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Confinement in microenvironments occurs in many natural systems and technological applications. However,
little is known about the behaviour of the immersed nanoparticles. In this work we show that their diffusion,
electro-orientation and electric field induced polarization can be determined through electric birefringence ex-
periments. We analyze aqueous dispersions of silver nanowires and clay particles confined inside microdroplets.
We have observed that confinement reduces the amount of particles that can be oriented by the external elec-
tric field. However, the polarizability of the oriented particles is not affected by the presence of the oil/water
boundary, and it is the same as in unbounded media, which agrees with the fact that the electric polarization
and related phenomena are short-ranged.

Silver nanowires
Sodium montmorillonite

1. Introduction Confinement refers not only to geometry, but in general to limitations

in the volume of phase space accessible to the particles, as when they

Although a general definition is not easy, and it is rather system de-
pendent, we can say that a medium is confined when the dimensions of
the sample itself are comparable to a natural length scale of the system.
In such cases, the dynamics of the included particles may be determined
by the presence of boundaries, this affecting many technological pro-
cesses such as extrusion, bearing lubrication, or inkjet printing [1,2].

* Corresponding author.

are forced to follow the channels of a porous material [3]. In fact, due
to Brownian diffusion, convection and chemical interactions, nanopar-
ticles enclosed in microdroplets may explore the surrounding media in
a different manner than in unbounded medium, this affecting the be-
haviour of the particles despite the small ratio between their size and
that of the droplets.
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Confinement in spherical compartments also occurs in many natural
environments. Suffice it to mention that 40% of the cell volume, where
living processes take place, is occupied by macromolecules [4,5]. On
the other hand, increased attention to microreactors and droplet mi-
crofluidics [6] has led to the discover of unique phenomena that do not
take place in unbounded media, such as the acceleration of enzymatic
and organic reactions [7], spontaneous molecule reduction [8] and ion
transfer [9], to mention a few. Chamberlayne et al. [10] have shown
that chemical reactions are enhanced in small microdroplets because of
the electric field associated to the water/oil interface. In fact, these au-
thors found that the electric field close to the interface is enhanced for
small microdroplets, this probably due to the excess of unpaired ions
(that is, those ions generated in the surfactant polar head dissociation).

Microdroplets can be used as platforms for nanoparticle synthe-
sis [11,12], sensors [13], micromotors [14] or drug transport and de-
livery systems [15]. However, apart from some interesting work about
particle reorganization inside the droplets [16-19], little is known of
the behaviour of particles inside microdroplets, specially in the case
where electric fields are applied. This may be important because elec-
tric fields are used in several applications, since they promote transport,
sorting and reorganization of droplets [20-22], active mixing [23], or
destabilization of the surfactant layer and droplet fusion [24].

The interest in these systems comes from the broad-range of applica-
tions that have been found for nanoparticles in unbounded media. For
instance, once the particles are driven out of their equilibrium struc-
ture by application of external fields, particle interactions between each
other or with the sample limits produce new structures [25,26], and
they can modulate the optical [27,28] and rheological [29] properties
of the system, due to the electric field-induced dipole of the particles.

If particles are confined inside microdroplets, we cannot expect to
probe their behaviour using the standard electrokinetic methods, such
as electrophoresis, that will collect the response of the microdroplet it-
self, instead of that of the confined particles. Furthermore, the produced
emulsions are far from equilibrium, since buoyancy usually produces a
phase separation between a concentrated emulsion, where the micro-
droplets are tightly packed, and the solution. One alternative is the
visual inspection with a microscope, but this method precludes the
study of nanoparticles or the majority of macromolecules such as poly-
mers.

A possible approach is the electric birefringence technique applied
to electro-oriented anisotropic particles. Due to thermal randomization,
the system is only partially oriented. The degree of alignment can be
quantified by the orientational order parameter .S, defined as
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where 6 is the angle between the field that produces the orientation
and the symmetry axis of the particle, the angle brackets indicate the
average over the ensemble and f(0) is the orientation distribution.
Interestingly, when particles are aligned, the system becomes birefrin-
gent, that is, the refractive index in the direction parallel to the field
(”H) differs from that in the perpendicular direction (n,). The bire-
fringence, i.e., the optical anisotropy An =n; —n, is related to the
orientational order parameter as [30]:

