths, a value that can be justi-
fied by the presence of mobile counterionic charge inside the CTAB layer.
A model elaborated by Ahualli et al. [233] was used for calculating the sur-
face conductivity of the layer, using its volume charge density as adjustable
parameter. Since the theory is defined for spheres, the experimental mo-
bility ue was compared to a calculation for randomly oriented spheroids,
modelled as

ue =
2

3
ue(d) +

1

3
ue(L) (7.8)

where ue(d) and ue(L) are the electrophoretic mobilities of soft spheres
with core diameter d and L respectively. We consider that the CTAB shell
is a 3.3 nm thick neutral layer, in which the CTAB charges are balanced by
counterions that preserve electroneutrality. From the best-fit value, we can
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calculate the charge density of the layer, to be compared with that obtained
from EB measurements

The values obtained in this manner are also shown in Table 7.1, where
it can be observed that both EB and electrophoresis results are in reason-
able agreement, considering the approximations made in the calculations.
The numerical differences are below 20%, and in both cases the same ten-
dency is observed: the charge density increases slightly with ionic strength.
This increment is compatible with the fact that, in most cases, the coating
thickness decreases with salt concentration, since the interchain electro-
static repulsion is better screened the larger the ionic strength [77], and this
produces, for a fixed total charge, an increase of the charge density.

TABLE 7.1: Charge density of the CTAB layer (MC/m3) obtained from electric birefrin-
gence experiments and electrophoretic mobility determinations, for three different values

of the ionic strength.

KCl Conc. (mM) 0.03 0.1 0.3

Electric Bir. 1.9 2.4 3.3

Electroph. Mob. 1.8 2.6 2.8

7.3.3. Effect of CTAB micelles on AuNR rotational diffusion

Electric birefringence has been extensively used as a technique for the
characterization of rotational diffusion of suspended nanoparticles and,
from that, excellent results have been obtained for the determination of
particle dimensions [45, 46, 78? ]. In order to study the diffusion coeffi-
cient of the AuNRs from electric birefringence measurements, two approa-
ches are available. The first one consists in the analysis of the decay of the
birefringence after the electric field is turned off. This decay is shown in
Fig. 7.6a, and could be fitted by a single exponential function, which indi-
cates a high monodispersity of the sample. From the decay time, τ=107.6±0.3
µs, the rotational diffusion coefficient of the particles can be obtained as
Θ = 1/6τ=1550±5 s−1. Since the birefringence is proportional to particle
volume, the value of Θ obtained in this manner is volume-averaged.
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The second approach consists in the analysis of the frequency dependence
of the AC component of the birefringence, ∆nAC , also related to particle
diffusion. For low frequencies, particles have enough time to randomise
their orientation between two field inversions. However, for high values
of the field frequencies, the rods can no longer follow the field oscillations
and no AC contribution is observed. For a rod with no permanent dipole
moment, ∆nAC can be written as [83]

∆nAC =
∆n(ν → 0)√

1 +
(

2πν
3Θ

)2 (7.9)

where ∆n(ν → 0) is the low frequency limit of the DC component of the
birefringence and Θ is volume-averaged if the sample presents polydisper-
sity. Fig. 7.6b shows the AC birefringence spectrum of the AuNRs, together
with a fitting to Eq. 7.9, which provides a value of 1500±40 s−1 for Θ. Thus,
the results obtained by the two methods are very similar.

Nevertheless, these results are quite different from the value of Θ that can
be obtained from the particle dimensions, making use of the expression for
the diffusion coefficient of short rods [200]

Θ =
3kBT (log ρ+ Cr)

πηL3
(7.10)

where η is the viscosity of the suspending solution, ρ = L/d the aspect ra-
tio of the particles, and Cr = −0.662 + 0.917/ρ − 0.050/ρ2. For a particle
with volume-averaged length 59 nm and width 18 nm, covered by a 3.3 nm
layer, the theoretical value of the rotational diffusion coefficient is 7750 s−1.
Depolarised dynamic light scattering measurements were also performed
for the AuNRs, and from them, a value of the rotational diffusion coeffi-
cient of Θ = 8075±3 s−1 was obtained using Eq. 7.2. This result is within a
5% difference of the theoretical value. Comparable results are found in the
literature for similar AuNRs [221].

The difference between the values of Θ obtained from EB and from light
scattering measurements suggests that the application of a strong electric
field gives rise to a mechanism that slows down the rotational diffusion of
the rods up to a factor 5. We propose that this mechanism is related to the
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(A)

(B)

FIGURE 7.6: a) Decay of the electric birefringence of the AuNRs after the field is turned
off. The birefringence is normalised to the initial value. b) Spectrum of the oscillating
component of the electric birefringence normalised to the low-frequency value of the DC
component. In both cases, the points are the experimental data and the lines, fittings to the

theory.

presence of CTAB micelles. It can be expected that the AuNR suspensions
are bidisperse, formed by gold nanorods as primary particles and CTAB
micelles, with a 5-6 nm diameter [234], as secondary particles. In this type
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of systems, it has been shown that electric fields induce an accumulation of
secondary particles around the primary ones [50, 78, 80]. Since rotational
diffusion strongly decreases with particle size, this accumulation can affect
the value of Θ, thus explaining qualitatively the observed phenomenology.

In order to test this hypothesis, CTAB micelles can be removed by dyal-
ising the system with deionised water. Nevertheless, lowering the CTAB
amount below the critical micelle concentration provokes the detachment
of the CTAB bilayer from the gold surface and the subsequent aggrega-
tion of the particles, a fact confirmed by dynamic light scattering measure-
ments. For this reason, we tested the hypothesis with a different, more
stable system: the electric birefringence of laponite R©-RD particles, with a
very fast response, was measured in the presence and absence of CTAB mi-
celles. The obtained results are shown in Fig. 7.7. In this case, the decays
were fitted by stretched exponential functions [45]

∆n(t) = ∆n0 exp [−(t/τ)α] (7.11)

since polydispersity is more significant. The fitting parameters are τ = 827

µs, α = 0.538 and τ = 339 µs, α = 0.552 respectively. Hence, the presence
of CTAB slows down the rotational diffusion of the laponite platelets by a
factor 2.4. In this manner, the effect of the micelles on the diffusion dynam-
ics of small particles is shown, qualitatively justifying the AuNR results.

7.4. Conclusions

The electric birefringence of gold nanorods in aqueous suspension presents
a rich phenomenology that provides information on their microscopic prop-
erties, including electrical, optical and diffusional. It has been experimen-
tally observed that AuNRs exhibit negative electric birefringence. Flow
birefringence measurements allowed us to show that this feature is not
explained by an anomalous orientation but rather by the strong optical
absorbance of gold, which results in a negative optical polarizability ani-
sotropy of the rod.

It has also been shown that the birefringence spectra of gold nanorods
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FIGURE 7.7: Birefringence signal of two laponite samples a particle concentration of ???
and 0.1 mM KCl. One of the samples is in the presence of 1.5 mM CTAB. The field strength

is 60 V/mm.

cannot be explained considering only the polarization of a barely-charged
metallic particle immersed in an electrolyte solution. Instead, the CTAB bi-
layer that stabilises the rods plays a crucial role on their electric properties
and determines the spectral birefringence behaviour. From the experimen-
tal measurements, the electric conductivity of the gold rods, 8 · 105 S/m,
could be obtained. Moreover, the charge density of the surfactant layer as a
function of the ionic strength could be determined. The results are in good
agreement with the values found by a soft-particle model that provides the
charge density inside the CTAB layer from the experimental determination
of the electrophoretic mobility.

Furthermore, the analysis of the AC birefringence spectra and the tran-
sient electric birefringence shows that the rotational diffusion of gold nanorods
is slower than expected from their geometry. Nevertheless, depolarised dy-
namic light scattering measurements of the AuNR sample in the absence
of field provide a value of the rotational diffusion coefficient in good agree-
ment with the theory. This suggests that it is the application of the electric
field that induces a mechanism that slows down the rotational diffusion of
these particles. Here, we propose that this field-induced mechanism con-
sists in the accumulation of the CTAB micelles, present in the suspension,
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around the gold nanorods. Measurements of the transient electric birefrin-
gence of laponite platelets in the presence and absence of CTAB micelles
support this hypothesis.

In conclusion, the complete analysis of the electric birefringence of gold
nanorods has allowed the determination of optical, electrical and diffusion
properties of these particles in aqueous suspension. The presence of CTAB,
needed for the stability of the samples, strongly affects the electric proper-
ties of the gold rods, a feature that is specially relevant for the potential
applications in which the interaction of AuNRs with electric fields plays
an important role.
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In this work we analyse the orientation of silver nanowires immersed in
aqueous solutions, under the effect of alternating electric fields in a broad
frequency range, covering from a few Hz to several MHz. The degree
of orientation is experimentally determined by electro-optical techniques,
which present the advantage of measuring multiple particles at the same
time. In the electro-orientation spectrum, we observe a frequency disper-
sion in the kHz range, and provide a theoretical explanation for this be-
haviour: at high frequencies, charge separation in the nanoparticles leads
to a large induced dipole, responsible for strong orientation. On the other
hand, at low frequencies, redistribution of the ions in solution gives rise
to an induced double layer that screens the dipolar fields and, as a con-
sequence, the degree of orientation decreases. Moreover, we measure the
transient response when the electric field is switched off, from which the
size distribution of the polydisperse sample is obtained. The results match
those given by electron microscopy determinations.
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8.1. Introduction

In the last decade, interest in the investigation of noble metal nanopar-
ticles has rapidly increased due to their unique conductive, optical and
mechanical properties [235]. For example, thanks to the existence of the
surface plasmon resonance, applications of these particles have been found
in enhanced Raman spectroscopy, photothermal therapy, or as optical sen-
sors. In these techniques, the particle shape often plays an important role,
and the performance can be improved in many cases by the use of elon-
gated geometries [236]. For instance, it has been shown that high-aspect-
ratio metal nanostructures, such as Au and Ag nanorods/nanowires, can
be used to transport optical signals over distances of several microme-
ters [237, 238]. Moreover, the antibacterial activity of silver nanoparticles,
which has become an issue of intense research [239], is also highly influ-
enced by particle shape [6].

In many applications of metallic non-spherical particles, promoting and/or
controlling their orientation is an important goal. For instance, thin films
of silver nanowires can be used as conductive transparent electrodes in
different optical devices [12, 240]. The structure of the wires inside these
films can provide nanoscale control of the transmission, manipulation and
switching of optical signals. Other examples are the reported particle as-
semblies with negative refractive index [241, 242] or the finding that elec-
tromagnetic energy can be coherently guided in devices with size below
the diffraction limit, due to near-field coupling of neighbour particles [243,
244].

However, despite their potential, controlling the orientation and under-
standing the properties of metallic nanowires are still open issues. In this
context, a system to monitor such orientation is no less important. While
direct observation of the particles is an intuitive option, it presents some
limitations. For instance, only large particles can be measured, and for
these, viscous interactions with the cell cannot be ruled out [245]. Further-
more, the orientation cannot be accurately determined, and measuring a
statistically significant number of particles is normally time-consuming. In
contrast, electro-optical methods are suitable for the study of nanosized
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particles, and allow the observation of the degree of orientation of a large
number at once. For these reasons, in this work we use electric birefrin-
gence, an electro-optical method based on the determination of the refrac-
tive index anisotropy induced in a suspension of non-spherical particles by
an external electric field.

During the last years, this technique has been successfully applied to a
number of non-spherical particles [49, 78, 145, 211, 246–248], although only
a few works are devoted to a physical understanding of the observed phe-
nomena [25, 26, 122]. It is well known that the electric torque that causes
the orientation is due to the dipole induced on the nanoparticle by the ex-
ternal electric field. However, while this effect has been extensively studied
in the case of non-conducting charged particles, only a few works deal with
the electric response of conducting but weakly charged non-spherical par-
ticles, as those here treated. In these contributions, for instance, it has been
shown that induced electro-osmosis [72, 86] can play an important role in
the orientation of metallic particles under slowly oscillating electric fields
[38, 74, 249].

In this work we provide a study of the electro-orientation of silver nano-
wires in aqueous suspension, in the presence of alternating electric fields.
From the electric birefringence phenomenology, the orientation mechanisms
are analysed and optical, electrical and geometrical properties of the parti-
cles are obtained.

8.2. Experimental Section

Silver nanowires (AgNWs) were purchased from PlasmaChem, Germany.
Figure 8.1 shows a transmission electron microscope (TEM) picture of these
particles, where it can be observed that they are highly elongated and poly-
disperse, with a mean length of 3.0±2.3 µm and an average diameter of
121±17 nm (the errors indicate the standard deviations of the length and
diameter distributions by number).

The electric birefringence (EB) was determined with a home-made ex-
perimental device described elsewhere.[43, 78] Briefly, a linearly polarised
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FIGURE 8.1: TEM picture of the AgNWs.

