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Dear Guest Editors,

Please, find the manuscript entitled “Optical and X-ray scattering studies of the electric field-induced
orientational order in colloidal suspensions of pigment nanorods” by O. Buluy et al. that we wish to
resubmit as a regular article to the Special Issue “Prof. Yuriy Reznikov” to be published in Journal of
Molecular Liquids.

We have taken into account all the comments of the Reviewers in our revised manuscript. The details
of the changes are given in the Reply to the Reviewers’ Reports. We trust that the revised version will
be suitable for publication in the Special Issue “Prof. Yuriy Reznikov”.

Please, note that an additional Author, Dr. Susanne Klein, has been included in the Authors list.
Indeed, after a discussion among the several groups collaborating on this project, we realized that
Susanne contributed significantly to the elaboration and stabilization of the colloidal dispersion that
we investigated. As this project was initiated and coordinated by Yuriy Reznikov, after his death, we
were not aware of the role of Susanne. We apologize for this late correction of the Authors list.

With my best regards,

Ivan Dozov



Reply to the Reports of the Reviewers:

We are grateful to the Reviewers for their careful reading of our manuscript and for their
generally positive assessments. We have taken into account most of their comments and included
the required corrections in the revised text. Our detailed reply is given below, with the original
comments of the Reviewers marked in italics:

Reviewer 1

By the way, the amount of x-ray scattering is so limited that I do not see that it deserves being
part of the title. But this is just a matter of style.

Indeed, we presented only a part of our X-ray scattering results because they are less quantitative
than those of the other techniques. However, we think that the X-ray results are important
because they are direct evidence that, on the microscopic scale, the induced order is the same as
that obtained from the macroscopic electro-optic experiments, and we prefer to keep the original
title.

a) On page 4 (no page numbers are provided in the text), paragraph beginning "The electric
torque", and very often along the paper, the authors distinguish between MW and MWO
relaxations; but in my view these are conceptually equivalent, and they only differ in the
consieration in MWO of the surface conductivity of the double layer. I wonder if the
authors mean alpha relaxation, that is strictly related to DL polarization. I suggest the
authors to estimate where in frequency can one expect the alpha and MWO relaxations.
This is conceptually important.

We agree that several different mechanisms contribute to the electric torque, including the
alpha-relaxation. This process, which is related to the formation of neutral electrolyte
concentration gradients around the particle, is very important for the low-frequency
dielectric relaxation and is different from the MW and MWO mechanisms. However, as
our technique is not sensitive in the low-frequency domain due to the field attenuation, we
can neglect this effect. We explain this in an additional text included before Fig. 10.

The difference between the MW and MWO mechanisms is the following: for the MW
mechanism, only the contrast in bulk conductivity of the particle and the solvent is
important, whereas, for the MWO mechanism, which is only active for charged particles,
the contribution is due to the conductivity of the counter-ion cloud around the particles.
Since the density of the charge carriers in the cloud is much larger than in the bulk, the
amplitude and the relaxation frequency of this effect are large compared to the MW case.

b) Paragraph 2.3: they mention frequency above 1 kHz "in the present case" and later on in
the section, they mention 0.2 Hz to 1 MHz. Please clarify this.

In our revised manuscript, we explained in more detail that although the field penetration
is complete only for > 1 kHz, the data are meaningful in a much larger frequency
domain.

¢) Section 3.1 is extremely long, perhaps it would be a good idea to subdivide into
subsections

Following the suggestion of the Reviewer, we reorganized and subdivided this section in
our new version.



d) The T-B model is on the basis of results interpretation. Some details of its basic equations
should be given

Unfortunately, it is a difficult task to give the main results of the T-B model without a
lengthy justification and explanation of the approximations. We consider that this will be
even more confusing for the reader than to refer to the classical T-B paper.

e) PAge 11 (starting with "reorientational relaxation”): how can one explain that almost one
second (2 Hz) is needed for rearranging ions from screening the field? Later on, on page
13 ("...long axis, mu_perp") a value of 8 ms is cited.

The time needed to build up the double layer is defined by the charge relaxation
frequency, f.;, ~ 20 Hz, which is defined as the frequency at which the field is attenuated
by a factor of 1 /\ﬁ (see Fig. 5). This process is responsible for the gradual decrease of
K.y at lower frequency, with practically complete screening below 0.5 Hz (see Fig. 6).