An=An

S (2)

where Ang, is the value of An attained when the symmetry axes
of all the particles are perfectly aligned with the direction of the
external field. This technique has been widely used to analyze the
spectral response of macromolecules immersed in an unbounded so-
lution [28,31-37]. Much is already known about the behaviour of both
rigid particles and flexible polymers under the effect of an electric field
of varying intensity and frequency. Less is known about the response
of these systems when the particles are in a confined medium. In this
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Fig. 1. Left column: Images of the containers with the emulsion in two cases:
15% (top) and 30% of RIM (bottom). The dashed lines indicate the position of
the interface between emulsion and oil. Right column: Microscope photos of the
emulsion.

work, a method is presented to obtain the electrokinetic response of in-
dividual nanoparticles within microdroplets. It is intended to analyze
whether confinement affects the behaviour of this emulsion, in which
the ratio between particle and droplet size is small, and how the elec-
trokinetic response depends on the characteristics of the particles and
the medium. The proposed method is the determination of the electrical
birefringence of silver nanowires and sodium montmorillonite confined
in aqueous microdroplets under the action of alternating electric fields
of varying frequency and intensity. Both microfluidics and vigorous stir-
ring methods will be used to encapsulate the particles in the droplets.

2. Materials and methods
2.1. Materials

The system is a water in oil (W/O) emulsion. The outer phase
is a mixture of an hydrofluoroether, HFE-7500 (HFE hereafter, HFE-
7500 3M (TM) Novec (TM) Engineered fluid, Fluorochem, UK), and
a 0.4% v/v surfactant (TAX hereafter, FluoroSurf’™, Emulseo, Dar-
win, France). This fluorinated oil is usually employed as the continuous
phase, since its viscosity is low, it is transparent and its refractive index
and density are very similar to those of water, and hence, the turbidity
of the emulsion is small whatever the size of the droplets.

Despite the refractive index of HFE, ng = 1.290, is similar to that
of water (ny = 1.333), the small difference is enough to have a sig-
nificant light scattering from the water/oil interface. In order to de-
crease the turbidity of the samples we added 1-3bis(trifluoromethyl)-
5-bromobenzene (RIM hereafter, Merck, Germany, purity 99%, ngp; =
1.427). In Fig. 1 we show an example. The interface of the droplets is
clearly visible when the concentration of RIM is lower than 30%, but it
becomes nearly invisible when the concentration of RIM is raised up to
30%.

The inner phase of the emulsion was an aqueous suspension of
commercial silver nanowires (Agnws, Plasma Chem Laboratory, Ger-
many), or of sodium montmorillonite (NaMt). The latter was obtained
by sodium homoionization of bentonite (purchased from Sigma-Aldrich,
USA). The resulting particles are lamellar with negative charge on their
faces and pH-dependent charge on their edges. They were characterized
by environmental scanning electron microscopy. Their average diame-
ter is Dy p = (1.7 +£0.6) um [38].

Regarding the Agnws elongated particles, in Fig. S1 we show trans-
mission electron microscope pictures with two magnifications. From
measurements in different pictures, the histograms included in the Fig-
ure were obtained. The size distributions of both axes fit well to log-
normal distributions. It is concluded that the diameter and length are,
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Fig. 2. a) and ¢) Agnw/HFE emulsion produced with microfluidics techniques
and size histogram, respectively. b) and d) Picture and histogram of the NaMt
droplets obtained by the stirring method.

respectively, D ygp = (44 + 18) nm and Ljgnw = (2.0 £0.9) um, where
the standard deviation has been used again as uncertainty.

Agnws as received are dispersed in isopropanol. So, in order to
change the dispersing medium to a water solution, the protocol de-
scribed in SI was followed.

2.2. Experimental methods

2.2.1. Microdroplet generator

Emulsification is achieved with a commercial droplet generator chip
(Elveflow, France) based on the flow focusing technique. With this tech-
nique, the outer and inner medium of the emulsion are flown through
the microfluidic chip microchannels and converge in one point. By ad-
justing the flow rate of both liquids, droplets of homogeneous size can
be obtained. Droplet generation based on microfluidic methods has the
advantage of a high monodispersity. An example is shown in Fig. 1,
with an average droplet diameter of 56 pm and a standard deviation of
9 um. With this procedure, we confirmed that emulsions remained sta-
ble for over 2 weeks (in fact, the photographs in Fig. 1 were taken one
week after preparation). In all cases, the emulsions were investigated
the next day after preparation. Figs. 2a,c show, respectively, a picture
of the Agnws microdroplets immersed in HFE (Agnws/HFE hereafter)
and a size histogram.