He-Ne laser beam passes through the suspension. After crossing the sam-
ple, it traverses a quarter wave plate and another polariser, which is nearly
crossed with the former (at 90◦ − α, being α = −3◦). All the optical plates
were purchased from Edmund Optics, UK. After sonicating, the sample is
placed in a quartz Kerr cell and thermostated at 15◦C. A pair of electrodes
with 1 mm separation and oriented at 45◦ with respect to the incident beam
polarisation direction are immersed in the sample. The sinusoidal electric
fields are obtained with a signal generator (Tektronix AFG 3101, USA) in
a frequency range of 100 Hz-10 MHz. The light intensity transmitted by
this setup is collected by a photodiode (Edmund Optics, UK) connected to
a digital oscilloscope (Tektronix TDS 2012C, USA). The transmitted light
intensity I at time t is directly related to the birefringence of the sample,
∆n(t), as [78]

∆n(t) =
λ

πl

sin−1

√I(t)

I0
sinα

− α
 (8.1)

where λ = 632 nm is the wavelength of the incident beam, l = 1 cm the
path length inside the Kerr cell, and I0 the transmitted intensity in the ab-
sence of electric field. The value of I0 does not change significantly during
the time of the experiment, indicating that sedimentation is negligible.
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FIGURE 8.2: Electrophoretic mobility (left axis) and zeta potential (right axis) of the Ag-
NWs as a function of the ionic strength.

8.3. Results and Discussion

8.3.1. Characterisation of the wires

The electrophoretic mobility ue of the AgNWs was determined by dy-
namic light scattering (Malvern Zetasizer NanoZS, Malvern Instruments,
UK). From these measurements, the zeta potential ζ of the wires was cal-
culated modelling them as infinitely long cylinders and making use of the
Ohshima model [250]. The results for different values of the electrolyte
concentration are shown in Figure 8.2, where it can be observed that the
particles present some negative electric charge, which can be attributed to
the caping agents used to terminate the reaction during the synthesis, nec-
essary for the stability of the suspension. The decrease of the zeta potential
with the ionic strength is a consequence of the contraction of the Debye
layer.

Figure 9.2a displays a zoom-in TEM picture of the wires, where it can
be observed that they seem to present a coating with a thickness of ap-
proximately 10 nm (and up to 40 nm on the wire tip). In order to anal-
yse the composition of this layer, X-ray photoelectron spectroscopy (XPS)
mearurements were carried out. This technique indicates the presence of
oxygen, in a ratio of approximately 3:2 with respect to silver. The XPS
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peaks corresponding to these two elements are shown in Figure 9.2b. These
results suggest that the particle surface is at least partially oxidised.

8.3.2. General features of the EB of silver nanowires

When an electric field is applied to a suspension of non-spherical nanopar-
ticles, they tend to orient along the field direction, and the suspension be-
comes optically anisotropic. For axially symmetric particles, the electric
birefringence ∆n = n‖−n⊥ is defined as the difference between the refrac-
tive index of the suspension along the directions parallel and perpendicu-
lar to the electric field. In general, this quantity is given by

∆n = ∆nmaxS (8.2)

where S is the orientational order parameter of the suspension, which for
elongated geometries ranges from 0 (random orientation) to 1 (total align-
ment). The saturation birefringence, ∆nmax, reads:

∆nmax =
N∆αo

2nsε0
(8.3)

being N the particle concentration by number, ns the refractive index of
the solvent and ε0 the vacuum permittivity. ∆αo is the optical polarisabil-
ity anisotropy of the particles, defined as ∆αo = αo

a − αo
b , where a and b

indicate the directions parallel and perpendicular to the major axis, respec-
tively.

Figure 8.4a shows the EB of a silver nanowire suspension as a function of
time, for different frequencies of the applied electric field. Here, it can be
observed that when the field is turned on the EB signal grows and reaches
a stationary value. When the field is turned off, the birefringence decays
to zero. AgNWs exhibit negative birefringence in the whole explored fre-
quency range, a feature that has been already observed for other conduct-
ing materials [89]. In those cases, the effect was due to a negative value
of ∆αo, caused by the strong optical absorbance of the metallic particles
[89]. However, the negative sign can also be due to an anomalous ori-
entation of the AgNWs, with their major axis perpendicular to the field
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(A)

(B)

FIGURE 8.3: a) Zoom-in TEM picture of the AgNWs. b) XPS peaks corresponding to
silver and oxygen.
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direction, resulting in a negative value of S, and hence of the birefringence
(Equation 8.2). This has been observed for polydisperse suspensions and
bidisperse systems at low field frequencies [78, 80].

In order to discriminate between both possibilities, we performed flow
birefringence experiments. When rigid rods flow through a thin capillary,
the velocity gradient produces an orientation of the particles with their ma-
jor axis parallel to the channel, independently of their nature. This gives
rise to an induced birefringence, whose sign is determined solely by ∆αo.
In our experiments, we substituted the cell and vertical electrodes of the
EB setup by an horizontal channel with a cross section 1×1 mm2, and we
pumped the suspension at a flow rate of 0.2 mL/s, which means a shear
rate of approximately 300 s−1. The results for AgNWs are shown in Fig-
ure 8.4b, together with measurements of sepiolite needles (Sigma Aldrich,
USA), for the sake of comparison. The data indicate that, unlike the case of
sepiolite particles, silver nanowires present a negative optical polarisability
anisotropy, responsible for the negative sign of the electric birefringence.

For very elongated particles, a theoretical value of the polarisability ani-
sotropy at optical frequencies can be obtained from the refractive index of
the medium, nm, and the particle, np, as:

∆αo = Vpε0Re

[
(n2
p − n2

m)2

n2
p + n2

m

]
(8.4)

where Vp is the particle volume. Using the bibliography value of np[224]
and the particle dimensions obtained by microscopy, a theoretical value of
∆αo = −4.9 · 10−30 Fm2 was found for the AgNWs. Thus, the negative
sign of the optical polarisability anisotropy is a consequence of particle
absorbance.

It is worth mentioning that, given the length of the AgNWs, one may ex-
pect some interaction among them. This would be reflected in a slowing
down of the transient decay, or equivalently a larger hydrodynamic size,
for more concentrated samples, which is not observed. Furthermore, Fig-
ure 8.5a shows that birefringence is proportional to particle concentration,
which further rules out any particle interactions. Figure 8.5b shows that the
EB is also proportional to the square of the field amplitude, E0, a quadratic
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(A)

(B)

FIGURE 8.4: a) Electric birefringence of a 100 mg/L AgNW suspension in 0.03 mM KCl
as a function of time. The electric field pulses have an amplitude of 2 V/mm, a duration
of 12.5 s and the indicated frequencies. b) Flow birefringence of suspensions of AgNWs at

200 mg/L and sepiolite needles at 2 g/L, as a function of time.
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dependence known as Kerr’s law, which is fulfilled for sufficiently weak
fields.

8.3.3. Electric birefringence dynamics

In Figure 8.6a, the electric birefringence signal as a function of time is pre-
sented normalised by the stationary value, ∆nst, to make evident that the
dynamics of the process is independent of the field frequency. The decay of
the birefringence after the field is turned off is due to thermal agitation, and
hence it is related only to the rotational diffusion coefficient Θ of the wires.
Due to the strong dependence of Θ with the particle dimensions, the anal-
ysis of the birefringence decay has been long used to determine the size of
non-spherical particles in suspension [45, 77, 78, 94, 96, 246, 248].

For polydisperse samples, the birefringence decay can be obtained as a
superposition of independent single-exponential processes, as [47, 94]

∆n(t) = ∆nst

N∑
i=1

Cie
−t/τi (8.5)

where τi = 1/6Θi the characteristic rotation time of particles of a well-
defined size, andCi are coefficients which measure the contribution of each
population to the overall signal. Since electric birefringence is proportional
to the particle volume, the Ci’s provide a size distribution in volume of the
polydisperse suspension. The rotational diffusion coefficient of each pop-
ulation can be calculated from the wire dimensions, with the expressions
[200]:

Θi =
3kBT

πη(2ai)3
F (ri)

F (ri) = log ri − 0.2/ log 2ri − 16/ (log 2ri)
2

(8.6)

being kB the Boltzmann constant, T the temperature of the suspension, ai
the major semiaxis of the particles in population i, ri = ai/b their aspect ra-
tio and η the solvent viscosity. The particle radius b is considered constant
for all populations.
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(A)

(B)

FIGURE 8.5: Electric birefringence of a silver nanowire suspension at 0.03 mM KCl a) as a
function of particle concentration and b) as a function of the square of the field amplitude,
for the indicated field frequencies. In a) E0 is 2 V/mm and in b) the particle concentration

is 100 mg/L.
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(A)

(B)

FIGURE 8.6: a) Normalised birefringence of the AgNWs in 0.03 mM KCl solution, as a
function of time. b) Length distribution by volume of the AgNW sample as obtained from

microscopy pictures (bars) and from the multi-exponential method (line).
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In this manner, the length distribution of the AgNW sample, shown in
Figure 8.6b, was obtained from the analysis of the birefringence decay.[47,
94] The results are compared to electron microscopy determinations, with a
very good agreement, indicating that particles are well dispersed in the so-
lution. The volume-averaged wire length obtained from the birefringence
decay is 4.3±1.7 µm, within a 10% difference of the microscopy value,
4.5±2.9 µm. Nevertheless, it can be observed that the EB-obtained dis-
tribution is slightly narrower, which can be associated to the difficulties
of size determination from the microscope pictures in such a long particle
system.

8.3.4. Electric birefringence spectra

In Figure 8.7a we show the electric birefringence spectra of AgNWs, mea-
sured inside the Kerr regime, at three different values of the salt concen-
tration. With the aid of Equation 8.2, the orientational order parameter
S can be experimentally determined. Two contributions are expected to
the electro-orientation. On one hand, the external electric field induces an
electric dipole that produces an orientation S1 given by:

S1 =
∆αe(ν)E2

0

30kBT
(8.7)

where ∆αe = αe
a − αe

b the anisotropy of the electrical polarisability of the
particles at a given field frequency ν.

The polarisation of low-charged conducting particles has been studied
elsewhere [74, 85], modelling them as ideally polarisable, a reasonable as-
sumption for moderate potentials. Following this approach, it was shown
that two mechanisms contribute to polarisation: The fastest one is the large
dipole generated by electron migration inside the particles, opposite to the
field. The slowest mechanism is related to the subsequent redistribution
of ions in the electrolyte solution, which accumulate near the region of the
particle with opposite charge.

In the case of very elongated particles, it can be demonstrated that αeb ∼
1
r2 log(r)αea << αea [74]. Hence, ∆αe ≈ αe

a. Moreover, it can be further
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(A)

(B)

FIGURE 8.7: a) Electric birefringence of AgNW samples with the indicated salt concen-
trations, as a function of the field frequency. The field strength is 2 V/mm and the particle
concentration 100 mg/L. The points are the experimental data and the dotted lines fittings
to the model for conducting wires. b) Same as a) but only for 0.03 mM KCl (points), with the
electric (dotted grey line) and viscous (dashed red line) contributions given by the model,

presented separately. The solid black line is the sum of the two effects.
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assumed that the charge separation induced by the external field is given
by a one-dimensional charge density. In this situation, it has been shown
that the electrical polarisability anisotropy of infinitely elongated metallic
particles can be expressed as [74]:

∆αe(ν) =
4πa3εm

3

1

log r

ν2/ν2
DL

1 + ν2/ν2
DL

νDL =
σm

2πb log rCDL
(8.8)

being εm and σm the medium permittivity and conductivity, and CDL the
double layer capacitance. According to this expression, there is a disper-
sion in the electro-orientation spectrum with a characteristic frequency νDL,
which can be understood as follows: at low frequencies, the induced ion ac-
cumulation screens the particle dipole, and particle polarisation (and hence
electro-orientation) is small. At high frequencies, ions do not have time to
redistribute and there is no induced charge in the liquid. Thus, the strong
polarisation of the metallic particle gives rise to an increase in the orienta-
tion degree. In our case, the calculation of the electric dipole is carried out
numerically by solving Laplace equation with the boundary conditions of
the problem, and taking into account the axial symmetry of the particles
(see details in Reference[74]). However, the essential features of this phe-
nomenon are captured by Equation 8.8.

In addition to the electric contribution, the existence of a hydrodynamic
torque must be taken into account. Thus, the countercharge in the particle
proximities migrates under the effect of the external electric field, drag-
ging electro-osmotic fluxes. While for centrosymmetric charged particles
this flux does not produce a net torque [49], in the case of barely charged
metallic particles, the induced ion accumulation at low frequencies is assy-
metrical, and the charges migrate around the particle, also dragging liquid
with them [41, 72–74, 85, 86]. This effect is called induced charge electro-
osmosis (ICEO), and is schematically represented in Figure 8.8.