The charge relaxation time, 7,= 1 / (27f.) = 8 ms, correspond to 1 /\ﬁ attenuation of the
field and not to its complete screening.

f) After Fig. 8, it is claimed that 80 s™-1 is in agreement with 39 s™-1

We explained in our revised text that the agreement is reasonable when one takes into
account the approximations involved in the model.

g) Page 14 ("...dodecane, epsilon s = 2.0....") I never found that the addiiton of 10 %

particles (no matter how good conductors) increases the conductivity by three orders of
magnitude

We revised the text in order to explain better that the increase of the conductivity is due to
the impurities, mainly the surfactant, and not to the intrinsic conductivity of the particles.

h) Same page: Why not moving the dichroism discussion started here to the section on
dichroism?

We need the results of this subsection for the discussion of the mechanisms. With the
rearrangement of section 3.1 requested by both Reviewers, we think that this issue was
corrected in our revised version.

i) Page 21 ("...waveform. Therefore.."): the discussion on why odd harmonics lead to larger
E sat, is not clear or evident.

We modified the last 5 lines of text before Fig. 13 to explain this point.

J) IN the SAXS data it is mentioned that the field is 960 V/micron, or 960000 V/mm. I wonder
if this is even reachable in any lab. Is it 960 V/mm (as in the caption to Fig. 15)?

Actually, it was a typo error and we corrected it.

Reviewer 2

1. It is not clear how the relaxation frequency of mobile charges in the dispersion f ch (f ch
is estimated at about 20 Hz) can be estimated from the frequency dependence of



A _av shown in Fig.5. (subsequently, this value is used to estimate the conductivity of the
dispersion).

We modified the text preceding Fig. 5 in order to clarify this point. (See also our reply to
the remark e) of Reviewer 1.)

2. Estimates for the rotation diffusion constant D"r obtained from the fitting of the frequency
dependence of the ratio K_av/K_osc and the relaxation constants tau_on and
tau_off significantly differ (39 s™{-1} and 28 s™{-1}). What is the origin of this difference?

This difference is due to the approximations adopted in both approaches: both the T-B and
T-Y models used to treat the data consider an “ideal” dispersion of monodisperse
cylindrical rods, whereas the real system that we investigate is much more complex. We
revised the sentence addressing this comparison.

3. The frequency dependence of the staturating field E_sat is estimated from the
birefrengence data \Delta n_sat and K_av(f). Can this also be estimated from the
dichroism measurements in the capillary geometry? (\Delta n_sat was estimated using the
dicroism data).

In principle, the frequency dependence of Es* can be measured directly by dichroism
measurements in the capillary. However, this measurement is less precise and more time-
consuming than the birefringence technique. Therefore, we used dichroism only at low
frequency (f = 500 Hz), corresponding to the smallest value of Es#!, and then used this
result to recalibrate the easier and more precise birefringence measurements.

4. The data for the electric field dependence of the order parameter S(E) obtained from the

dicroism measurements for the capillary (Fig.9b) and planar cell geometries
(Fig.12) look different. Clarifying remark would be helpful.

In one of the figures, S was plotted versus E, whereas in the other one it was plotted
versus E2. To avoid any misunderstanding, we replotted S as a function of E? in both
figures of our revised manuscript.

5. More details on the meaning of the coupling coefficient \Delta A will ease the reading and
make the paper more self-contained.

We included after Eq. (2) a brief comment for this purpose.

6. The notation "K_index" seems to be overloaded (the Kerr-like coefficients and the
conductivity) and may lead to confusions.

We changed the notation of the conductivity from K to x.
7. All abbreviations such as "PMT" and "RMS" should be explained.
We explained the abbreviations at their first introduction

8. Section title for the section 3.1 is a bit misleading as it additionally contains discussion of
the discroism measurements in the capillary geometry. Perhaps, the different geometries
should be explicitly separated by appropriate sectioning.

Following the suggestions of both Reviewers, we reorganized and subdivided this section.



Highlights:

Colloidal dispersions of Pigment Red 176 nanorods in dodecane display large electro-optic effects, like
the Kerr effect.

Transient birefringence study shows that the field induces strong alignment of the nanorods in isotropic
dispersions.

Transient electric dichroism and SAXS measurements under field confirm the transient birefringence
study.

Despite the apolar character of the solvent, the particle alignment is due to the Maxwell-Wagner-
O’Konski mechanism.