Emulsions of NaMt particles were also prepared by vigorous stir-
ring of a mixture of both 1 mL of the mixture of oil and surfactant
with 1 mL of the NaMt solution with an IKA T10 basic ULTRA-TURRAX
homogenizer (20 seconds at 15000 rpm). In Fig. 2b, d we present a mi-
croscope photo and the size histogram of the obtained emulsion. In this
case, the size dispersion is larger, but smaller droplets (diameter 9 +
5 um, the error being estimated by the standard deviation) can be pro-
duced. Hereafter, 56 um (made with microfluidic techniques) and 9 pm
(made by vigorous stirring) emulsions will be called NaMt/HFE56 and
NaMt/HFE9, respectively.

2.2.2. Electric birefringence device

The birefringence measurements were performed with a homemade
electro-optical setup consisting of a low-power He-Ne laser beam (Laser
Products 05-LHP-151, USA), a polariser at 45°, the sample to be mea-
sured in a quartz Kerr cell (Starna Scientific, UK), a quarter-wave plate,
an analyser at —(45° + a) and, finally, a photodiode connected to an
oscilloscope. Sinusoidal electric pulses are applied to the suspension
through vertical stainless steel electrodes. A commercial generator (Tek-
tronix AFG 3101, USA) and an low frequency amplifier (Piezo Systems
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Fig. 3. a) Real-time observation of the electro-orientation of silver nanowires
inside droplets immersed in HFE under a high frequency sinusoidal electric
field. b) Detail of the selected area.

Inc. EPA-104, USA) are used. All the optical plates and the photodi-
ode were purchased from Edmund Optics, UK. The setup has a water
circuit to thermostat all the suspensions at 15°C. This birefringence
equipment is described in more detail elsewhere [38-40]. The transient
birefringence is obtained from the change in light intensity collected by
the photodiode upon application of the field, as follows:

An(t) = % [a:csin (1 / % sin a) - a]

being A the wavelength of the laser beam, / the optical path length,
A, the baseline oscilloscope signal when no field is applied and A(r)
the signal at time . Every data point presented is the average of three
repetitions.

The electro-orientation of the particles was also visually character-
ized with an optical microscope (CKX53 with a digital camera SC50,
Olympus, Germany) equipped with a home-made cell with two alu-
minium paper electrodes of d ~ 420 pm spacing.

3

3. Results and discussion
3.1. Optical visualization of electric field-induced particle orientation

When spheroidal particles are subjected to an external electric field,
it induces an electric dipole around them, this promoting the orienta-
tion of their longest axis along the field direction. Two contributions to
electro-orientation are expected. On the one hand, the external electric
field induces an electric dipole and produces a torque that drives the
sample to some degree of orientation. In addition to the electric con-
tribution, the existence of a hydrodynamic torque must be taken into
account in some cases: the countercharge (that is, the excess of ions
in the particle neighbourhood) migrates under the effect of the exter-
nal electric field, dragging liquid through electro-osmotic fluxes. In the
case of barely charged metallic particles, the ion accumulation at low
frequencies induces some asymmetrical electro-osmotic fluxes [41-46],
but this effect (so-called induced charge electro-osmosis, ICEO) has been
shown to be negligible in the case of large salt content [28] and van-
ishes for AC fields in the MHz range [39,46].

Fig. 3 shows two frames of an Agnws/HFE emulsion placed on a
coverslip between two parallel electrodes. The non-spherical shape of
the droplets indicates a partial evaporation of the surrounding HFE.
The top photo shows the system in equilibrium: we can observe several
particles randomly oriented inside the droplets. In the bottom frame,
an electric field is applied. The field provokes the nanowires electro-
orientation and a large amount of particles align towards its direction.
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Fig. 4. a) Electric birefringence response of the emulsions indicated under a 1
MHz sinusoidal electric pulse of amplitude 20 V/mm (NaMt/HFE56), 15 V/mm
(Agnws/HFE) and 40 V/mm (HFE and W/HFE emulsion). HFE (grey line) and
W/HEFE (black line) indicate the birefringence signal of the oil that remains be-
low the droplets during the experiments and the response of a water in HFE oil
emulsion without particles, respectively. The arrows indicate the electric field
switching on. The field was switched off at + = 0. The experimental errors is
5% 1079, b) Electric birefringence decay after switching off the electric field for
Agnws in unbounded media and confined inside 56 um droplets. The experi-
mental error is less than 5%. ¢) The same but for NaMt in unbounded media
and confined in 56 um (NaMt/HFE56) and 9 um (NaMt/HFE9) droplets.

Apparently, particle alignment is not hindered by the confinement and
the system randomizes when the electric field is removed.