Here, it can be observed that the component of the electric field parallel
to the particle’s major axis is responsible for charge separation inside the
metallic wire, which gives rise to ion accumulation if the field frequency
is sufficiently low. The ions in these induced double layers are affected
by both components of the electric field, but here we focus on the effect
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FIGURE 8.8: Schematic representation of the ICEO flows for a very elongated particle.

of E⊥, which moves the negative ions to the left and the positive ions to
the right, dragging liquid in the respective directions. This gives rise to
an effective rotation of the particle, which tends to orient its major axis
along the external field. The contribution of the ICEO flows to the order
parameter of the suspension for weak fields is, in the limit of infinitely
long cylinders [74]:

S2 =
4πa3εmE

2
0

45f(λ)kBT [1 + (ν/νDL)2]
(8.9)

where λ = log(2a/b) and f(λ) = λ−1.14−0.2/λ−16/λ2. As observed, this
quantity is non-zero only at low frequencies, when ions have time to redis-
tribute along distances of the order of the particle length. In this situation,
the viscous torque slightly orients the particles along the field direction. In
Equation 8.9, it can be observed that the response is also proportional to
the square of the field amplitude, and hence Kerr’s law is preserved. As
in the case of S1, more accurate results can be found by a numerical cal-
culation of the hydrodynamic contribution, as was done by Arcenegui et
al.[74]. Again, Equation 8.9 can help to better understand the frequency
behaviour of this contribution.
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In different works, it has been found that the theoretical value of the ICEO
fluid velocity is up to an order of magnitude higher than measured experi-
mentally [36, 74, 251]. The cause of such difference is still unclear, although
several possibilities have been suggested, such as the effect of the dielec-
tric coating, ion adsorption and/or surface roughness [74]. To include this
fact in the data fitting, the slip velocity is multiplied by a correction factor
0 < Λ < 1. Finally, the birefringence can be calculated as:

∆n = ∆nmax
(
S1 + S̄2

)
(8.10)

being S̄2 the modification of S2 when the correction factor Λ is taken into
account.

The experimental data in Figure 8.7a are fitted to the previously detailed
model for metallic particle polarisation. The adjustable parameters are the
double layer capacitance, the Λ factor and the saturation birefringence.
From the high-frequency value of ∆n, and taking into account that S̄2 = 0

in this frequency limit, ∆nmax can be obtained from Equations 9.4 and 8.10
after numerically calculating of ∆αe. The low-frequency limit of the bire-
fringence, together with Equation 8.10 and the value of ∆nmax, allow us
to obtain S̄2, and hence Λ. Finally, from the characteristic frequency of the
dispersion, CDL can be determined. In Figure 8.7b, the contributions of the
electrical and viscous torque to the overall signal are presented separately.

The value of the double layer capacitance obtained from the fittings is
CDL = (1.4 ± 0.1)εmκ

−1, corresponding to 1.4 times the Debye-Hückel ca-
pacitance, a reasonable result. Note that for nanowires of 3 µm length, an
electric field E0 = 2 V/mm produces a voltage drop of ϕ ≈ 6mV along
the particle, and hence eϕ/kBT ≈ 0.2. For this value, some deviations can
be expected from the linearized Debye-Hückel model. The Λ correction
factors for the suspensions with 0.1, 0.03 and 0.01 mM KCl are, respec-
tively, 0.08, 0.13 and 0.19. These values are similar to those obtained else-
where [36, 252]. Moreover, our results show a tendency of Λ to increase for
lower ionic strengths, as also observed in other works [36, 253, 254].

The birefringence saturation value obtained from the fittings of the spec-
tra is ∆nmax = −52 · 10−7, which, according to Equation 8.3 corresponds
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to an optical polarisability anisotropy of ∆αo = −2.8 · 10−31 F/m2. This
value is 18 times smaller than the theoretical prediction for very elongated
wires and the optical constants of silver. Similar differences have been
found, for instance, for gibbsite platelets [50] or sodium montmorillonite
particles [78]. In these works, the mismatch was attributed respectively
to an intrinsic anisotropy of the material, due to its crystalline structure,
and to clay swelling. In our case, we suggest that the effect may be re-
lated to the oxidation of the wire surface. In fact, as derived from TEM and
XPS determinations, the AgNWs seem to be coated by an oxide layer of
several nanometers. The optical properties of oxidised silver films were
studied elsewhere [255], and values of the complex refractive index of
n = (2.0±0.3)+(0.8±0.5)iwere reported for high oxidation. These values
are compatible with our experimental optical polarisability anisotropy.

8.4. Summary and Conclusions

In this work, the complete electric birefringence phenomenology of sus-
pensions of silver nanowires was studied. Under all experimental condi-
tions, we found a negative response, a feature also observed for other con-
ducting materials and that could be attributed to particle absorbance. The
analysis of the transient EB behaviour provided the size distribution of the
wires in suspension, in good agreement with that obtained from electron
microscopy determinations.

Moreover, the spectral electro-orientation behaviour of the AgNWs was
analysed in a wide frequency range, for different values of the ionic strength.
For high frequency fields, electro-orientation is due only to the electric po-
larisation of the metallic particles. At low frequencies, on the other hand,
the orientation decays to a small value associated to the appearance of an
induced double layer, which screens the particle dipole. However, this
low-frequency limit is non-zero due to the contribution of electro-osmotic
fluxes, which produce a viscous torque also orienting the particles along
the field direction. The results could be suitably fitted by a theoretical
model, which allowed the calculation of the capacitance of the electrical
double layer and the slip velocity. The latter is an order of magnitude lower
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than expected, as observed for other similar systems.

In this manner, EB experiments allowed the analysis of the different polar-
isation mechanisms of AgNWs in aqueous suspension, an important step
towards applications in which these particles are oriented or, in general, in-
teract with external electric fields. Moreover, information can be obtained
on the optical and geometrical properties of the silver needles, proving the
characterisation potential of the electro-optical techniques.
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Recently, graphene oxide (GO) has attracted much attention because of
its many potential applications, such as the fabrication of transparent elec-
trodes or drug delivery, in addition to its use as a precursor for large-scale
production of graphene flakes. However, the interaction of this material
with electric fields is yet poorly understood, and only recently the orien-
tation of GO particles with an electric field was achieved. In this work,
we analyse the electro-orientation of GO flakes in aqueous suspension in
the absence of interparticle interactions, under different experimental con-
ditions. From the measurement of linear dichroism, the electrical polariz-
ability of the GO flakes as a function of the field frequency was calculated.
The results show a pronounced relaxation process in the kHz range that
leads to a large high-frequency polarizability. This phenomenology is ex-
plained as follows: For high-frequency fields, the polarizability is that of
conducting particles immersed in a dielectric; for frequencies below the
kHz range, in contrast, ions in solution redistribute and screen the induced
dipole. Hence, the use of high-frequency electric fields strongly enhances
GO electro-orientation. Furthermore, from the linear dichroism measure-
ments, the particle absorption coefficient and the sample size distribution
could be obtained.
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9.1. Introduction

Graphene oxide (GO) consists of a single layer of graphene, oxidised in
different degrees with oxygen-containing functional groups, which strongly
affect the electric and mechanical properties of the material [115, 256]. While
GO has been mainly studied as a precursor for large-scale graphene fabri-
cation by reduction processes [257], in the recent years, it is gathering much
interest because of their potential use in applications like photocatalysis,
drug delivery, separation membranes, transparent conductive films or op-
tical devices [11, 117, 258–261]. Among other suitable properties, GO parti-
cles are dispersable in polar solvents and easily functionalised [258]. More-
over, their mechanical and electric properties can be tuned by modifying
the degree of oxidation, providing high versatility [262–264].

Controlled orientation of the GO flakes, essential for many of these ap-
plications, is being targeted by different methods, such as spray deposi-
tion, vacuum filtration, the Langmuir-Blodgett technique or magnetic ori-
entation [265–268]. In particular, the use of electric fields, widespread for
many materials, presents difficulties in the case of graphene oxide [269].
Thus, only recently, high-frequency AC electric fields have been success-
fully used to orient weakly-interacting GO platelets in suspension [145,
270–272]. Hence, much work is still needed to understand the behaviour
of GO flakes under the effect of electric fields, necessary for future imple-
mentation in applications.

In this work, we analyse the orientation ordering of diluted suspensions
of GO particles under the application of oscillating electric fields, as a func-
tion of the field frequency and amplitude. Experimentally, this electro-
orientation is monitored via the analysis of the macroscopic linear dichro-
ism that arises in the suspension when the particles are oriented by the
external field.

9.2. Theoretical background

Under the application of an external electric field, non-spherical particles
in suspension tend to orient with their major axis parallel to the field di-
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rection, and the absorbance A of the sample becomes anisotropic [89]. To
quantify this effect, the linear dichroism (LD) is defined as

∆A = A⊥ −A‖ (9.1)

where A⊥(‖) is the absorption of the sample along the direction perpendic-
ular (parallel) to the applied field. The absorbance anisotropy is propor-
tional to the state of orientation of the system, characterised by an order
parameter S. In this manner [84]

∆A = ∆AsatS (9.2)

where ∆Asat is the saturation value of linear dichroism, directly related
to the absorbance properties of the suspended particles and the sample
concentration.

For oblate particles, the order parameter can be obtained as a function of
the field strength as [84]:

S =
3

4γ

1−
2
√
γe−γ∫ √γ

−√γ e−x2dx

− 1

2
γ =

∆αeE2
0

4kBT
(9.3)

being E0 the field amplitude, kB the Boltzmann constant and T the sus-
pension temperature. ∆αe = |αe

d−α
e
L| is the electrical polarizability aniso-

tropy of the particles, where αe
d (αe

L) is the polarizability along their minor
(d) and major (L) axis respectively. For oblate shapes, S, and hence also
∆A, are negative for normal orientation. The low-field limit of the former
expression provides a quadratic dependence of the order parameter with
E0, known as Kerr’s law:

S = −∆αeE2
0

30kBT
(9.4)

For very high fields, on the other hand, saturation of the dichroism is
achieved. In the case of axially-symmetric planar particles, perfect align-
ment along the major axis, perpendicular to the symmetry axis, gives a
value of−1/2 for the order parameter, and ∆A = −1/2∆Asat (Equation 9.3).
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After the application of the electric field, the orientation of the system
is not immediate, but rather the dichroism grows and reaches the station-
ary value ∆A∞ in a characteristic rise time, which in general depends on
the field strength [81, 95]. Upon removal of the electric field, the particles
randomise their orientation due to rotational diffusion, and the dichroism
decays to zero.

Rotational diffusion is strongly size-dependent, and hence the analysis
of the dichroism decay can provide information on the dimensions of the
suspended particles [45, 94]. For this purpose, here we use the multi-
exponential method [47, 94], which assumes that, for a polydisperse sam-
ple, the LD decay can be built as a superposition of single exponential de-
cay processes, corresponding to fractions of a well-defined size. Each pro-
cess has a characteristic decay time τdi = 1/6Θi, where Θi is the rotational
diffusion coefficient of the population i, which can be obtained from the
particle dimensions. The relative contribution of each process is weighted
by a coefficient Ci. In this manner:

∆A(t)

∆A0
=
∑

Cie−t/τdi (9.5)

where ∆A0 is the initial value of the dichroism. Since LD depends on the
particle volume, the coefficients Ci are proportional to the volume fraction
of particles with size i of the polydisperse sample. Thus, if the decay of the
dichroism is measured, Equation 9.5 can be solved to obtain a volume size
distribution of the particles in suspension.

9.3. Experimental section

Graphene oxide particles were purchased from Graphenea, Spain, and
dispersed in aqueous suspension with the help of a sonicator. A micro-
scope image of these particles is shown in Figure 9.1, where it can be ob-
served that the sample is very polydisperse. From the measurement of 150
particles, an average major axis length of 2.5±2.2 µm was obtained for the
graphene flakes, where the error represents the standard deviation of the
distribution.
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FIGURE 9.1: Transmission electron microscopy pictures of the graphene oxide particles
at two different zoom scales.

The GO platelets present a small negative charge, being the zeta-potential
of the particles around -30 mV (Malvern Zeta Sizer Nano-ZS, Malvern In-
struments, UK). In order to determine the oxygen content of the particles,
XPS measurements were performed on the GO sample. Figure 9.2 shows
the peaks corresponding to carbon and oxygen, from which a mass con-
tent of 39% of oxygen is obtained. This corresponds to a mild oxidation,
as compared to other samples which contain up to 60% oxygen [273]. The
conductivity of the GO flakes with this composition is around 1 S/m [273].

