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� We study the electro-orientation of
nanowires in gelating polymer
solution.

� The local complex viscosity governs
the orientation randomization of the
particles.

� We observe a yield electric field
below which particles cannot be
oriented.

� This is the minimum field to
overcome the mechanical torque
exerted by the gel.
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a b s t r a c t

In this work we study the electro-orientation (through electric birefringence experiments) of silver nano-
wires in polymer solutions eventually capable of forming gel networks. Information on the structure of
the polymer solution is obtained by evaluating the electro-orientation of the nanowires. It is found that
in presence of poly(ethylene oxide), Kerr’s law (birefringence proportional to the square of the field) is
fulfilled, and the randomization process after switching off the external field is purely diffusive, con-
trolled by the viscosity of the Newtonian polymer solution. In the case of (gelating) sodium alginate solu-
tions, measuring at larger distances from the bottom (where the source of cross-linking Ca2+ ions is
deposited) means a smaller degree of cross-linking, and a less stiff gel. In fact, it is found that after a cer-
tain time the birefringence signal gets frozen at the bottom, indicating that a gel network is formed which
hinders particle orientation. The viscosity deduced up to that point agrees well with rheological determi-
nations, with increasing deviations found at longer times due to the inhomogeneous gel formation. This
process has an interesting consequence on birefringence response: Kerr’s law fails to be fulfilled, appear-
ing a ‘‘yield” applied electric field, larger the longer the time after preparation.

� 2022 Published by Elsevier Inc.
1. Introduction

The mixtures of hydrogels and nanoparticles in solution are
promising systems that combine with advantage the properties
of both materials. They can be used for instance in the fabrication
of mechanically reinforced materials, biocompatible ferrogels for
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tissue engineering, hydrogels for drug delivery or catalytic mem-
branes [1–6].

Since hydrogels are viscoelastic fluids, the shear deformations
as those exerted in rheological experiments will provoke both an
elastic and viscous response. Furthermore, they can be considered
as three-dimensional networks of flexible polymer chains, and the
dynamics of the particles immersed in the resulting matrix is cou-
pled to the deformation of the polymer chains. For example, if the
gel structure is rigid enough, nanoparticles become trapped and
cannot diffuse or react to any moderate external field. This is
shown, for instance, in Ref. [2], where they observe that in alginate
ferrogels, silica-coated iron particles are partially immobilized, and
large magnetic fields must be applied in order for the typical par-
ticle chains of magnetorheological fluids to be formed.

Apart from the well known free diffusion in ideal Newtonian
fluids or the naive total immobilization in a rigid matrix, micro-
and nanoparticles exhibit a plethora of behaviors in between these
two cases. In fact, it is usually found that their dynamics deviates
from that calculated by using the macroscopic viscoelastic proper-
ties, a consequence of the short length scale of diffusion as com-
pared to the large deformation involved in conventional rheology
experiments. A vast literature exists about the Brownian diffusion
of particles in viscoelastic fluids, which is the basis of microrheo-
logical studies. From the initial work of Mason and Weitz [7], sev-
eral papers are devoted to the study of the viscoelastic properties
by examining the Brownian diffusion of microprobes (a technique
generally known as microrheology, see e.g. [8–12]). This method
has several advantages over classical rheology, since it only needs
tiny amounts of material, it is highly non-invasive, explores a
broad frequency range, and reveals the viscoelasticity relevant to
several phenomena, such as bacteria swimming through a bio-
film, drugs penetrating the mucous layer of the lung, flows in
microfluidics, polymer reptation, etc. These aspects are revealed
in microrheology because Brownian motion involve small-scale
fluid deformations that cannot be explored by conventional rheol-
ogy studies.

Rotation of particles can also be used to explore viscoelastic flu-
ids. The analysis of rotational diffusion as a prove of viscoelasticity
has been proposed in Ref. [13] and used, for instance, in [14,15]. In
fact, Gutierrez-Sosa et al. [16] found some discrepancies in the
elastic moduli obtained from translational and rotational diffusion,
since translation involves normal and shear stresses, while rotation
only produces a shear on the fluid. The authors conclude that rota-
tional diffusion studies are more suited when the matrix compre-
sibility is unknown. Apart from micron-sized probes, or light
scattering techniques, which require high transparency of the sam-
ple, an alternative is offered in Refs. [17–20], where the effect of
the viscoelastic properties of the medium on the magnetic suscep-
tibility of the mixture fluid-microparticles was investigated.