3.2. Electric birefringence dynamics

In Fig. 4a we show the dynamics of the electric birefringence of
the NaMt/HFE56 and Agnws/HFE emulsions. The response is similar
to previous results reported in [28,33,38,39,47]. After switching on the
electric field, particles orient and the electric birefringence of the sam-
ple increases until it reaches a stationary value An,. Once the field is
removed, the sample takes a time to randomize and the transient bire-
fringence goes to zero in an stretched-exponential-type decay:

An(t) = Angexp [— (t/‘r)s] (€)]

being s the stretched exponent accounting for the polydispersity of the
sample and 7 the relaxation time, related to the rotational diffusion
coefficient ® through

(r)=1/60

)
where (1) = %/S]T, I' is the Euler gamma function and ® depends on

the particle geometry and the rheological properties of the medium:
3kgT
N, R3

0= Fg ©6)
Here 7, is the viscosity of the host fluid, R is the length of the long
axis of the particles, kT is the thermal energy and Fg is a geometrical
factor that depends on their shape [48].

By visual inspection we did not detect any nanowire dispersed in
the continuous oil phase (see Fig. S2 for an example, where only a few
dots are observed in the oil). Electric birefringence experiments in the
bottom part of the cell, where there are no droplets showed a minor
response (Fig. 4a, grey line labelled “HFE”), this confirming that the
majority of the particles remain inside the droplets. We also observe
a negligible response in the case of W/HFE emulsion, that is, droplets
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without particles inside (Fig. 4a, black line labelled W/HFE), confirming
that the birefringence signal comes from the particles and not from the
droplets themselves. This was expected, since the latter have spherical
shape, and hence no orientation is expected for them. Note that our
results confirm that the electric field is too low to produce a significant
deformation of the shape of the droplets, this probably due to the large
W/O interfacial tension, as observed previously for electric fields below
roughly 100 V/mm [49,50].

In Fig. 4b and ¢ we compare the birefringence decay after switching
off the electric field when particles are in an unbounded medium and
confined in the microdroplets. From the unbounded media cases, and
fitting the experimental results to Eq. (4) we obtain a characteristic
time decay of () = (0.070 + 0.02) s and (0.0925 + 0.004) s for Agnws
and NaMt, respectively. By using Eq. (6) we obtain that the average
length of the suspended Agnws is L, = (1.68 £ 0.01) um, and the
average diameter Dy, s, = (1.15+0.03) um for NaMt, close to the TEM
determinations.

In the case of confined Agnws (Fig. 4b) the response is slower. From
visual inspection (see Fig. 3 and Fig. S2 in Supplementary Informa-
tion for further examples) we did not detect particle aggregation. On
the other hand, this slowing down could be attributed to a selectiv-
ity in the droplets formation procedure. Such effect is not observed in
the case of NaMt/HFE56 (which correspond to microfluidic-produced
56 um droplets of NaMt in HFE) but it occurs in the case of NaMt/HFE9,
which correspond to the 9 um NaMt droplets made by vigorous stirring
of the mixture HFE and NaMt (Fig. 4c). With the latter procedure we
can be sure that the particle size distribution inside the droplets is the
same as in the unbounded systems, this confirming that the slowing-
down effect is due to the confinement. Furthermore, the dispersion of
the droplet size in the experiments is expected to be smaller than the
value reported in the previous section, since the small contrast between
water and HFE oil densities is enough to produce the buoyancy and
packing of the droplets on the top of the cell, and we expect to have the
small droplets above the larger ones. The fact that the slower response
appears at smaller droplet size in the case of NaMt is in line with these
particles being smaller than Agnws.

3.3. Particles oriented inside the microdroplets

When the applied field is strong enough, the particles have their ma-
jor axis completely aligned with it and the birefringence of the system
reaches its maximum value An,, 4. In the case of elongated particles,
the major axis is the symmetry axis, and hence, this situation corre-
sponds to .S = 1. From the Clausius-Mossotti relation it can be deduced
that [40]

PpAa®

5 (7)
2Vyn,,€0

Anprax = BAngy =
being ¢ the volume fraction of particles, n,, the refractive index of the
solvent, V), the particle volume, ¢, the vacuum permittivity, and Aa® is
the optical polarizability anisotropy of the particles, defined as Aa® =
af —a; (being /,1 the directions parallel, perpendicular to the symmetry
axis of the particle). If particles have an oblate shape, the major axis is
perpendicular to the symmetry axis, and hence, upon application of
strong fields, particles orient with the latter axis perpendicular to the
field (S = —0.5), and by using Eq. (2) we have:

pAa®

AnMAX = —O.SAnsat =-0.5 m
p'tm

(8)