For the electric dichroism measurements, the sample is placed in a quartz
cell of 1 cm path length and subjected to AC electric field pulses with the
help of a function generator (Tektronix AFG 3101, USA) and a field am-
plifier (Piezo Systems Inc. EPA-104,USA). The pulse duration must be ad-
justed with the field amplitude to avoid heating effects. The frequency
range is 10 Hz-500 kHz, and the sample temperature 15◦C.

A He-Ne laser beam linearly polarised parallel to the field direction is
passed through the sample and collected by a photodiode (Edmund Op-
tics, UK), whose signal is recorded by a digital oscilloscope (Tektronix TDS
2012C, USA). The dichroism of the sample can be obtained from the light
intensity I transmitted by this setup as [89]
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FIGURE 9.2: XPS peaks corresponding to carbon (top) and oxygen (bottom).

∆A =
3

2
log10

I0

I(t)
(9.6)

being I0 the transmitted intensity in the absence of applied field.

9.4. Results and discussion

9.4.1. General features

Figure 9.3 shows a complete linear dichroism signal of a graphene oxide
dispersion. Here, it can be observed that LD is negative, as expected for
planar particles. Therefore, we can conclude that the orientation of the
GO layers is normal, with their major axis along the field direction. When
the field is turned on, the dichroism signal grows in a short time, which
depends on the value of the field strength, and reaches a stationary value.
When the field is turned off, the dichroism decays during several seconds.
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FIGURE 9.3: Linear dichroism measurements of a 50 mg/L aqueous suspension of GO,
with 0.3 mM KCl. The field strength is 50 V/mm and the frequency 10 kHz.

In the first place, in order to check that we find ourselves in the dilute
regime, we measured ∆A as a function of particle concentration. The re-
sults are displayed in Figure 9.4, where it can be observed that proportion-
ality is found in the studied range, and hence particle interactions can be
neglected. This is specially relevant, since it has been shown that concen-
trated GO suspensions can exhibit insensitivity to electric fields [270].

Figure 9.5 shows the linear dichroism of the GO flakes as a function of
the field strength, together with a fitting to theory. Here, it can be observed
that the field dependence of ∆A is well-described by Equation 9.3, with
fitting parameters ∆Asat = 0.57±0.10 and γ/E2

0 = (6.0±0.5) ·10−9 m2/V2.
Deviations from Kerr’s behaviour begin at a field strength of around 20
V/mm, and saturation is achieved at approximately 50 V/mm.

In the case of oblate-like geometries, the dichroism of the sample for sat-
urating fields can be expressed as:
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FIGURE 9.4: Linear dichroism of the GO platelets as a function of particle concentration,
under a 10 kHz electric field of 10 V/mm and 50 V/mm. The salt concentration is 0.3 mM

KCl.

FIGURE 9.5: Linear dichroism of a dispersion of GO particles at 50 mg/L and 0.3 mM
KCl as a function of the square of the field strength. The field frequency is 10 kHz. The
points are the experimental data, and the solid line a fitting to Equation 9.3. The dashed

line indicates the low-field linear behaviour (Equation 9.4)

∆A = −1

2
∆Asat = cl

αabs
L + αabs

d

2
− clαabs

L ≈ −1

2
clαabs

L (9.7)
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where αabs
L and αabs

d are the absorption coefficients of the particles along
the major (L) and minor (d) axes, c is the sample concentration and l the
path length. In this expression, the Lambert-Beer law (A = αabscl) and the
approximation αabs

d << αabs
L were used. In this manner,

αabs
L ≈ ∆Asat

cl
(9.8)

From this expression, using the experimental saturation value of LD, an
absorption coefficient of αabs

L = 1140 ± 20 mLmg−1m−1 was found for
the GO flakes along their major axis, for a light wavelength of 633 nm.
Again, for oblate particles, the absorbance for random orientation is α =
2αabs
L +αabs

d
3 ≈ 2

3α
abs
L = 760 ± 10 mLmg−1m−1. This value is smaller than

those measured for graphene, which range 1390-6600 mLmg−1m−1 at 660
nm [274–278]. This is compatible with a mildly oxidised GO sample, since
absorbance decreases with the degree of oxidation [279].

Furthermore, according to Equation 9.3, the value of the electric polariz-
ability anisotropy can be obtained from the experimental value of γ/E2

0 .
For planar particles like ours, it can be considered that ∆αe ≈ αe

L, since
αe
L >> αe

d. With this approach, a value of αe
L = (9.5 ± 0.8) · 10−29 F/m2

was found for the polarizability of the GO particles along their major axis
for a field frequency of 10 kHz. The polarizability of the GO flakes in a
wide frequency range is obtained and discussed later in the text.

9.4.2. Decay of the birefringence and size determination

Figure 9.6 displays the decrease of the dichroism of the GO flakes as a
function of time after the electric field is turned off. Here, it can be ob-
served that this decay is independent of the field strength, as expected
since the randomisation process is related only to the morphology of the
particles. The experimental data were analysed by the multi-exponential
method in order to obtain a major length distribution of the polydisperse
sample. For this purpose, the particles were modelled as infinitely thin
disks, with rotational diffusion coefficient [48]
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Θ =
3kBT

4ηL3
(9.9)

being η the solvent viscosity and L the particle diameter.

FIGURE 9.6: Decay of the linear dichroism of a dispersion of GO particles at 50 mg/L and
0.3 mM KCl after the application of a 10 kHz electric field of the indicated amplitude. ∆A

is normalised to the initial value.

The obtained results are presented in Figure 9.7, together with those given
by microscopy determinations. In this graph, it can be observed that the
distributions are in very reasonable agreement, considering the used ap-
proximations and the poor particle distinction in the microscope pictures.
The volume-averaged diameters are, respectively, 5.8±3.2 µm and 6.3±2.9
µm, where the errors correspond to the standard deviations. Thus, the dif-
ference between the mean length values is below 8%, and the widths of the
distributions are also very similar.

9.4.3. Rise of the birefringence

Figure 9.8a shows the rise of linear dichroism as a function of time after
the field is switched on, for different values of the field strength. Here, it
can be observed that, unlike the decay, the build-up dynamics is strongly
dependent on the field amplitude. In the high-field limit, where rotational
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FIGURE 9.7: Volume-weighted length distribution of the GO particles, as obtained from
microscopy determinations and using the multi-exponential (ME) method for the analysis

of the dichroism decay.

diffusion can be neglected as compared to the effect of the external field,
the rise of LD as a function of time can be described as [95]

∆A

∆A∞
= −2S = 1− 3et/τr

et/τr − 1

[
1 +

1√
et/τr − 1

(
arctan

1√
et/τr − 1

− π

2

)]
1

τr
= −Θ∆αe

kBT
E2

0

(9.10)

where ∆A∞ is the stationary linear dichroism, which at saturating fields
has a value of −∆Asat/2.

In this expression, it must be pointed out that the L3 dependence of Θ and
∆αe cancel out, and hence the particle size (and therefore the polydisper-
sity) does not play a role on the dichroism rise. This explains the excellent
agreement between the experimental data of our polydisperse GO sample
and Equation 9.10, obtained in principle for monodisperse suspensions. As
observed in Figure 9.8b, the fitting parameter τr is inversely proportional
to the square of the field amplitude for all studied fields, as expected.

From the value of γ/E2
0 = (6.0± 0.5) · 10−9 m2/V2 obtained in a previous
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section, and the slope in Figure 9.8b, b = −Θ∆αe/kBT = (−12.9±0.1)·10−9

m2/sV2, the rotational diffusion coefficient of the GO flakes can be calcu-
lated as Θ = b

γ/E2
0

. The obtained value, Θ = 0.54± 0.05 s−1, corresponds to
particles with an average diameter of 1.70 ± 0.16 µm, within a 35% differ-
ence of the number-averaged mean length obtained by microscopy deter-
minations. These results are in reasonable agreement taking into account
the high polydispersity and the irregular particle shape.

9.4.4. Spectral behaviour

The polarization of colloidal particles under alternating electric fields is
strongly dependent on the field frequency, ν. Normally, in order to obtain
the polarizability anisotropy spectrum from LD measurements, electro-
orientation is measured at low fields, since in this situation S is directly
related to ∆αe(ν), according to Equation 9.4. However, this expression is
only valid inside Kerr’s regime, which is difficult to maintain for the GO
suspensions, since they achieve saturation at relatively low fields. For this
reason, the frequency dependence of ∆αe was obtained by a different ap-
proach, based on the analysis of the LD build-up.

According to Equation 9.10, for arbitrary values of the field strength, αe
L ≈

∆αe can be calculated from τr, if the rotational diffusion coefficient of the
particles is known. Here, we use the value of Θ obtained in a previous
section. In this manner, the spectrum of αe

L can be obtained by measuring
the rise dynamics for different values of the field frequency. The results
for GO suspensions with different ionic strengths are shown in Figure 9.9a,
where it can be observed that, for frequencies below 10 kHz, αe

L is very
low, and it grows quickly for higher frequencies.

In all cases, the polarizability spectrum could be fitted by a Cole-Cole
type relaxation function

αe
L = Re

[
αe
L∞ +

αe
L0 − αe

L∞
1 + (iν/νc)1−ξ

]
(9.11)

with ξ = 0.25± 0.03, indicating the significant sample polydispersity. The
high- and low-frequency limiting values of the polarizability, αe

L∞ = (0.5±
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FIGURE 9.8: Rise dynamics of the the dichroism of a dispersion of GO particles at 50
mg/L and 0.3 mM KCl. The field frequency is 10 kHz. a) Normalised rise of LD for different
field amplitudes. The dashed black lines are fittings to Equation 9.10. b) 1/τr as a function

of the square of the field amplitude. The black line is a linear fitting.

0.2) · 10−28 Fm2 and αe
L0 = (5.3 ± 0.5) · 10−28 Fm2 respectively, are inde-

pendent of ion concentration. The characteristic relaxation frequency νc, in
contrast, grows with increasing ionic strength, as clearly observed in Fig-
ure 9.9b.

The fact that the fitting of the data does not show any dependence of αe
L∞

on ion concentration can be understood taking into account that the maxi-
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FIGURE 9.9: a) Polarizability spectra of four samples of GO flakes at 50 mg/L, with dif-
ferent values of the ionic strength. The points are the experimental data and the solid lines
fittings to Cole-Cole relaxation functions. b) Relaxation frequency as a function of ion con-

centration.

mum medium conductivity is 10−2 S/m, a value much lower than the esti-
mated particle conductivity (1 S/m). In fact, the value of the polarizability
in the high-frequency range corresponds to that of a perfectly conducting
particle with diameter L = 1.03 ± 0.05 µm, a reasonable result, according
to the expression [123]:
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αe
L = 2L3εm/3 (9.12)

For frequencies below the kHz range, the electrical polarizability decreases
by an order of magnitude. This spectrum shape has been also observed for
other conducting particles with low charge, namely silver nanowires [74].
In this case, these features can be explained as follows: For high-frequency
fields, the particle polarization is that of a perfectly conducting material
immersed in a dielectric. In contrast, for low frequencies, the ions in solu-
tion redistribute and form an induced electrical double layer which screens
the particle dipole, cancelling the electro-orientation. Experimentally, how-
ever, the low frequency value of the dichroism is not zero, which may be
attributed to the dragging of liquid by induced electro-osmotic flows. This
can give rise to a slight orientation of the particles that is not due to an elec-
trical polarization, as was also observed in the case of silver nanowires.

While an exact expression for the relaxation frequency is not available in
the case of planar geometries (as was the case of very elongated particles),
an estimation can be obtained by modelling the relaxation process as the
charging of a capacitor [74, 215]. In this manner, the characteristic time can
be approximated as τcap = RC. Here, C is the capacitance of the induced
electric double layer

CEDL = εm/κ
−1 =

√
2e2εmNANm

kBT
(9.13)

being NA the Avogadro constant and Nm the ion molar concentration. R
is the resistance of the circuit, which can be obtained from the electrolyte
conductivity, Km, as

R =
D

Km
=

D

(λ+ + λ−)Nm
(9.14)

where λ+(−) is the electrolytic conductivity of the K+ (Cl−) ions and D the
typical distance that ions travel to counter the particle induced dipole. In
this manner, the characteristic relaxation frequency reads:
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νc =
λ+ + λ−

D

√
kBT

2e2εmNA

√
Nm (9.15)

This law is experimentally checked in Figure 9.9b, where it can be ob-
served that the characteristic relaxation frequency depends linearly on the
square root of ion concentration. From the slope value, the mean distance
travelled by the ions in solution was estimated to be D = 700 ± 10 nm, a
very reasonable value considering the particle dimensions.

9.5. Conclusions

The electro-optical behaviour of graphene oxide flakes provides much
information on their interaction with external electric fields, essential for
their possible use in applications in which controlled orientation is required.
In this work, the electro-orientation of GO was determined in the absence
of interparticle interactions, by means of the measurement of linear dichro-
ism. The results were analysed to characterise the geometrical and optical
properties, and to determine the polarization mechanisms contributing to
the electro-orientation of these particles.