On one hand, this method has the advantage of avoiding trans-
parency requirements in optical determinations. On the other
hand, it requires the use of magnetic particles, this narrowing the
applicability. Furthermore, since many subcellular biological struc-
tures, such as organelles and viruses, are anisotropic in shape, the
use of rotational diffusion to study viscoelasticity in biomaterials
should provide a useful counterpart to translational diffusion
approaches. For instance, in Ref. [21] it was shown that in mixtures
of nanowires and dilute solutions of polymers, the application of
low frequency electric fields produces the stretching of the chains,
and this, in turn, induces the nanowires alignment, so a small
change in the structure of the polymer, undetected by rheological
methods, produces a dramatic change in the alignment behavior of
the immersed nanowires.

The rotational diffusion of nanoparticles can also reveal local
properties, out of the reach of conventional rheological techniques,
where a macroscopic deformation of the sample is stressed, and
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hence, an overall response is observed. A local characterization
can reveal, for example, some aspects about gel inhomogeneity,
which may determine the performance of a particular application,
such as the mechanical properties of elastomers or the control of
the mesh size in gel electrophoresis [22,23].

One example is the alginate hydrogel formation. Alginate forms
a polymer network under the presence of Ca2+, which attract
together two negatively charged alginate chains (monomer
valence 1) [24]. Being this a fast process when the source of cal-
cium ions is a highly soluble salt, such as CaCl2, the cross-linking
density, hence the viscoelastic properties of the hydrogel, are not
homogeneous [25].

The orientational dynamics of nanoparticles immersed in a vis-
coelastic fluid can be explored in electro-orientation experiments.
This is a versatile technique, since any micro- and nanoparticle in
the fluid can be oriented by the application of alternating electric
fields of a suitable frequency. The dynamics of electro-oriented
particles can be followed either by microscope observations, or
by electro-optic techniques. For instance, in a typical electric bire-
fringence experiment, the electrically aligned particles produce an
optical birefringence that can be determined. This procedure can
be used for a broad range of particle sizes, so it has been a standard
procedure for the study of nanoparticles and polymers orientation
in aqueous solution [26–29]. Rotational diffusion of nanowires can
be captured by setting the system in a non-equilibrium aligned
configuration induced by an alternating electric field and observing
the randomization after switching off the electric field. Interest-
ingly, small displacements from the equilibrium configuration
can be detected by measuring the electric birefringence, this mak-
ing it possible to examine the medium only slightly perturbed.

In this work, we study the dynamics of gelation of alginate by
analyzing the i) electro-orientation and ii) rotational diffusion of
silver nanowires (Agnws) immersed in it. The electric birefringence
technique is used to characterize both phenomena. We observe
that rotational diffusion gradually slows down in response of an
increase in the local concentration of Ca2+, being this the imprint
of the gelation kinetics. This can be ascertained by measuring bire-
fringence at different positions relative to the Ca2+ source. Regard-
ing the electro-orientation of the nanowires, we describe a
violation of the Kerr law for low field intensities, with a yield value
of the electric field below which particles do not respond to the
electric field. In this case, an anomalous transient behavior in the
randomization process is observed, as the tendency to a disordered
system does not begin immediately after switching off the electric
field.
2. Theoretical background

Particles immersed in an aqueous medium polarize under the
application of an electric field. In the case of non-spherical parti-
cles, the induced dipole is not parallel to the field, and this pro-
vokes the appearance of an electric torque that forces the
particles to orient their longest axis along the field direction. Due
to thermal randomization, the alignment is not perfect, but partial,
and it can be quantified by the orientational order parameter of the
system, defined as

S ¼ 1
2
h3 cos2 h� 1i ð1Þ

being h the angle between the field that produces the orientation
and the symmetry axis of the particle, and the angle brackets indi-
cate the average over the sample. This parameter takes a value
between S ¼ 0 for randomly oriented particles, and S ¼ 1 for per-
fectly aligned systems, respectively. When non-spherical particles
are even partially oriented due to the application of the field, the
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refractive index n of the sample becomes anisotropic. In this situa-
tion, we can define the electric birefringence of the suspension as
Dn ¼ nk � n?, where the subscripts refer to the directions parallel
and perpendicular to the applied field. The electric birefringence
relates to particle orientation as [30]:

Dn ¼ DnsatS ð2Þ
where Dnsat is the saturation birefringence, that is, the value of Dn
attained when particles are perfectly aligned. Therefore, we can
determine particle electro-orientation by measuring the electric
birefringence of the suspension.