On the other hand, for low and moderate electric fields, there is a
partial orientation that depends on both the intensity of the electric field
and the particle polarizability. In both Agnws and NaMt cases, since
particles have an anisotropic shape, their polarization is not parallel to
the external field, and as a consequence the field induces an electric
torque that tends to align the particles along the external field. The
stationary orientation distribution can be calculated as:
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Fig. 5. Representation of electric birefringence saturation regime via appli-
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nws/HFE (a), and NaMt, NaMt/HFE56 and NaMt/HFE9 (b). The experimental
errors decrease from 6% at low field intensities to 0.5% at large intensities.
Field frequency 1 MHz.

exp (U(0)/kgT)
Jo 2mexp (U(0)/kpT ) sin(0)do

f0)= 9
where the induced dipole interaction energy U depends on the orienta-
tion of the particles [51]:

cos? 0 (10)

1 2
v®) = _EAaeEeffJoc

In Eq. (10), Aa® =a] —af is the electric polarizability anisotropy of the
particles (af( 5 is the polarizability of the particle along (perpendicular)
to their symmetry axis) and E, (. the root mean square of the local
electric field. In the case of moderate to large field strengths, it can be
obtained an analytical expression for the integral in Eq. (1) and hence

for the electric birefringence in Eq. (2). For instance [51-53],

3
AnzAnMAX<1 - —)
2
yEeff,loc -1

being y =1/ Ecz, E, the characteristic field at which saturation starts
2kgT
[Aa¢]
local electric field may differ from the applied one E,;/ ,,,
factor f=E, s o/ Eef f.app @nd hence:

3 >
of frapp 1

a1

to take place (E, = ). As we will see in the next section, the

by a certain

An = Anypax <l yﬂ2E2 12)

In Fig. 5 we show the electric birefringence of NaMt and Agnws,
both immersed in an unbounded media and confined inside micro-
droplets, as a function of the square of the intensity of the applied field.
We observe that the birefringence increases until it reaches its maxi-
mum value Any,x. This saturation value is smaller when the particles
are confined inside microdroplets. The saturation value of the birefrin-
gence is independent of the applied field (provided it is high enough)
and only depends on the concentration of the particles ¢ and their op-
tical and geometrical properties (see Eq. (7) for elongated particles and
Eq. (8) for oblate ones). Since the particles are the same, the decrease
in the saturation value can be explained by a decrease in the number of
particles that can be aligned by the field.
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Table 1
Experimental parameters of the fitting of Eq. (12) to the experimental
results in Fig. 5.

System Anygay - 100 yB% (107° m? v-2) d‘f— i
NaMt Bulk 332040017  2.64+0.11

NaMt/HFE 1.00+0.02 0.80+0.08 58%  0.55
Agnws Bulk 53+0.1 109 +£9

Agnws/HFE  0.81+0.04 5444 15% 0.6

Bulk sample

Microdroplet sample

Fig. 6. Scheme of laser light propagation through unconfined and confined me-
dia.

The reduction in the number of oriented particles can be experimen-
tally quantified from the data in Fig. 5. Fitting Eq. (12) to those data,
we can determine Any,x for both a controlled sample (for example a
dispersion of particles with a controlled concentration, subscript bulk
hereafter) and the emulsion (subscript ud) (see Table 1). Considering
that (see Egs. (7) and (8)):

¢yd

Anyiax puik Pouik

A”MAX,;m _

(13)

We obtain the results in Table 1. As compared to an unbounded particle
dispersion, the concentration of particles that are effectively oriented
may decrease for three reasons. One is that microdroplets, and hence,
the particles, do not fill all the space (see Fig. 6). However, due to
the buoyancy of the droplets, they accumulate at the top of the Kerr
cell, and hence, the fraction of volume struck by the laser beam should
be about 64%. This reduction is similar to the concentration reduction
&4/ Pk obtained in Table 1 for NaMt, but insufficient to explain the
large birefringence reduction for Agnws.

A second reason is a possible decrease of the particle concentration
during the droplets formation. In Fig. 5b we can see that using such two
different emulsification methods we get similar results, this meaning
that i) the concentration of particles does not vary due to emulsification,
ii) the electro-orientation mechanisms are not affected by the droplet
size.

Finally, the birefringence hindering for confined particles may be
associated to a pinning effect of particles close to the W/O interface.
The particles will arrange following the local shape, affecting their elec-
tric field-induced orientation in the neighbourhood of the droplet/HFE
interface. In fact, in [18] it is shown that particles in electrospray-
produced microdroplets tend to accumulate at the boundaries, this
explaining the large amount of affected particles.

3.4. Electric field inside the microdroplets

In the previous section we have shown that An becomes indepen-
dent of the electric field for large enough field intensities. On the other
hand, at intermediate (Eq. (12)) and low field intensities (Kerr regime),
the electric birefringence strongly depends on it. Hence, to character-
ize the electro-orientation of particles inside droplets it is mandatory to
determine the local electric field.