In the first place, from the saturation value of LD, an absorption coeffi-
cient of 760 mLmg−1m−1 was obtained for our mildly oxidised GO flakes.
Furthermore, the study of the decay of linear dichroism upon removal of
the external field by the multi-exponential method furnished a length dis-
tribution of the polydisperse GO sample. The results are in good agree-
ment with microscopy determinations. Moreover, from the analysis of
the LD build-up after the field is turned on, the polarizability of the GO
platelets along their major axis could be calculated.

The measurement of αe
L at different field frequencies showed that the po-

larizability of GO grows significantly above the kHz range. This relax-
ation of αe

L could be explained as follows: For high frequencies, the GO
flakes behave as conducting particles suspended in a dielectric medium,
and particle polarization is large. On the other hand, for low-frequency
fields, the formation of an induced electric double layer screens the par-
ticle electric dipole, lowering the overall polarizability. As a conclusion,
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the use of high-frequency electric fields enhances the GO response, a fact
that must be taken into account to overcome the difficulties of GO electro-
orientation.
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Particle shape has been shown as an important parameter for the descrip-
tion of colloidal systems and for their use in applications. Electric fields
are a simple and efficient route to manipulate these particles and control
their orientation, although much work is still needed to achieve its full
potential. In this work, we use electro-optical techniques to analyse the
interaction of non-spherical particles with external electric fields. Special
attention is paid to the polarisation mechanisms of the particles and their
electrical double layers, and to the potential that these phenomena posses
as characterisation techniques. The main contributions of this dissertation
can be summarised as follows:

Electric birefringence spectroscopy of montmorillonite particles
We measured the complete birefringence phenomenology of sodium mont-

morillonite particles. The analysis of the results demonstrates the positive
prospects of this technique and the amount of information that it can pro-
vide on such complex systems.

The spectra of the birefringence permits the observation of well known
relaxations of the ionic clouds in EDLs, namely, α and Maxwell-Wagner.

The shape of the spectra suggests that the surface conductivity is not
homogeneous, but rather presents an anisotropy associated to the
face-edge inhomogeneous charge distribution of these particles.

The experimental refractive index of the material is lower than that
of bulk montmorillonite, due to particle swelling. The water content
could be estimated, and is in good agreement with the literature val-
ues.

For low-frequency fields, the birefringence spectra show anomalous
negative values, that is, a tendency of the particles to orient with their
faces perpendicular to the applied field, instead of parallel.

Such effect is minimized at basic pHs (all surfaces are negatively
charged), high ionic strengths (electrostatic screening) and low con-
centrations.

Comparison with previous data on bimodal suspensions suggests
that this behaviour is the result of an additional torque induced by
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the interaction between the smallest particles of the size distribution
of the clay and the largest ones.

Electric birefringence of carbon nanotubes: Single- vs double-walled
The study of the electric birefringence of suspensions of carbon nanotubes

allowed the real-time monitoring of their alignment with an external elec-
tric field. Two types of particles were compared: single- and double-walled
carbon nanotubes (SWNTs and DWNTs respectively).

DWNTs exhibit a negative birefringence, in contrast to the positive
signal found for SWNTs. This anomalous feature could be explained
taking into account particle absorbance.

Both types of nanotubes were shown to undergo almost the same
orientation process, because of the cancellation of the L3-dependence
of the electrical polarizability and the rotational diffusion coefficient
at high fields.

The length of the tubes was obtained from the birefringence decay
and from the experimental value of the electrical polarizability ani-
sotropy. The results obtained by these two methods are very similar.

In the case of the DWNTs, the obtained length differs by a factor
3 from the microscopy results, which suggests that these tubes are
more bundled or aggregated when suspended.

It was possible to prove that the metallic tubes, and not the semicon-
ducting ones, control the electro-optical response of the system, and
the refractive index of the particles was obtained.

Determination of the size distribution of non-spherical nanopar-
ticles by electric birefringence-based methods

In this work, we compared the performance of three birefringence-based
characterization techniques, namely the stretched-exponential, Watson- Jen-
nings (WJ) and multi-exponential (ME) methods, with electron microscopy
and dynamic light scattering measurements.
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The methods were successfully applied to six types of nanoparticles,
with very different geometries.

The ME method furnishes a complete size distribution of the sample,
and the results are excellent in most cases. For the goethite needles,
the SWNTs or the gibbsite platelets, the obtained distributions are in
perfect agreement with the microscopy results.

For the PTFE and NaMt particles, there are slight differences between
the ME method and the microscopy results, but they are not large
(below 8%) and can be attributed to the approximations employed in
the modelling of the particles.

The WJ method presents larger deviations with respect to the mi-
croscopy results in almost all cases, as compared to the ME method,
although they remain below 8%. This can be understood taking into
account that this method assumes a fixed shape for the size distribu-
tion of the sample.

It can be concluded that the obtained results are excellent, taking into
account the very different nature, characteristic sizes and geometries
of the selected particles.

On the other hand, the dynamic light scattering results present strong
deviations with respect to the average size found by microscopy, no
less than 30% in all cases.

Electric birefringence of gold nanorods: Effect of surfactant coat-
ing

We synthesised CTAB-stabilised gold nanorods and studied their electro-
optical behaviour, paying special attention to the effect that the surfactant
coating plays on the electrical properties of the system.

It has been experimentally observed that AuNRs exhibit negative
electric and flow birefringence. This could be attributed to the strong
optical absorbance of gold.

It has also been shown that the charge of the CTAB layer that sta-
bilises the AuNRs plays a crucial role in their electro-orientation.
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The experimental value of the electrical conductivity of the AuNRs
is two orders of magnitude lower than that of bulk gold, as has been
previously observed for other gold nano-objects.

The charge density of the surfactant layer as a function of the ionic
strength could be estimated. The results are in good agreement with
the values found via the analysis of electrophoretic mobility data
with a soft-particle model.

The study of the AC birefringence spectrum and the transient electric
birefringence shows that the rotational diffusion of gold nanorods is
slower than expected from their geometry.

Here, we propose that this field-induced effect is due to the accumu-
lation of CTAB micelles, present in the suspension, around the gold
nanorods.

Electro-orientation of silver nanowires in alternating fields
The complete electric birefringence phenomenology of suspensions of

commercial silver nanowires was studied in order to obtain information on
the polarisation and orientation mechanisms of uncharged metallic parti-
cles.

AgNWs exhibit negative birefringence, a feature also observed for
other conducting materials, which could be attributed to particle ab-
sorbance.

The analysis of the transient EB behaviour provided the size distribu-
tion of the wires in suspension, in good agreement with that obtained
from electron microscopy determinations.

The high-frequency value of the polarizability is that of a metallic
wire. At low frequencies, on the other hand, the polarization decays
to a small value due to the appearance of an induced double layer,
which screens the particle dipole.

Moreover, at low frequencies, the hydrodynamic contribution of electro-
osmotic fluxes was shown to play a crucial role in particle electro-
orientation.
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The value of the slip velocity obtained from our measurements is an
order of magnitude lower than expected, as observed systematically
for other similar systems.

Analysis of the electro-optical response of graphene oxide disper-
sions under alternating fields

The electro-optical behaviour of graphene oxide flakes provides much in-
formation on their interaction with external electric fields. In this work, we
study this phenomenology by means of the measurement of linear dichro-
ism.

The absorption coefficient of the GO flakes is smaller than the values
reported for graphene platelets, due to the effect of the oxidation.

The size distribution obtained by the multi-exponential method is in
good agreement with microscopy determinations.

The saturation of the dichroism impedes working in the Kerr regime,
but the polarizability spectra could be determined via the analysis of
the LD rise.

The electrical polarizability of GO grows significantly above the kHz
range, a behaviour which is very similar to the silver nanowire re-
sults.

The spectral response of the GO flakes indicates that they behave as
conducting particles immersed in an electrolyte solution.

From the fitting of the dichroism spectra, the average distance that
ions travel around the particle could be estimated around 700 nm, a
value consistent with particle size.

To sum up, we conclude that the use of electro-optical techniques for
the analysis of non-spherical particles in suspension holds a great poten-
tial and must be further studied. In this work, its application to very di-
verse systems has allowed to extract information on their properties and
polarisation mechanisms, and to advance in the understanding of not suf-
ficiently explored systems. Hopefully, more publicly funded investigation
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will bring about an improvement and dissemination of these techniques,
and new applications of particles with controlled geometries.
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11.1. Introducción y objetivos

A medida que la ciencia de nanopartículas avanza, se dispone de nue-
vos sistemas con propiedades extraordinarias, lo que va inmediatamente
seguido de nuevas aplicaciones en diferentes ramas de la técnica y la me-
dicina. De hecho, frecuentemente el potential de estas partículas se vislum-
bra incluso antes de que se conozcan con detalle sus propiedades físicas.
Sin embargo, aún es necesario seguir trabajando para desarrollar el poten-
tial que estos materiales ofrecen y, sobre todo, para conseguir que estos
avances se traduzcan en recursos al alcance de todas las personas, asegu-
rando en todo momento que su conocimiento es público y está al servicio
del pueblo.

La forma de las partículas
es un parámetro determi-
nante en las propiedades fí-
sicas de los sistemas coloi-
dales y sus potenciales apli-
caciones.

Aunque frecuentemente se asume que el
parámetro fundamental que afecta a las
propiedades y aplicaciones de las nano-
partículas es su tamaño, cada vez es más
evidente que, si bien fundamental, ésta no
es la única magnitud relevante. Así, se ha
demostrado que la forma de las partículas
tiene un efecto sustancial sobre la física de estos sistemas y sus aplicacio-
nes técnicas [1, 2]. Por ejemplo, la forma alargada de los nanorods de oro
juega un papel fundamental para su uso en sensores de ADN, almacena-
miento de datos ópticos de alta densidad o espectroscopía Raman [3–5].
Otros ejemplos son la actividad antibacteriana de las partículas de plata, la
toxicidad de los nanotubos de carbono, el comportamiento reológico de las
arcillas o las propiedades catalíticas de las nanopartículas de platino [6–9].
Esta es la hipótesis básica del presente trabajo: las nanopartículas de ta-
maño controlado y forma no esférica poseen características especiales, no
suficientemente exploradas y que pueden dar lugar a aplicaciones novedo-
sas en diversos campos.

Además, la posibilidad de controlar la orientación de las partículas no
esféricas está abriendo nuevas posibilidades, sobre todo en aquellas apli-
caciones que explotan propiedades direccionales. Ejemplos de ello pueden
encontrarse en el uso de nanorods de oro como metamateriales o trampas
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de partículas, en la fabricación de electrodos transparentes con nanovari-
llas de plata, en la implementación de nanotubos de carbono como senso-
res de ADN, sondas para microscopios o fotodetectores, y en la fabricación
de supercondensadores basados en grafeno [10–16]. Una técnica sencilla
y eficiente para la manipulación de micro y nanopartículas es el uso de
campos eléctricos. Por ejemplo, la dielectroforesis se ha utilizado en la se-
paración de partículas biológicas, como células o bacterias, y en la sepa-
ración de los nanotubos de carbono metálicos y semiconductores [17–19].
Además, mediante diferentes técnicas basadas en la aplicación de campos
eléctricos se ha logrado el ensamblaje y orientación de partículas no esfé-
ricas de diferente naturaleza, suspendidas en medio líquido [20–23]. Sin
embargo, los mecanismos que dan lugar a este ordenamiento todavía no
se entienden completamente, dada la complejidad de los procesos electro-
hidrodinámicos que lo provocan.

En muchos casos, las micro y nanopartículas se utilizan dispersas en me-
dio acuoso, lo que da lugar a fenómenos interfaciales que gobiernan el
comportamiento macroscópico de las suspensiones, complicando su des-
cripción. El presente trabajo se centra en la respuesta de dispersiones de
partículas no esféricas bajo el efecto de campos eléctricos, prestando espe-
cial atención a los mecanismos de polarización de la partículas y sus dobles
capas eléctricas. En el caso de partículas dieléctricas con formas simples,
este problema ha sido atajado de forma analítica por Shilov y cols. [24, 25],
y numéricamente por Fixman [26]. Además, en la última década, se han
desarrollado varios trabajos experimentales [27–32]. Dukhin y cols. estu-
diaron el caso de partículas metálicas esféricas poco cargadas [33, 34]. Re-
cientemente, estos cálculos se han extendido a otras geometrías [35, 36], y
se están llevando a cabo estudios experimentales para este tipo de partícu-
las [37–41].