2.1. Stationary birefringence

When the electric field is switched on, and after a transient
response, the system reaches a stationary orientational order char-
acterized by the parameter SDC , corresponding to a value DnDC of
the electric birefringence. It is well known that the Kerr law is ful-
filled for these systems, that is, [31,26]

DnDC ¼ KE2k ð3Þ
being E the amplitude of the applied electric field, k the laser wave-
length in the electric birefringence experiment, and K the so-called
Kerr constant. This proportionality constant depends on the polariz-
ability of the particles, and this, in turn, on the frequency of the
applied field and the properties of the particle and the medium
[26,31,28,32]. In the case of Agnws, this system has been exten-
sively studied in Refs. [29,33,35,34,36]. The electric field induces a
large dipole on the Ag particle, due to its conductive nature, and this
is the only responsible for their orientation at high frequencies. At
low frequency, in contrast, cations (anions) close to the negative
(positive) pole of the particle accumulate and hinder the dipole,
hence decreasing the electric birefringence. This phenomenon
occurs for frequencies below around 1 MHz, while for larger fre-
quencies, the electric birefringence spectrum reaches a plateau [36].

On the other hand, polymers in solution can be deformed by the
action of an electric field. This result is well known and has been
extensively used in the past to calculate some properties of the
polymer coils [37–39]. However, it has been demonstrated that
for moderate electric fields and high frequency, the polymer is
not perturbed [37,39]. Recently, in [21] we observed a synergy
between polymer stretching and particles alignment. This effect
was observed to disappear at frequencies above 1–10 kHz, where
the polymer is not perturbed.

2.2. Transient electric birefringence

When the applied electric field is switched off, the system takes
a time to randomize. For a polydisperse system in a purely viscous
medium, the system randomizes in a rotational diffusion process,
which produces the decay of the electric birefringence in a typi-
cally stretched exponential function [40]:

DnðtÞ ¼ Dn0 exp � 6Htð Þa� � ð4Þ
where Dn0 is the electric birefringence when the field is switched
off, a is the stretched exponent accounting for the polidispersity
of the sample and H is the rotational diffusion coefficient, related
to the particle geometry and the rheological properties of the med-
ium [29]:

H ¼ 3kBT
pgL3

FH ð5Þ

where kB is the Boltzmann constant, T the absolute temperature, g
the medium viscosity, L the length of the particles and FH a geom-
etry factor that depends on the shape of the particles.
702
3. Experimental section

3.1. Materials

All the chemicals were purchased in Sigma Aldrich (USA) except
the silver nanowires, that were acquired from PlasmaChem, Ger-
many (PL-AgW50). A TEM characterization of the latter can be
found elsewhere [21,29]. The mean length (volume-averaged) of
the distribution is 2.0 lm.

The particle nanostructure was studied by energy dispersive X-
ray analysis in Ref. [21]. They are composed by a silver core and a
thin coating of polyvinylpyrrolidone ((C6H9NO)n), which provides a
small negative charge, stabilising the particles [41]. In a 1 mMNaCl
electrolyte, the zeta potential of the coated particles is �19� 3 mV
(Malvern Zetasizer NanoZS, Malvern Instruments, UK).

One of the polymers of interest in this work is sodium alginate,
which is known to form a network in presence of Ca2+ ions. How-
ever, it has been observed that using highly soluble salts (such as
CaCl2) leads to non-homogeneous cross-linking density, and hence
viscoelastic properties [25]. Instead of that, we have chosen a dif-
ferent procedure [2]. In this case, the source of Ca2+ ions is CaCO3,
which is a poorly soluble calcium salt. As a consequence, the major
part of salt is not dissolved, but only dispersed. In this form, Ca2+

ions are inaccessible for alginate chains to form the gel. Since the
CaCO3 powder consists of grains of 5 micron size or larger, it pre-
cipitates in a few seconds (density 2830 kg/m3). Hence, most part
of the source of Ca2+ is at the bottom of the cell [42]. Dissociation
can be triggered by decreasing the pH. We achieve that with D-
glucono-d-lactone (GDL), which hydrolyses to gluconic acid in
presence of water. The acidification of the medium is slow, and
so is the release of Ca2+ ions. Hence, we proceeded as follows: algi-
nate gels were prepared by first dispersing sodium alginate in dis-
tilled water at a concentration of 1 % w/w. The desired amount of
CaCO3 to reach 15 mM or 6 mM concentration, and 26.7 mg of GDL
were mixed with 5 mL of the sodium alginate solution. Another
polymer investigated was poly(ethylene oxide) with molecular
weight 4 M (PEO 4 M).
3.2. Methods