In W/O emulsions, there are ions in the water phase, and hence there
is a conductivity mismatch between the droplet and its surrounding

oil medium. Under the application of an electric field E,;, ,,,, a non-
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a)

Fig. 7. a) Comparison of the contrast between droplets of CuCl, in HFE and pure
water droplets in HFE. b) Mixture of CuCl, in HFE and pure water droplets right
after preparation (left) and after 1 h (right). (For interpretation of the colours
in the figure(s), the reader is referred to the web version of this article.)

equilibrium imbalance between the ionic fluxes inside and outside the
drop is established, and ions of different sign accumulate at the opposite
poles of the drop. This charge redistribution modifies the local electric
field inside the drop. For alternating electric fields of frequency above
the MHz range, ions have not enough time to redistribute upon every
reversal of the electric field, and hence, this polarization phenomenon
(so-called Maxwell-Wagner effect, [54]) is negligible, but at the MHz
range and below the stationary state is reached and the local electric
field E, 7 ;. is reduced to:

3K,

Eeff,lac= KW+2KO Eeff,app (14

where K (Ky,) is the conductivity of the oil (water) phase. In our case,
the conductivity of the outer oil phase is negligible, and hence, the local
electric field should vanish.

However, when droplets are packed, while particles are not ob-
served to cross between two neighbour droplets, ions can do it and
hence the electric field is not completely screened. The fact that par-
ticles are effectively oriented inside the droplets at these frequencies
confirms that this is the case. In fact, it has been shown that it is possible
to insert some molecules in already formed droplets [55-57]. Etienne
et al. [58] have demonstrated that hydrophilic reagents, and even DNA
strands of about 11 kbp are able to cross from one drop to the neigh-
bour one through the oil phase, provided the distance between two
neighbour droplets is short enough to promote the spontaneous forma-
tion of aqueous drops with diameters of the order of 100 nm in the oil
phase.

In our case, the ionic transfer was further confirmed by mixing a
water-in-HFE emulsion (W/HFE) with another one in which the droplets
are made of a green CuCl, solution (Cu/HFE hereafter), clearly distin-
guishable from water droplets (see Fig. 7a). In these pictures we can see
a clear difference between the droplets with and without CuCl,. Fig. 7b
shows the mixed emulsions, the droplets of CuCl, solution being clearly
darker than water droplets. After 1 h, we observe no contrast between
different droplets, indicating that diffusion of Cu?* ions between neigh-
bouring droplets has taken place, probably with the same mechanism
as in Ref. [58], i.e., by the transient nucleation of tiny droplets that act
as bridges for the ions between adjacent microdroplets.

In order to characterize the local electric field inside the droplets we
can use the experimental data in Fig. 5. These data can be normalized
to Anyax, removing in this way the confinement effects on the num-
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ber of oriented particles described in the previous section. On the other
hand, the reduction in the local electric field is accounted by the factor
B (Eesfi0c = PEcsf qpp)- Note also that y and E, in Eq. (12) only de-
pend on the polarizability of the individual particles and hence, they are
not affected by the confinement. Since f =1 in the case of unbounded
media, y can be obtained by fitting Eq. (12) to the data of unbounded
systems in Fig. 5. With these values, § (so E,; ;,.) can be obtained by
fitting the experimental data of confined systems in Fig. 5 to Eq. (12)
(see Table 1).

The obtained value for g (Table 1) is similar for both kinds of par-
ticles, which is not surprising considering that the ionic content of the
droplets, responsible for the decrease in the local electric field, is also
similar. Note that the electric field correction affects the x-axis and
hence, it is independent of the asymptotic value of the birefringence

Anpsax-

3.5. Electric birefringence spectra of Agnws

If the electric field is moderate and the electric energy is smaller
than the thermal one, .S and hence An are proportional to Ef 1 doct this
is the so-called Kerr regime. Also, if the viscous torque can be neglected,
then:

B2 _ Aac(v)
ef f,loc 30 kBT

where v is the field frequency.

The Kerr constant K is defined in this weak electric field regime as
K= AEZA d — This quantity is plotted in Fig. 8a, where it has been nor-
malizecfft{}.fﬂ;he particle concentration c in g/L. The results are similar to
those already reported [39]. At high frequency we observe a large bire-
fringence, due to the metallic nature of the particles, highly polarizable.
At low frequencies, the particle dipole induced by the external field is
screened by the induced electric double layer and its contribution to the
system birefringence relaxes to nearly zero [29,39,46].