En este trabajo estudiamos la polarización de partículas no esféricas en
suspensión mediante el análisis de los fenómenos electro-ópticos, que con-
sisten en la modificación de diferentes propiedades ópticas de las suspen-
siones por la aplicación de un campo eléctrico [42, 43]. Aquí, nos centramos
en dos de ellos: La birrefringencia eléctrica y el dicroísmo lineal, ambos re-
lacionados con la electro-orientación de partículas no esféricas. El análisis
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de estos efectos puede proporcionar información útil sobre las propiedades
ópticas, eléctricas y geométricas de las partículas en suspensión, y sobre los
fenómenos electrocinéticos que tienen lugar en sus interfases. Por lo tanto,
tenemos un doble propósito: entender los fenómenos observados y utilizar
las técnicas electro-ópticas para la caracterización de partículas de diferen-
tes geometrías.

Los fenómenos electro-ópticos consis-
ten en la modificación de las propieda-
des ópticas de las suspensiones de par-
tículas no esféricas por la aplicación de
campos eléctricos, y pueden utilizarse
como técnicas de caracterización.

En este sentido, por ejemplo,
la birrefringencia eléctrica tran-
sitoria se utiliza desde hace
tiempo para obtener informa-
ción sobre la flexibilidad o el
tamaño de partículas no esféri-
cas [44–46]. Sin embargo, sólo
unos pocos trabajos se centran en el análisis de la distribución de tamaños
de muestras polidispersas mediante este método [47, 48]. El decaimiento
de la birrefringencia depende del cubo del tamaño de las partículas, pro-
porcionando una gran sensibilidad, lo que hace que esta técnica presente
un gran potential. Por otra parte, la espectroscopía de birrefringencia se ha
propuesto como una potente herramienta para la medida directa de la po-
larizabilidad de las partículas en suspensión [49, 50]. Entre otras ventajas,
esta técnica es altamente susceptible a la anisotropía de las partículas, a di-
ferencia de otras como la espectroscopía dieléctrica o la electroforesis, que
típicamente miden magnitudes promediadas espacialmente. Por lo tanto,
puede proporcionar información sobre el efecto de la forma de la partícu-
la y de inhomogeneidades en la distribución de carga o en la estructura
interna.

En resumen, este trabajo se centra en el estudio de la respuesta electro-
óptica de partículas no esféricas de naturaleza muy diferente. Del análisis
de los resultados experimentales podemos obtener información sobre las
propiedades eléctricas, ópticas y geométricas de las partículas, y sobre sus
mecanismos de polarización, muy ligados a la presencia de la doble capa
eléctrica. Los principales objetivos pueden resumirse de la siguiente mane-
ra:

La medida y estudio de la fenomenología electro-óptica de partículas
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no esféricas con propiedades muy diversas.

El avance en la comprensión del comportamiento de las partículas
metálicas, poco estudiadas en la literatura.

El progreso en el uso de las técnicas electro-ópticas para la caracte-
rización de nanopartículas, sobre todo en cuanto a las distribuciones
de tamaño de muestras polidispersas.

11.2. Polarización y electro-orientación de partículas

11.2.1. Principios básicos de la polarización

Cuando una partícula cargada se encuentra sumergida en un medio die-
léctrico, los iones en torno a la misma se redistribuyen y dan lugar a una es-
tructura conocida como doble capa eléctrica (EDL), que determina muchas
de las propiedades macroscópicas de las suspensiones coloidales [51–55].
Así, cuando se aplica un campo eléctrico a una dispersión, su comporta-
miento depende de la respuesta tanto de las partículas como de sus EDLs.
Ésta a su vez viene gobernada por diferentes mecanismos de polarización,
cada uno con un tiempo característico propio. La Figura 11.1 muestra es-
quemáticamente estos procesos para el caso de partículas esféricas, que
describimos a continuación:

La primera reacción, casi instantánea, del sistema a la aplicación de
un campo eléctrico es la polarización de las nubes electrónicas [63].
En este caso, la polarizabilidad de las partículas viene dada por el
contraste entre la permitividad relativa de la partícula, εp, y del medio
εm [62]:

αperm = 3Vpε0εm
εp − εm
εp + 2εm

(11.1)

siendo Vp el volumen de la partícula y ε0 la permitividad del vacío.

Para tiempos más largos, las cargas libres de la partícula y su doble
capa tienen tiempo suficiente para desplazarse, y por lo tanto la po-
larizabilidad pasa a depender del contraste entre conductividades de
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FIGURA 11.1: Representación esquemática de a) la polarización de las nubes electrónicas,
b) la polarización de Maxwell-Wagner-O’Konski y c) la polarización de concentración. E

indica el campo eléctrico aplicado y d el dipolo inducido.

la partícula y el medio [64, 65]. Hay que tener en cuenta en este caso
que la presencia de la EDL da lugar a un exceso de conductividad
superficial, Kσ, que debe tenerse en cuenta para calcular la conduc-
tividad efectiva de la partícula [66]. De esta forma, la polarizabilidad
queda [62]:
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αcond = 3Vpε0εm
Keff
p −Km

Keff
p + 2Km

Keff
p = Kp + 2Kσ/a (11.2)

donde Km es la conductividad del medio, Kp la de la partícula y a

el radio. Este mecanismo se conoce como polarización de Maxwell-
Wagner-O’Konski, y presenta un tiempo característico análogo al de
carga de un condensador:

τMWO =
ε0εp + ε0εm
Keff
p +Km

(11.3)

El mecanismo más lento es la polarización de concentración, asocia-
da a la deformación de la EDL debido a que los flujos electromigrato-
rios y difusivos de iones no son simétricos dentro y fuera de la mis-
ma [52]. Este fenómeno da lugar a una reducción de la polarización
de las partículas.

Por otra parte, en el caso de partículas metálicas poco cargadas, la es-
tructura de la doble capa eléctrica es bastante débil, mientras que la po-
larización de la partícula es muy grande. Esto da lugar a fenómenos de
redistribución de carga que se traducen en mecanismos de polarización
diferentes, representados en la Figura 11.2 [72, 73]:

Para tiempos cortos, la partícula se polariza como un conductor per-
fecto.

αcond = 3Vpε0εm (11.4)

Sin embargo, para tiempos más largos los iones en disolución se re-
distribuyen y apantallan la carga de la partícula, anulando su efecto.
En este caso, el sistema se comporta como un dieléctrico y no se ob-
serva polarización total. El tiempo necesario para el establecimiento
de este mecanismo viene dado por:

τEDL =
aCEDL

Km
(11.5)
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FIGURA 11.2: Representación esquemática de la polarización de una partícula metálica
a) a tiempos cortos y b) a tiempos largos. E indica el campo eléctrico aplicado y d el dipolo

inducido.

donde CEDL es la capacidad de las EDLs inducidas por la redistribu-
ción de carga.

Esta discusión llevada a cabo en el dominio del tiempo puede extenderse
de forma sencilla al dominio de la frecuencia mediante la relajación de la
polarizabilidad [67]. Así, para frecuencias bajas del campo eléctrico, todos
los mecanismos de polarización pueden establecerse entre dos inversiones
consecutivas del campo. Sin embargo, a medida que la frecuencia aumenta,
los mecanismos más lentos dejan de contribuir a la polarización, dado que
no tienen suficiente tiempo para establecerse.

11.2.2. Electro-orientación y electro-óptica de partículas no esfé-
ricas

Los mecanismos de polarización expuestos en el apartado anterior son
extensibles al caso de partículas con geometría no esférica. Sin embargo,
para éstas la polarizabilidad no es isótropa, y en general viene descrita
por un tensor [63]. Cuando las partículas tienen simetría axial, sólo dos
componentes del mismo son no nulas, y puede definirse la anisotropía de
la polarizabilidad como:



238 CAPÍTULO 11. RESUMEN

∆αe = αe
‖p − α

e
⊥p (11.6)

donde αe
‖p y αe

⊥p son las polarizabilidades a lo largo de las direcciones pa-
ralela y perpendicular al eje de simetría de las partículas.

Debido a esta anisotropía, en general, el dipolo inducido en este caso no
es paralelo al campo aplicado, lo que da lugar a la aparición de un torque τ
que obliga a la partícula a rotar hasta que su eje mayor está alineado con el
campo [49, 78]. Este fenómeno se conoce como electro-orientación, y com-
pite con la difusión rotacional, que tiende a llevar al sistema a una orienta-
ción aleatoria. La Figura 11.3 muestra una representación esquemática de
este proceso para el caso de una geometría alargada y otra achatada.

FIGURA 11.3: Representación esquemática del proceso de electro-orientación para partí-
culas alargadas y planas.

La electro-orientación de las partículas de una suspensión da lugar a una
anisotropía del sistema a escala macroscópica. Los fenómenos electro-óp-
ticos son aquellos relacionados con los cambios en las propiedades ópticas
de las suspensiones coloidales debido a la aplicación de campos eléctricos
externos [42, 88]. En este trabajo analizamos dos de estos fenónenos:
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Birrefringencia eléctrica (EB): Se define como la diferencia entre el
índice de refracción de la suspensión a lo largo de las direcciones
paralela y perpendicular al campo aplicado, ∆n = n‖ − n⊥.

Dicroísmo lineal (LD): Es la anisotropía que se induce en la absor-
bancia de la suspensión debido a la electro-orientación de las partí-
culas (∆A = A‖ −A⊥).

Ambas magnitudes presentan dependencias muy similares. Así, para sis-
temas diluidos, la EB y el LD son proporcionales a la concentración de
partículas. Además, para campos bajos, ambas magnitudes son proporcio-
nales al cuadrado de la amplitud del campo aplicado, dependencia que se
conoce como ley de Kerr [81, 84]. Por otra parte, cuando el campo es muy
elevado, casi todas las partículas están orientadas y se llega a la saturación
de la EB y el LD, situación en la que no se observa dependencia con la
amplitud de campo. Dentro del régimen de Kerr, la EB y el LD son pro-
porcionales a ∆αe, y por lo tanto tienen la misma dependencia espectral
que ésta. A su vez, la dependencia de la polarizabilidad con la frecuencia
viene dada por la relajación de los diferentes mecanismos de polarización
y, por lo tanto, el estudio del comportamiento espectral de los fenómenos
electro-ópticos proporciona información directa sobre la polarizabilidad de
las partículas y sus dobles capas.

Además, cuando se retira el campo eléctrico, la caída de la EB y el LD, de-
bidas a la difusión rotacional, no son instantáneas, sino que presentan una
dependencia temporal directamente relacionada con el tamaño de las par-
tículas. De hecho, se han propuesto varios métodos para la caracterización
de las dimensiones de las partículas en suspensión mediante el análisis de
estos procesos [46–48, 94].
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11.3. Principales resultados

11.3.1. Espectroscopía de birrefringencia eléctrica de partículas
de montmorillonita

La montmorillonita sódica utilizada en este trabajo se obtuvo a partir
de bentonita, una arcilla natural, mediante un proceso de homoioniza-
ción [103]. Estas partículas de geometría aplanada tienen carga negativa
fija en sus caras, y dependiente del pH en sus aristas [97, 103]. Además,
cuando están en suspensión, las moléculas de agua penetran entre sus ca-
pas y dan lugar al hinchado del material. La birrefringencia eléctrica de
estas partículas se ha determinado con un equipo casero, capaz de medir
la respuesta electro-óptica en un rango espectral amplio.

El espectro de la birrefringencia para diferentes valores del pH se mues-
tra en la Figura 11.4. Los datos se han ajustado con los modelos detallados
en [25, 122]. Para describir el espectro experimental es necesario conside-
rar que las partículas presentan una distribución de carga no homogénea.
Así, la relación entre la conductividad a lo largo del eje menor y el mayor,
Ka/Kb, es un parámetro libre. Los valores obtenidos se muestran en la Ta-
bla 11.1, donde se observa que a medida que el pH de la muestra aumenta,
este cociente se va aproximando cada vez más al valor correspondiente a
una carga homogénea, 0.27. Esto es consistente con el hecho de que a pH
básico todas las superficies están negativamente cargadas, y la inhomoge-
neidad de carga disminuye.

TABLA 11.1: Valores de la conductividad superficial y la anisotropía de carga obtenidos
del ajuste de los datos experimentales al modelo electrocinético.

pH Kσ (10−8 S) Ka/Kb

5 4.4 0.003
7 4.0 0.008
9 3.7 0.009

Además, en la misma tabla se presenta el valor obtenido para la conduc-
tividad superficial de la EDL. Los valores son bastante elevados, lo que
probablemente sea una manifestación de la presencia de la conductividad
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FIGURA 11.4: Espectro de birrefringencia de una muestra de montmorillonita sódica a 1
g/L, con 0.3 mM NaCl y diferentes valores del pH. La amplitud del campo aplicado es 10

V/mm.

de la capa de Stern [52, 134, 135], y están en acuerdo con otros valores bi-
bliográficos [136]. Por otra parte, del valor de la birrefringencia se obtuvo
experimentalmene la anisotropía óptica de las partículas, ∆αo = 4,3 ·10−33

Fm2, correspondiente a un índice de refracción mucho menor que el de la
montmorillonita. Este efecto se debe al hinchado del material, y de hecho
a partir de los valores experimentales pudo estimarse que el contenido en
agua de las partículas es de un 88 %, un porcentaje compatible con los va-
lores bibliográficos (90-93 %) [97, 99].