The rheological behavior of the polymer solutions investigated
was determined with a Haake-Mars III (Thermo Scientific, USA)
using concentric cylinders geometry (CC16 Dyn Ti). In order to
characterize the linear viscoelastic regime, the sample was sub-
jected to a strain amplitude sweep test at fixed frequency (1 Hz).

The device used for the determination of particle orientation,
detailed elsewhere [36], is based on the measurement of the elec-
tric birefringence of the samples. Briefly, a He-Ne laser beam tra-
verses a polariser, the Kerr cell, a quarter-wave plate and another
polariser, reaching a photodiode. The Kerr cell contains the sample,
in which stainless steel electrodes are immersed. When an alter-
nating electric field is applied to the suspension, particle orienta-
tion makes the sample anisotropic and, hence, birefringent. This
modifies the intensity of the light transmitted by the setup. The
electric field intensity was fixed between 10–20 V/mm, in order
to always have the same birefringence before switching off the
electric field, this ensuring the same degree of initial alignment
in the sample.
4. Results and discussion

4.1. Response of Agnws in Newtonian viscous media

Fig. 1 displays the experimental electric birefringence of the
Agnws immersed in a 0.25% ww solution of PEO 4 M. We can



Fig. 1. a) Electric birefringence of Agnws 200 mg/L immersed in a 0.25% PEO-4 M
solution as a function of time. E ¼ 2:7 V/mm. b) Stationary value of the electric
birefringence of the same system as a function of the square of the applied field
m ¼ 1 MHz.

Fig. 2. a) Electric birefringence of 200 mg/L Agnws immersed in alginate solution
normalized to the stationary value Dndc , obtained after the times indicated. In b)
pannel the line is the stretched exponential function fitted to the birefringence
decay.
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observe that after a transient response, the electric birefringence
reaches a stationary value. When the electric field is switched
off, the electric birefringence exponentially decays to zero. The ori-
gin of this signal can be double, either the polymer or/and the
nanowires. On one hand, the polymer may be stretched by the
electric field, this producing electric birefringence. This effect has
been used in the past to characterize the size of the polymer and
its flexibility [37,38,43], but the signal is generally more than
two orders of magnitude weaker than that of the nanowires [21].
Furthermore, that signal is not observed for field frequencies above
1 kHz [21,37].

Fitting the transient decay to Eq. 4, we find
H ¼ 0:0481� 0:0007 s�1. For elongated particles, the geometry
factor can be approximated by:

FH ¼ logq� 0:446� 0:2
log 2q

� 16

ðlog 2qÞ2
ð6Þ

where q is the axial ratio, that is L=d, being L the length of the par-
ticle and d its diameter.Taking into account the average length and
diameter (2.0 lm and 160 nm, respectively [36]), and using Eq. 5,
we obtain g ¼ 5:2� 0:1 mPa�s, close to the value obtained with
the rheometer (4.9 mPa�s).

Another relevant characteristic of the birefringence response of
nanoparticles immersed in Newtonian fluids is that the Kerr law is
fulfilled for moderate field intensities. Several examples are found
in literature [26,28,31,32]. In fact, in Fig. 1b we represent the elec-
tric birefringence of Agnws immersed in a 0.25% ww PEO 4 M solu-
tion as a function of the square of the electric field. Fitting a
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function Aþ BE2 to the data, we find a successful linear relation
with a negligible y-axis intercept.
4.2. Birefringence response of Agnws in a gelating alginate solution

In Fig. 2a we show the electric birefringence response of Agnws
immersed in 1% alginate solution and CaCO3 at different times after
adding GDL. We can see that the transient decay becomes slower
for longer times.