As expected, we observe that the characteristic frequency at which
the frequency dispersion of K occurs increases with the ionic strength
(the NaCl concentrations are 0.3 mM and 0.1 mM for the systems with
200 mg/L and 400 mg/L particle concentration, respectively). As a
consequence, the systems with 400 mg/L and smaller ionic strength
i) exhibit a smaller relaxation frequency and ii) get oriented at low
frequency due to a non negligible viscous torque produced by the asym-
metric induced charge electroosmosis (ICEO) fluxes [46].

On the other hand, the good agreement between the high frequency
plateaus of the birefringence of Agnws at the two concentrations con-
firms that particle-particle interactions can be ruled out. The same
occurs in the case of confined Agnws/HFE. We also observe that the
spectra in the case of confined particles reach smaller values of the
Kerr constant, as it was expected in view of Fig. 5a, and it is a conse-
quence of the difference between the electric birefringence saturation
values.

The Kerr constant can be used to calculate the electric polarizability
anisotropy Aa®. First, the orientational order parameter S can be calcu-
lated from the data in Table 1 and Eq. (2). From S, Aa® can be readily
obtained with the aid of Eq. (15). The results are shown in Fig. 8b.
We observe similar spectra to those already reported [39]. For slender
metallic particles of length L and diameter D it has been shown that
there is a frequency dispersion of Aa® [38,39,44]:

s/ as)

2.2
e 2,2 o /w
Re( Aa >: 14 - ED2L (16)
Vo€oem 3np1+a?/ay,,
being p = L/D the aspect ratio, w = 2zv, wgp; = M—WL, €0Ey IS
DCppyIn %

the electrical permittivity of the solution, Crp; = gy€,,k the capaci-
tance of the electric double layer (EDL), and « the inverse of the Debye
length (or EDL thickness).



A. Cazorla, S. Martin-Martin, A.V. Delgado et al.

a)
= Bulk pdroplet
1 1.6+
:g) 200 mg/L
T 12 400 mg/L —=— -oO-
o
>
© 0.8
o
o 041
2

100 1000

1 10
Frequency (kHz)

Fig. 8. a) Kerr constant of Agnws and Agnws/HFE normalized by the particle
concentration ¢ as a function of the frequency of the applied field. Lines are
guides for the eye. b) Same as a) but for the electric polarizability anisotropy
normalized by the permittivity of the medium and the particle volume. Lines
are the best fit of Eq. (16) to the experimental data. The concentrations are
Agnws 200 mg/L (NaCl 0.3 mM, pink symbols) and Agnws 400 mg/L (NaCl 0.1
mM, purple symbols). The amplitude of the applied fields were 8 V/mm (bulk
samples) and between 15 and 20 V/mm (emulsions). The experimental errors
are below 5% in all cases.

Table 2
Capacitance of the EDL of Agnws obtained from the experimental
spectra of the Kerr constant in Fig. 8b and Eq. (16).

System Crpr. (E/m?) yy

Agnws 200 mg/L 0.047 £ 0.002 1.15+0.05
Agnws 400 mg/L 0.031 +0.003 1.31+0.11
Agnws/HFE 200 mg/L 0.037 +0.002 0.90 +0.05
Agnws/HFE 400 mg/L 0.030 + 0.004 1.21+0.15

In Fig. 8b we also show the theoretical expectations by fitting with
Eq. (16). We observe a good agreement except for Agnws/HFE with par-
ticle concentration 400 mg/L, where the viscous torque, not included
in this model, has an important effect at low frequency.

The relaxation frequency can be used to calculate the capacitance
of the electric double layer Crp; (see Table 2). We can use a factor
A’ to quantify the deviations of the double layer capacitance from the
linear relation Cip,,. gpr. = €0Emk = Coxp ppr/4 - The results are also
detailed in Table 2. We observe only small deviations, and they have
been previously justified by the nonlinear character of the differential
capacitance [59-61]. Note also that no effect of the confinement is ob-
served, a reasonable result since the particle polarization occurs in the
electric double layer, with a size of about 20-30 nm.