En la zona de baja frecuencia del espectro se observa que la señal birre-
fringente pasa a tener signo negativo, lo que se corresponde con una orien-
tación anómala de las partículas, con su eje mayor perpendicular a la di-
rección del campo aplicado. En la Figura 11.4 se observa que este efecto
disminuye a medida que el pH de la muestra aumenta y la carga de toda
la partícula se va haciendo más negativa. Por lo tanto, es razonable con-
siderar que este fenómeno anómalo puede deberse a la interacción entre
partículas. Por ello, medimos el espectro para muestras con diferentes con-
centraciones. Los resultados se presentan en la Figura 11.5, donde puede
observarse que, en la zona de alta frecuencia, la birrefringencia es propor-
cional a la concentración, es decir, no hay interacciones entre partículas. Sin
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embargo, en la zona de baja frecuencia existe una dependencia importan-
te con la concentración de partículas: el efecto anómalo se ve reforzado a
concentraciones altas.

FIGURA 11.5: Espectro de birrefringencia, normalizado con la concentración C, de una
muestra de montmorillonita sódica a pH natural, 0.3 mM NaCl y diferentes concentracio-

nes de partícula. La amplitud de campo aplicado es 10 V/mm.

Por lo tanto, concluimos que la orientación anómala a bajas frecuencias se
debe efectivamente a la interacción entre partículas. Este efecto es similar
al observado en el caso de suspensiones bidispersas de partículas no esfé-
ricas (partículas primarias) con otras más pequeñas y esféricas (partículas
secundarias). Estos sistemas se han estudiado tanto desde el punto de vista
experimental como teórico [26, 50, 80], y se ha concluido que el efecto anó-
malo se debe a la redistribución asimétrica de las partículas secundarias en
torno a las primarias para campos de baja frecuencia, lo que da lugar a un
torque hidrodinámico responsable de la orientación anómala. En nuestro
caso, el papel de las partículas secundarias lo jugarían las partículas más
pequeñas de la muestra polidispersa, mientras que las más grandes serían
las partículas primarias.
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11.3.2. Birrefringencia eléctrica de nanotubos de carbono: com-
paración entre tubos de pared simple y doble

En este trabajo se ha determinado la respuesta electro-óptica de nanotu-
bos de carbono de pared simple y doble (SWNTs y DWNTs), obtenidos
comercialmente de Carbolex y US Research Nanomaterials respectivamente.
Estas muestras presentan una fracción de tubos conductores y otra de tu-
bos semiconductores, en función de la estructura de la hoja de grafeno al
cerrarse [111]. Los tubos se suspendieron en 1,2-dicloroetano con la ayuda
de una sonda de ultrasonidos. La Figura 11.6 muestra una medida comple-
ta de su birrefringencia, donde puede apreciarse que los DWNTs dan una
señal negativa, que puede deberse bien al signo de la anisotropía óptica
o bien a una orientación anómala. Para estudiar las dos posibilidades, se
llevaron a cabo medidas de dicroísmo lineal (misma figura), observándo-
se que el dicroísmo de ambas muestras es positivo, lo que se corresponde
con una orientación normal de ambos tipos de partículas, con su eje mayor
en la dirección del campo aplicado. Por lo tanto, el signo negativo de los
DWNTs se debe a una anomalía en su anisotropía óptica.

FIGURA 11.6: Birrefringencia (arriba) y dicroísmo eléctrico (abajo) de los SWNTs y
DWNTs. La concentración de partículas es 10−4 wt %, la frecuencia del campo 1 kHz, la

amplitud 250 V/mm y la duración del pulso 20 ms.
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La dependencia de la birrefringencia con el campo aplicado se muestra
en la Figura 11.7, donde puede apreciarse que la ley de Kerr se cumple
para campos bajos, y la saturación se alcanza a valores en torno a los 100-
200 V/mm. De estos datos experimenales podemos extraer el valor de la
anisotropía de la polarizabilidad eléctrica y óptica de las partículas. Los re-
sultados se presentan en la Tabla 11.2. El valor de ∆αe se corresponde con
partículas conductoras y, por lo tanto, son los nanotubos metálicos (y no
los semiconductores) los que dominan la electro-orientación del sistema.
De dicho valor se puede estimar la longitud de los tubos, L, que se pre-
senta en la misma tabla [63]. Como puede verse, los resultados obtenidos
están en buen acuerdo con los que se extraen de la caída de la birrefringen-
cia. Además, para los SWNTs, el valor coincide con el obtenido mediante
microscopía. En el caso de los DWNTs, sin embargo, los resultados difieren
en un factor 3, lo que podría indicar que estos tubos están más agregados
o entrelazados cuando se encuentran en suspensión.

FIGURA 11.7: Birrefringencia eléctrica de los SWNTs y DWNTs en función de la ampli-
tud de campo, E. La concentración de partículas es 10−4 wt % y la frecuencia del campo

aplicado 1 kHz.

Por otra parte, ha sido posible determinar el origen del signo negativo de
∆αo: los nanotubos de carbono son partículas absorbentes y, por lo tanto,
su índice de refracción es complejo, lo que puede dar lugar a valores nega-
tivos de la polarizabilidad óptica. Midiendo la absorbancia de los tubos con
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TABLA 11.2: Valores de diferentes propiedades de los tubos obtenidas a partir de la feno-
menología birrefringente de las partículas.

SWNTs DWNTs

∆αe (10−30 Fm2) 16.9 ± 3.1 48.7 ± 3.3

∆αo (10−34 Fm2) 1.09 ± 0.18 -2.18 ± 0.13

L (A partir de ∆αe) 1080 ± 200 nm 1630 ± 100 nm

L (Caída de la EB) 1100 nm 2400 nm

L (Microscopía) 900 ± 570 nm 580 ± 40 nm

np 2.6 ± 0.1 ≈ 2.2

un espectrofotómetro, fue posible obtener el valor experimental del índice
de refracción de las partículas, np, presentado en la Tabla 11.2. El resulta-
do obtenido para los SWNTs es muy precido a los valores bibliográficos
para el grafeno [166, 167]. En el caso de los DWNTs, ha podido explicarse
el signo anómalo de la birrefringencia, aunque el valor de np no es muy
preciso debido a la incertidumbre en la concentración de la muestra.

11.3.3. Determinación de las distribuciones de tamaño de partí-
culas no esféricas mediante métodos basados en la birre-
fringencia

Una vez las partículas han sido orientadas por la aplicación de un campo
eléctrico, al retirarlo, la birrefringencia decae a cero en un tiempo determi-
nado. Este proceso de desorientación de las partículas en suspensión está
gobernado por la difusión rotacional, íntimamente relacionada con el ta-
maño de las partículas. Por lo tanto, el análisis de la caída de la EB puede
proporcionar información útil sobre las dimensiones de las partículas en
dispersión. En este trabajo analizamos el comportamiento transitorio de la
birrefringencia eléctrica mediante tres métodos:

Método de la exponencial estirada (SE) [45, 199]: Bajo ciertas condi-
ciones razonables, el decaimiento de la birrefringencia de una mues-



246 CAPÍTULO 11. RESUMEN

tra polidispersa toma la forma de una exponencial estirada. El tiempo
de caída τ de esta función está directamente relacionado con el coefi-
ciente de difusión rotacional Θ de las partículas como τ = 1/6Θ. Por
lo tanto, mediante el ajuste de la caída de la EB es posible obtener el
valor de Θ, del cual se puede extraer el tamaño medio de las partícu-
las. Dado que la birrefringencia es proporcional a Vp, las dimensiones
obtenidas mediante este método están promediadas en volumen.

Método de Watson-Jennings (WJ) [48]: En este caso se supone que
la distribución de tamaños de las partículas toma la forma de una
función log-normal, y se relacionan los parámetros de la distribución
con el valor de la derivada logarítmica del decaimiento normalizado
a tiempos bajos y del área total bajo la curva.

Método multi-exponencial (ME) [47]: Este método asume que el de-
caimiento de la birrefringencia puede construirse como una super-
posición de procesos exponenciales, cada uno correspondiente a una
población de tamaño bien definido. El tiempo característico de decai-
miento de la población i se relaciona con su coeficiente de difusión
rotacional como τi = 1/6Θi. De esta forma, a partir de la medida ex-
perimental del decaimiento de la birrefringencia se puede obtener la
contribución Ci de la población i a la señal total. Los coeficientes Ci
proporcionan la distribución de tamaño en volumen de la muestra.

Estos métodos se aplican a 6 materiales diferentes: Varillas de goetita, rods
de PTFE, nanotubos de carbono de pared simple y doble, nanoplacas de
gibsita y partículas de montmorillonita sódica (NaMt). Los resultados ob-
tenidos se presentan en la Figura 11.8, junto con las distribuciones medidas
por microscopía electrónica. En el caso de los DWNTs, el tamaño obtenido
mediante EB es superior en un factor 2 a los resultados de microscopía,
lo que parece indicar que los nanotubos están más agregados o entrelaza-
dos en suspensión, lo cual está de acuerdo con los resultados del apartado
anterior.

En el resto de los casos, los resultados obtenidos son muy similares a los
de microscopía, lo que demuestra el potencial de estos métodos como téc-
nicas de caracterización del tamaño de partículas no esféricas. El método
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FIGURA 11.8: Distribuciones de tamaño en volumen obtenidas con los métodos ME (pun-
tos coloreados), WJ (línea negra discontinua) y microscopía eléctronica (barras grises). Los

recuadros contiene fotografías de microscopía de las muestras.

SE calcula sólo una longitud media promediada en volumen, siendo sus
resultados muy parecidos a los obtenidos mediante el método ME. Por su
parte, éste sí proporciona la distribución de tamaños de la muestra, siendo
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los resultados excelentes en la mayoría de los casos. Para todos los materia-
les estudiados, las desviaciones del tamaño medio con respecto al valor de
microscopía están por debajo del 8 %. El método WJ presenta desviaciones
más significativas, lo que puede entenderse dado que este método asume
una forma específica para la distribución de tamaño. Aun así, dichas des-
viaciones también se mantienen por debajo del 8 %.

11.3.4. Birrefringencia eléctrica de nanorods de oro: Efecto del
tensioactivo

Los nanorods de oro (AuNRs) utilizados en este trabajo han sido sinteti-
zados en nuestro laboratorio por el método decrito en [104]. Las partículas
resultantes tienen una longitud media de 56 nm y un diámetro de 16 nm,
y están recubiertos por una bicapa compacta de CTAB de unos 3.3 nm de
espesor [? ]. La señal birrefringente de estas partículas se muestra en la Fi-
gura 11.9, donde se observa que la respuesta de las mismas es negativa. Pa-
ra esclarecer si este efecto se debe a una orientación anómala o a un signo
negativo de ∆αo, se ha medido la birrefringencia de flujo de los AuNRs,
mostrada en la misma figura. Como se observa, esta respuesta también es
negativa, por lo que podemos concluir que el signo de la EB no se debe a
una orientación anómala de los AuNRs.

Esto puede explicarse de la misma forma que para el caso de los DWNTs,
teniendo en cuenta que las partículas de oro son altamente absorbentes.
Utilizando valores bibliográficos para las constantes ópticas del oro se pue-
de calcular el valor teórico de la polarizabiliadd óptica, ∆αo = −1,4 · 10−33

Fm2. Así, el signo experimental puede explicarse teniendo en cuenta las
propiedades del material.

La Figura 11.10 muestra el espectro de birrefringencia de los AuNRs para
diferentes valores de la fuerza iónica. Aquí puede observarse que la res-
puesta es muy diferente al comportamiento de otras partículas conducto-
ras, para las que la señal disminuye a frecuencias bajas [74]. Por lo tanto,
estas partículas no siguen la dependencia teórica de las partículas metáli-
cas poco cargadas. Esto se debe a la capa de CTAB que recubre y estabiliza
los AuNRs, que proporciona una carga elevada, dando lugar a una impor-
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FIGURA 11.9: Arriba: Birrefringencia eléctrica de una muestra de AuNRs a 85 mg/L,
sometida a un campo de 150 V/mm y 10 kHz durante 20 ms. Abajo: Birrefringencia de

flujo de una suspensión a 1400 mg/L bajo un flujo de 0.2 mL/s en un canal de 1 mm2.

tante EDL que domina el comportamiento.

FIGURA 11.10: Espectro de la birrefringencia (eje izquierdo) y la polarizabilidad eléctri-
ca (eje derecho) de tres muestras de AuNRs a 88 mg/L y diferentes valores de la fuerza
iónica, para un campo de 37 V/mm. Los puntos son los datos experimentales y las líneas

discontinuas ajustes al modelo empleado.