Next, we fit Eq. 4 to the birefringence decay after switching off
the electric field, being s and a the fitting parameters. In Fig. 2b we
show an example. The goodness of this fit (correlation coefficient
R2 ¼ 0:998) indicates that the Brownian randomization can be
characterized by a rotational diffusion coefficient as that in Eq. 5,
from which, we can calculate an ‘‘apparent” viscosity. Similar
results are found for every examined time, or any position in the
Kerr cell, with a around 0.9. A complex rotational diffusion process
has been previously described for particles immersed in a gel. In
[14] it was found that the rotational diffusion of Au nanoparticles
is not free but restricted to 2D, as a consequence of a localized ani-
sotropic compression during the gelation of the medium. Such
effect is observed for poly(acrylamide) gel, for which the elastic
modulus is three orders of magnitude larger than in the present
system.

Since the Ca2+ source is located at the bottom, we study three
different positions in the sample, corresponding to three heights



Fig. 4. Elastic (G0, solid lines) and viscous (G00, dashed lines) moduli as a function of
the strain amplitude for a 1% alginate solution in 6 mM CaCO3 at the times indicated
in the plot after adding GDL.
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in the Kerr cell: A (5 mm), B (9 mm) and C (13 mm). Fig. 3 displays
the results for each of these positions. In each case, the last point
plotted corresponds to a situation whereby the particles cannot
be oriented by the external electric field, indicating a high degree
of cross-linking between alginate chains. That is, the gel network
imposes a large restriction on their rotation behavior.

However, before reaching this point, there is a significant
increase of the viscosity. In Fig. 3 we observe similar results for
the three examined positions. Nonetheless, some differences are
detected:

� The characteristic gelation time is longer for the upper position.
� That time is one order of magnitude longer when the CaCO3

concentration is lower.
� The viscosity increase is faster than linear in Fig. 3a (CaCO3

15 mM), while in Fig. 3b (CaCO3 6 mM) we observe a linear rela-
tion followed by a plateau.

� In Fig. 3a, the electro-orientation of the nanowires stops to
occur with different viscosity values, indicating a different
environment.

� In Fig. 3b we observe the same response at the three locations,
indicating that the gel formation is a consequence of uniform
dissolution of the salt as the pH becomes more acid.

Additional information can be obtained by analyzing the vis-
coelastic behavior of the alginate solutions, obtained with the
rheometer, as presented in Fig. 4. Note that for small strain of
the fluid oscillations, the elastic modulus is similar to the viscous
Fig. 3. Viscosity as a function of time of alginate solution in presence of GDL and
15 mM (a) and 6 mM (b) CaCO3, at positions A (full squares), B (open circles) and C
(open triangles) in the Kerr cell. Stars are the modulus of the complex viscosity
obtained with the rheometer.
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one, shortly after preparing the solution. About 10 h after prepara-
tion the elastic modulus starts to increase, while the viscous one
does not change appreciably, this indicating that percolation has
started. The curing produces a decrease in the mesh size of the
hydrogel and an increase of G0. For the sake of comparison, the
modulus of the complex viscosity at 1% strain amplitude is
included in Fig. 3b. For short times, we observe a good agreement
between these and electric birefringence measurements. Hence,
our results show that rotational diffusion kinetics can be well
reproduced by the modulus of the complex viscosity, jg�j, even in
this case in which jg�j is mainly composed by the elastic modulus
(Fig. 4), as also reported in [16]. We also observe some deviations
for times longer than 600 min after preparation, coinciding with
the particles being stuck at the bottom of the cell (Position A in
Fig. 3b). Curing takes longer at the top, and hence, the particles
can still rotate there. In turn, the overall viscosity as determined
by the rheometer is the average of the behavior of the different
parts of the sample including the more rigid bottom, and hence,
it continues to increase with time (Fig. 3b).

The results in Fig. 3 are the balance between three different pro-
cesses: i) the release of Ca2+ ions, ii) the growth of crosslinked poly-
mer areas and iii) the increase of crosslinking density inside an
already crosslinked aggregate. The viscosity variations can be cor-
related with the increase of crosslinking density in either (ii) or (iii)
mechanisms.

If the increase of crosslinking were only a diffusion-controlled
kinetics ruled by a constant Ca2+ concentration, we should observe
a slowing down of the viscosity increase, but in Fig. 3 we observe
the opposite. If it were a growth-controlled mechanism, then the
concentration of cations should not have any influence, but in
Fig. 3a we observe a faster kinetics than in Fig. 3b. We can conclude
that the fact that the rate of viscosity increase is faster with time
indicates that process (i) plays a significant role.