3.6. Electric birefringence spectra of NaMt

In Fig. 9a we show the Kerr constant spectra of NaMt and
NaMt/HFE56. It can be observed that the response of the particles
inside the microdroplets is weaker, as it was already discussed in a pre-
vious section, due to the decrease in the number of particles that can be
effectively oriented. Note that the maximum birefringence is obtained
at high frequency and that the frequency dispersion is similar in both
cases, and to that found in [38]. There, it was discussed that the particle
electro-orientation is due to both an electric and a viscous torque. The
first one is due to the electric polarizability anisotropy of the particles.
When non-conducting particles are charged, the electric polarizability
does not vanish at low frequency because it has an added contribution:
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Fig. 9. a) Kerr constant of NaMt and NaMt/HFE56 as a function of the frequency
of the applied field. b) Same as a) but for the orientational order parameter .§
normalized to the square of the applied field. Particle and NaCl concentrations
are 1 g/L and 0.3 mM, respectively. The amplitude of the applied fields were 8
V/mm (bulk samples) and between 20 and 25 V/mm (emulsions). The experi-
mental errors are below 5% in all cases.

the polarization of the EDL. Two contributions are expected: below
the MHz range, ions in the EDL redistribute around the particle, this
producing the so-called Maxwell-Wagner-O’Konski (MWO hereafter)
relaxation. By decreasing the frequency to the kHz range a second con-
tribution appears: a neutral electrolyte concentration gradient beyond
the EDL is formed, this deforming the double layer and reducing the
polarizability, in the so-called a-relaxation. This relaxation occurs at a
characteristic frequency w, ~ R*/D,; + (Dy;z is the diffusion coefficient
of ions in the EDL), roughly in the kHz range. Finally, in the kHz to Hz
frequency range an uneven accumulation of NaMt particles around the
bigger ones takes place, and this produces a non-centrosymmetric vis-
cous drag on the particles [33,38]. All these phenomena obey the Kerr
law for weak external fields, and hence, S « Ee2 o throughout the
whole spectra. Further details can be found in [31,34,38,41,62].

In order to study further consequences of confinement, beyond its
effect on the particle concentration and electric field reduction, we can
analyze S/E? , which does not depend on any of these quantities.

ef f.loc
S/ Ee2 ¢ doc is represented in Fig. 9b as a function of the frequency of
the latter. Note that in this case, since particles are oblate, the sym-
metry axis is the shortest one, which tends to be perpendicular to the
external field. This means that .S is negative. In the Kerr regime, .S is
proportional to the square of the electric field intensity, so the data in
Fig. 9b are independent of its value. We can observe that there is not a
significant influence of the confinement on the orientational order pa-
rameter of the particles, and hence it can be concluded that not only the
polarizability of the particles but also the hydrodynamic flows around
them must be short range effects.

4. Conclusions

In this work we have shown that the behaviour of non-spherical
nanoparticles immersed in microdroplets can be measured through elec-
tric birefringence techniques, capable of determining the rotational
diffusion dynamics of the confined particles and their response to an
oscillating electric field, while being insensitive to the presence of the
emulsion itself. Compared to other studies in literature (Ref. [16]), the
present method has the advantage that it is capable of providing an in-
situ analysis of nanoparticles, not visible with the microscope. Also, we
have demonstrated that particles inside the droplets are effectively ori-



A. Cazorla, S. Martin-Martin, A.V. Delgado et al.

ented by the electric field, which is only partially screened. We have
also shown that with this technique the partially screened local electric
field inside the droplets can be determined.

In particular, we have analyzed silver nanowires and sodium mont-
morillonite platelets immersed in aqueous microdroplets that have been
generated via two methods: classical emulsion through vigorous homog-
enization and through microfluidic techniques.

In all the analyzed cases, it was observed a lower degree of orien-
tation inside the droplets as compared to that in unbounded media,
together with an increase of the randomization time that cannot be at-
tributed to the decrease in the electric field. The confinement effects are
confirmed by analyzing the emulsion produced by stirring emulsifica-
tion. With this procedure, smaller droplets were obtained, and enhanced
confinements effects were found, indicating that the electro-orientation
process is hindered by the presence of the water/oil interface. Our
results offer a new insight in such situations where a particle concen-
tration gradient inside the microdroplets is observed (Ref. [19]) and
provide new information about the dynamics of the confined particles.

In the case of silver nanowires, information about the polarizability
spectrum of the individual particles could be extracted, and it was found
to be very similar to that in unbounded media. The same occurs for the
orientational order parameter of the clay. This can be justified by the
fact that both the electric and viscous torque that act on the particles
are short-range effects around the interface particle/solution, this being
far smaller than the dimensions of the droplets. With our results we may
open a new field in electrokinetics, offering the opportunity to analyze
the electro-hydrodynamic flows inside confined systems.

The structure and behaviour of nanoparticles inside confined geome-
tries is both a theoretical and experimental nearly unexplored field.
We expect that the proposed experiments can open new applications
in printing, microfabrication and many lab-on-a-chip experimental sit-
uations, in which the interaction between particles and the water/oil
interface may play an important role under external field application.
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