Para tener en cuenta en mayor medida el efecto de esta capa, su presencia
se introduce en el modelo teórico considerando que las partículas constan
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de un núcleo conductor de oro de 56 nm de longitud y 16 nm de diámetro,
y una capa dieléctrica de 3.3 nm de grosor. La conductividad del interior se
toma de valores bibliográficos para otros nano-objetos de oro, que oscilan
entre 3.5-440·105 S/m. Sólo los valores de este rango por debajo de 106 S/m
son capaces de ajustar nuestros datos experimentales, eligiéndose 8 · 105

S/m como el valor más adecuado. La conductividad dentro de la capa de
CTAB se deja como el único parámetro ajustable.

Como se observa en la figura, el modelo detallado proporciona un buen
ajuste de los datos experimentales. El valor de la conductividad del recu-
brimiento depende ligeramente de la fuerza iónica, obteniéndose 0.15, 0.19
y 0.26 S/m respectivamente para 0.03 mM, 0.1 mM y 0.3 mM KCl. A partir
de estos valores puede calcularse la densidad de carga de la capa de CTAB.
Como se muestra en la Tabla 11.3, los resultados obtenidos están en buen
acuerdo con los calculados a partir de medidas de movilidad electroforé-
tica, utilizando un modelo descrito en [233]. Las diferencias cuantitativas
permanecen en todo momento por debajo del 20 % y en los dos casos se
observa la misma tendencia de la densidad de carga a crecer con la fuerza
iónica.

TABLA 11.3: Densidad de carga de la capa de CTAB (MC/m3) obtenida a partir de los
experimentos de birrefringencia eléctrica y de las medidas de movilidad electroforética.

Conc. KCl (mM) 0.03 0.1 0.3

Birrefringencia 1.9 2.4 3.3

Movilidad 1.8 2.6 2.8

11.3.5. Electro-orientación de nanohilos de plata en campos alter-
nos

Los nanohilos de plata (AgNWs) utilizados en este trabajo se obtuvieron
comercialmente de PlasmaChem, Alemania, y presentan una carga ligera-
mente negativa, con un potencial zeta de aproximadamente -30 mV. La
Figura 11.11 muestra una imagen de estas partículas, y las distribuciones
de tamaño obtenidas mediante microscopía y aplicando el método multi-
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exponencial a la caída de la birrefringencia. Los resultados obtenidos están
en buen acuerdo, con una diferencia del valor medio de menos del 10 %. Sin
embargo, puede observarse que la distribución proporcionada por el méto-
do ME es ligeramente más estrecha, lo que puede deberse a las dificultades
para determinar la longitud a partir de las imágenes de microscopía.

FIGURA 11.11: Distribución de longitudes en volumen de la muestra de AgNWs, obte-
nida por microscopía (barras grises) y aplicando el método multi-exponencial a la caída de
la birrefringencia (puntos con líneas). El recuadro contiene una imagen de microscopía de

las partículas.

El espectro de birrefringencia de estas partículas se presenta en la Fi-
gura 11.12. Los datos experimentales se ajustan al modelo teórico de la
electro-orientación de partículas metálicas alargadas [74], teniendo en cuen-
ta los flujos de electro-osmosis por carga inducida (ICEO) que dominan
el sistema a frecuencias bajas. Los cálculos de la polarización y los flujos
ICEO se realizan numéricamente. Como se observa en la gráfica, el modelo
teórico ajusta perfectamente los datos experimentales. Cualitativamente,
a frecuencias altas la polarización obtenida es la de una partícula perfec-
tamente polarizable, con las dimensiones determinadas por microscopía.
Para frecuencias bajas, las dobles capas inducidas apantallan la polariza-
ción de la partícula y el torque eléctrico se anula. Sin embargo, aparece un
momento hidrodinámico que orienta ligeramente los AgNWs.

La capacidad obtenida para la doble capa inducida es de 1.4 veces el valor
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FIGURA 11.12: Espectro de la birrefringencia (eje izquierdo) y la polarizabilidad eléctrica
(eje derecho) de tres muestras de AgNWs a 100 mg/L y diferentes valores de la fuerza
iónica, para un campo de 2 V/mm. Los puntos son los datos experimentales y las líneas

discontinuas ajustes al modelo empleado.

de Debye-Hückel, un resultado razonable. La velocidad de los iones es un
orden de magnitud menor de lo esperado teóricamente, lo que ya se ha
observado en otros trabajos experimentales. El factor de corrección para las
curvas a 0.1, 0.03 y 0.01 mM KCl es, respectivamente, 0.08, 0.13 y 0.19. Estos
valores son similares a los obtenidos en otras contribuciones, y muestran
la misma tendencia a aumentar para fuerzas iónicas menores.

El valor obtenido para ∆αo es negativo, como se espera para la plata,
dada su absorbancia. Sin embargo, su valor absoluto es 18 veces menor de
lo esperado, lo que se atribuye a una capa de oxidación de las partículas,
que ha sido observada mediante XPS. Las constantes ópticas encontradas
en la bibliografía para láminas de plata parcialmente oxidadas proporciona
valores de ∆αo compatibles con nuestros resultados.

11.3.6. Análisis de la respuesta electro-óptica de dispersiones de
óxido de grafeno en campos alternos

El óxido de grafeno (GO) utilizado en este trabajo se obtuvo de Graphe-
nea, España, y se puso en suspensión acuosa con ayuda de un baño de
ultrasonidos. La composición de las partículas se analizó mediante XPS,
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observándose un porcentaje del 39 % de oxígeno. El potencial zeta toma
valores en torno a los -30 mV. Estas partículas son muy absorbentes, por lo
que se estudia su señal dicroica en lugar de la birrefringente. Esto requiere
del uso de campos más elevados, por lo que no es posible trabajar den-
tro del régimen de Kerr. Por ello, la polarizabilidad eléctrica no se obtiene
del módulo de ∆A, sino a partir del tiempo de subida del dicroísmo, in-
versamente proporcional a ∆αe a campos altos. Un ejemplo con diferentes
subidas para varios valores del campo se muestra en la Figura 11.13.

FIGURA 11.13: Subida del dicroísmo para una muestra de GO a 50 mg/L y 0.3 mM KCl,
para un campo de diferentes amplitudes y 10 kHz de frecuencia.

El espectro de la polarizabilidad obtenido de esta manera se muestra en
la Figura 11.14, donde puede observarse que la dependencia es cualitati-
vamente similar al espectro de los nanohilos de plata. Por lo tanto, la res-
puesta experimental parece indicar que las láminas de GO se comportan
como partículas conductoras poco cargadas. Dado que no existen expre-
siones teóricas para esta geometría, los espectros se ajustan con funciones
Cole-Cole, de forma que se obtiene un valor de la polarizabiliad a alta y
baja frecuencia, y una frecuencia característica de relajación, νc.

El valor de la polarizabilidad a alta frecuencia es independiente de la fuer-
za iónica, lo que puede entenderse teniendo en cuenta que la máxima con-
ductividad del medio es 10−2 S/m, un valor muy inferior a la conductivi-
dad que se estima para estas láminas (1 S/m [273]). A baja frecuencia, los
iones del medio se redistribuyen y apantallan el dipolo de la partícula. La
frecuencia característica de este proceso es proporcional a la raíz cuadra-
da de la concentración iónica, lo que también se espera para las partículas



254 CAPÍTULO 11. RESUMEN

FIGURA 11.14: Espectro de la polarizabilidad de las partículas de GO en suspensión,
con una concentración de 50 mg/L y diferentes valores de la fuerza iónica. Los puntos son
los datos experimentales y las líneas ajustes a una relajación de tipo Cole-Cole. Abajo se
muestra la frecuencia característica de la relajación en función de la raíz cuadrada de la

concentración iónica (Nm), ajustando los datos mediante una recta.

metálicas poco cargadas. Aunque no existe una expresión explícita para
formas planas, con los datos obtenidos es posible estimar la distancia tí-
pica que viajan los iones, obteniéndose 700 nm, un valor en buen acuerdo
con la geometría de las láminas.

11.4. Conclusiones

La forma de las partículas se ha mostrado como un parámetro importan-
te para la descripción de los sistemas coloidales y sus posibles aplicaciones.
El uso de campos eléctricos es una vía sencilla y eficiente para manipular
estas partículas y controlar su orientación, aunque todavía es necesario se-
guir avanzando para alcanzar todo el potencial disponible. En este trabajo
utilizamos técnicas electro-ópticas para analizar la interacción de micro y
nanopartículas no esféricas con campos eléctricos externos. Se presta es-
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pecial atención a los mecanismos de polarización de las partículas y sus
dobles capas eléctricas, y al potencial que estos fenómenos poseen como
técnicas de caracterización.

En primer lugar, medimos la fenomenología birrefringente de partículas
de montmorillonita sódica, observándose los mecanismos de polarización
de las nubes iónicas. La forma de estos espectros sugiere que la conductivi-
dad superficial presenta una anisotropía asociada a la carga de la cara y las
aristas de estas partículas. Para campos de baja frecuencia se observa que
las partículas tienden a alinearse con sus caras orientadas perpendicular-
mente a la dirección del campo, lo que se ha explicado a partir de un torque
adicional originado por la interacción entre las partículas más pequeñas y
más grandes de la muestra polidispersa.

A continuación se lleva a cabo el estudio de la respuesta birrefringente
de suspensiones no acuosas de nanotubos de carbono. Se ha observado
que la birrefringencia de los nanotubos de pared doble es negativa, mien-
tras que la de los de pared simple es positiva, lo que se ha podido explicar
teniendo en cuenta la absorbancia de estas partículas. La longitud de los
tubos se midió de dos maneras: mediante el análisis de la caída de la birre-
fringencia y a partir del valor de la polarizabilidad eléctrica, obteniéndose
en ambos casos resultados muy similares. Ha sido posible comprobar que
son los nanotubos metálicos, y no los semiconductores, los que dominan la
respuesta electro-óptica.

Además, en este trabajo hemos utilizado el estudio de la caída de la bi-
rrefringencia como técnica de caracterización del tamaño de suspensio-
nes de partículas no esféricas con alta polidispersidad, mediante varios
procedimientos de análisis aplicados a seis tipos de partículas de geome-
tría muy diferente. Todos los métodos empleados proporcionan resultados
excelentes, muy similares a los obtenidos por microscopía. De hecho, en
todos los casos las desviaciones permanecen por debajo del 8 %. Sin em-
bargo, las determinaciones mediante dispersión dinámica de luz presentan
desviaciones muy grandes con respecto al tamaño medio encontrado por
microscopía, siempre por encima del 30 %.

Por otra parte, se ha estudiado el comportamiento de nanorods de oro
estabilizados con CTAB, sintetizados en nuestro laboratorio. Estas par-
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tículas presentan birrefringencia negativa, lo que ha podido atribuirse al
efecto de su absorbancia. También se ha comprobado que la capa de CTAB
que recubre los nanorods juega un papel esencial en su electro-orientación.
La densidad de carga de esta capa calculada mediante nuestras medidas
está en buen acuerdo con los valores obtenidos mediante el análisis de la
movilidad electroforética.

También se ha estudiado la fenomenología birrefringente de nanohilos
de plata comerciales. El comportamiento espectral muestra que, a altas fre-
cuencias, la polarizabilidad es la de un hilo metálico. A bajas frecuencias,
sin embargo, la orientación decae a un valor pequeño debido a la apari-
ción de las dobles capas inducidas, que apantallan el dipolo de la partícula.
Además, en este caso ha sido necesario considerar la contribución hidro-
dinámica de los flujos electro-osmóticos inducidos, que juegan un papel
esencial en la orientación.

Por último, hemos analizado el comportamiento electro-óptico del óxido
de grafeno, a través de la medida del dicroísmo lineal. La polarizabilidad
eléctrica de estas partículas crece significativamente por encima del ran-
go de los kHz, un resultado muy similar al de los nanohilos de plata. La
respuesta espectral del sistema indica que estas partículas se comportan
como conductoras inmersas en una suspensión electrolítica. La distancia
media estimada que los iones viajan para apantallar el dipolo está en buen
acuerdo con el tamaño de las partículas.

En resumen, concluimos que el uso de técnicas electro-ópticas para el es-
tudio de partículas no esféricas en suspensión posee un gran potencial y
debe ser analizado en mayor profundidad. En este trabajo, la aplicación
a sistemas muy diversos ha permitido extraer información sobre las pro-
piedades y los mecanismos de polarización de las partículas, y avanzar en
la comprensión de los fenómenos físicos implicados. Esperamos que en el
futuro se continúe la mejora y extensión de estas técnicas, y que se desarro-
llen nuevas aplicaciones para partículas de geometría controlada, a través
de la investigación pública.
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