Since CaCO3 is sparingly soluble, it will initially precipitate in
big grains, and only the smaller ones will remain in solution [42].
As a consequence, there is a vertical gradient of Ca2+ concentration
that produces the non-homogeneous gelation process observed in
Fig. 3a. This may also occur in the system of Fig. 3b, but in this case
(where a smaller amount of CaCO3 grains is expected), the gradient
is too small to be detected by our method. Hence, in Fig. 3b we
have similar processes in the upper and lower parts of the cell,
while in Fig. 3a we have different scenarios in the same cell.

We can thus imagine the kinetics as follows: before adding the
glucono-d-lactone, the Ca2 ions have not been released, and no
crosslinking can occur. When the pH decreases, Ca2+ ions start to
be produced by the salt particles (process (i)), leading to crosslink-



Fig. 5. a) Stationary value of the electric birefringence of a 1% alginate solution in
6 mM CaCO3 as a function of the square of the electric field and for different times
after the sample preparation. The lines are the best fit to Eq. 8. b) Yield field of the
birefringence in (a) as a function of the time after the sample preparation. Lines are
a guide to the eye.

S. Martín-Martín, Á.V. Delgado, P. Arenas-Guerrero et al. Journal of Colloid and Interface Science 622 (2022) 700–707
ing between neighbour polymer chains, which hence form tiny
aggregates. Once the ions start to diffuse, these polymer aggregates
can grow in size as they find more coils and ions around (process
(ii)), and eventually become stiffer by increasing the number of
crosslinks inside the aggregate (process (iii)). Our observation of
the gel formation kinetics stops when Agnws become stuck, so
they do not align with the external electric field. At this point,
the electric torque that tends to align the particles is not intense
enough to overcome the polymer resistance to flow. It is not nec-
essary to have a complete percolation throughout the cell, but it
is enough to have local percolation events at scales larger than par-
ticle size. For this reason, we can have at the same time particle
electro-orientation at the upper part of the cell and no movement
at the bottom. Hence, it is the growth of the crosslinked polymer
aggregates above a certain critical size that makes that Agnws
become stuck. Below this critical size, process (iii) leads to stiffer
aggregates and hence, larger viscosity values, but this process can-
not impede the Agnws electro-orientation (particles have to diffuse
in a sea of smaller polymer aggregates, but are not trapped inside
any of these).

We can use the radius of gyration of alginate coils (about 7 nm),
as a rough measure of the average distance which must exist
between Ca2+ ions in order to have a significant probability of hav-
ing more than one crosslink between the same coils, that is, to
increase the rigidity inside one aggregate (process (iii)). This occurs
when the ionic concentration in the medium is around 5 mM, and
hence it is unlikely in the case of the system of Fig. 3b (average
concentration 6 mM), where most of the CaCO3 needs to be dis-
solved in order to reach such concentration. We can conclude that
in the case of Fig. 3a (average concentration 15 mM), the cross-
linked aggregates may become stiffer as they increase in size, pro-
ducing larger viscosities. In contrast, in the case of Fig. 3b,
increasing the rigidity of aggregates may occur at the end, when
nearly all of the CaCO3 is dissolved. This occurs after reaching the
critical size to trap the Agnws, and this can explain that we observe
the same maximum viscosity throught the cell.

On the other hand, considering that water is a good solvent for
alginate, the correlation length of the polymer (the average dis-
tance between neighbour chains) is around 25 nm, and this must
be the average distance between Ca2+ ions to start crosslinking
neighbour alginate coils. This occurs when the ionic concentration
in the medium is around 0.1 mM, easily found in both cases. After
that, it would be a matter of time to reach the critical size of the
percolation in areas for the Agnws to become stuck. During this
time, Ca2+ concentration continues to grow and the kinetics is
accelerated. We can use a model of diffusion-controlled crosslink-
ing process, and taking into account that the concentration of Ca2+

C increases with time, we find that the size of the crosslinked
aggregate r follows the equation:

dr
dt

¼ n
C
r
¼ nC0

r
t
t0

ð7Þ

being n a proportionality constant and C0 the concentration at time
t0. This equation is valid while C is increasing and leads to a uniform
increase in size with time that can explain the proportionality
observed in Fig. 3b until the CaCO3 source starts to run out.

In the case of Fig. 3a the concentration of Ca2+ increases faster
and reaches larger values, and hence, there is a chance for the
aggregates to become more rigid, and this explains that the viscos-
ity increase is accelerated. This picture also applies to the larger
viscosity found in the upper part of the cell in Fig. 3a as compared
to that in Fig. 3b: during the gel formation crosslinking in the sys-
tem of Fig. 3a must be faster and lead to larger viscosities.

It is also significant that comparing the bottom of the cell (green
squares in Fig. 3a and b), we find similar viscosity values, a further
indication that process (iii) must occur later, since it is much
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slower than (ii). In fact in the medium part of the cell, the differ-
ences between Fig. 3a and b appear only at the final stages. The bal-
ance between these two processes also explains the differences
between the bottom and upper parts of the cell in Fig. 3a (green
squares and pink triangles). It is observed that in the upper part
a larger viscosity is reached before particles become stuck. This is
consistent with the fact that process (ii) is more likely than (iii).

4.3. Breach of Kerr law

In Fig. 5a we show the electric birefringence of Agnws
immersed in alginate solution as a function of the square of the
applied electric field, at different times after the sample prepara-
tion. At early time, we observe that the Kerr law is roughly fullfiled,
as it is usually found[26,36]. In contrast, for longer times we
observe that there is a minimum electric field (or yield field, Ey)
for the sample to get oriented. At this point, we can represent
the data with a modified Kerr law:

Dndc ¼ KðE� EyÞ2 ð8Þ

where K is a pseudo Kerr constant. Recall that such behavior is not
observed when the particles are dispersed in a purely viscous fluid:
we found in Fig. 1b that in such a case the only effect of the pres-
ence of the polymer in solution is that particle diffusion is slowed
down, but Kerr law is satisfied. The existence of a yield field in
Fig. 5a suggests that, in order to produce particle rotation, there is
a minimum torque that the electric field must exert on the particles
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due to the viscoelastic behavior of the fluid. In other words, the
existence of a non-negligible elastic modulus produces an initial
resistance to flow. Once the yield field is surpassed, the particles
can rotate as they would do in a viscous Newtonian fluid (see
Fig. 3b). The existence of an initial resistance to flow can also be
observed in Fig. 2, where a careful analysis shows that the random-
ization does not instantaneously follow after switching off the elec-
tric field, but lags behind it. In Fig. 5b we represent the yield field as
a function of time after sample preparation, and we observe a linear
increase, indicating a correlation with the gel formation (as
observed in Fig. 3).
5. Conclusions

In this work we have analyzed the electro-orientation of silver
nanowires dispersed in polymer solutions. In Newtonian polymers
such as poly(ethylene oxide), silver nanowires electro-orientation
has a standard behavior, that follows the Kerr’s law and with a
purely diffusive randomization process, controlled by the particle
geometry and the viscosity of the polymer solution. On the other
hand, when the the medium has a viscoelastic response, as in the
case of alginate hydrogel formation, the transient behavior slows
down when the gel starts to be formed and the elastic modulus
starts to increase. We have analyzed the kinetics of the sodium
alginate gel formation. In this case, the release of the source of
cross-linking (Ca2+ ions from CaCO3) is controlled by a slow acidi-
fication. Contrary to what it was expected [42], we have observed
that gel formation in alginate solution does not occur homoge-
neously throughout the solution, but it is faster close to the Ca2+

deposit. Measuring the birefringence at different positions in the
Kerr cell allows the evaluation of the viscosity for different stages
of the gel formation process. When the mesh size is comparable
to the particle length, the latter becomes stuck and can no longer
be oriented by the external field. Similar results has been observed
in [2], where they found that iron-coated silica particles in alginate
solution do not form the typical chains under the action of moder-
ate magnetic fields. The viscosity deduced up to that point agrees
well with rheological determinations, with increasing deviations
found at longer times. This is explained by the progressive gelation
of the solution, producing a significant elastic modulus. This pro-
cess has an interesting and novel consequence on the birefringence
response, as standard Kerr’s law fails to be fulfilled, appearing a
minimum electric field, below which electro-orientation is not
possible. This yield field is a new quantity that may provide some
insight about the dynamics of polymers in solution, including gels
or entangled polymers, and it can be used to characterize the rhe-
ology of solutions with low elastic and/or viscous moduli.

We have presented the first evidence of the local microrheolog-
ical studies that can be done by the electric birefringence tech-
niques, which may be suited in less accessible media such as the
interior of cells or micro- and nano-channels as those used in
microfluidics experiments.
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