Thanks to their large response to the field and fast response time, these dispersions are well-suited for
applications.
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Abstract:

Under pulsed or a.c. electric fields, colloidal suspensions of nanorods can show strong electro-optic effects, such
as the Kerr effect, with fast response times (a few ms), which makes them good candidates for some commercial
applications. For this purpose, suspensions of Pigment red 176 nanorods in dodecane were recently developed and
their physical properties have been studied. We report here on the investigation of the orientational order induced
by electric fields in isotropic suspensions of pigment nanorods by three different techniques: transient electric
birefringence, transient electric dichroism, and in-situ small-angle X-ray scattering under electric field (“Electro-
SAXS”). We show that, in spite of the apolar character of the solvent, the Maxwell-Wagner-O’Konski
mechanism (i.e. the polarization of the counter-ion cloud around each particle) is responsible for the field-induced
alignment of the nanorods. Although the particles are only weakly charged and the dielectric constant of dodecane
is low, the pigment nanorods effectively behave as metallic particles in an insulating matrix and reach strong
values (S ~ 0.5) of the induced nematic order parameter at moderate field amplitudes (~ 1 V/pm). This study
confirms the feasibility of using suspensions of Pigment red 176 nanorods in dodecane for electro-optic
applications.
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1. Introduction

The electro-optic behavior of colloidal suspensions of nanorods (i.e. rod-like nanoparticles) that show liquid-
crystalline phases has raised wide interest in recent years [1-12] from both fundamental and applied perspectives.
Aqueous suspensions of anisometric particles are well known for their strong electro-optic response [13-19], due
to a combination of two factors: the strong coupling of the particle orientation with the applied electric field E,
and the strong optical anisotropy of the nanoparticles, which is either intrinsic or related to their anisometric
shape [9, 20].

When a nematic suspension of nanorods is submitted to an electric field E, the main effect is the collective
reorientation of the particles. The nematic director n, defining the average orientation of the particles, realigns
either parallel or perpendicular to the field. However, the nematic order parameter, S = < 3 cos?6— 1 >/ 2, which
is a function of the average angle of deviation of the rod axis from the director, €, remains almost unchanged, and
keeps its spontaneous value, usually S > 0.8. The behavior of an isotropic suspension under field is different. In
this case, the particles are aligned individually by the field, which results in an induced nematic-like order, with a
field-dependent order parameter S (E). At weak fields, S (E) varies as E?, whereas at very strong fields, S (E)
saturates to its asymptotic value, either -1/2 or +1, depending on the anisotropy of the electrical properties of the
particle.

The electric torque on the particle is due to its permanent dipole moment, p, and to its excess polarizability,
o, as compared with the same volume of solvent. Usually, in aqueous solvent, a is orders of magnitude larger
than the intrinsic polarizability of the particle. Indeed, the high dielectric constant and the strong dissociating
power of water strongly enhance the three main mechanisms of orientation of the particles under field: the
dielectric mechanism, where the induced dipole is due to the accumulation of bound (polarization) charges on the
particle/solvent interface [21]; the Maxwell-Wagner (MW) mechanism, with induced dipole due to the
accumulation of free (conductivity) charges on the interface [22, 23]; and the Maxwell-Wagner-O’Konski
(MWO) mechanism, for which the induced dipole is due to the polarization of the ionic cloud surrounding a
charged particle [24, 25].

Despite the advantage of high electro-optic efficiency, aqueous colloidal suspensions are not suitable for
applications. Indeed, due to their high conductivity, they suffer from fast electrochemical degradation, Joule
heating, thermally- and electrophoretically-induced flow and instabilities, as well as increased energy
consumption of the devices. To avoid these issues, the electro-optics of colloidal suspensions in polar and apolar
organic solvents has been intensively studied in the recent years [1, 4-9]. In particular, the possibility of using
colloidal suspensions for display devices has been confirmed for dispersions of different types of pigment

nanorods in dodecane at high concentrations (> 15 wt% to reach the nematic phase) [26-28]. For example,



experiments performed with Pigment Red 176 nanorods, submitted to d.c. and low-frequency a.c. electric fields,
showed a clear electro-optic response [26, 28, 29]. Moreover, unexpectedly, this response was affected by
exposure to UV-light [26]. These experiments strongly suggested that the pigment nanoparticles bear a permanent
electric dipole moment and that ionic impurities may play a role in the electro-optic response, in spite of the
apolar character of the solvent.

Here we report an experimental investigation of the electric-field-induced birefringence in isotropic colloidal
suspensions of pigment nanorods in an apolar solvent. The field is applied either as bursts of sinusoidal a.c.
voltage with variable frequency ranging from 0.2 Hz up to 1 MHz, or as short d.c. pulses. Our results show that,
despite the apolar solvent, the alignment of the particles is due mainly to the MWO mechanism, i.e. to the
polarization of the counter-ion clouds around them. We also compare the results obtained with this technique
with those of electric-field-induced dichroism, measured in two different experimental geometries, and with the

field-induced order parameter measured by X-ray scattering.

2. Experimental

2.1.Materials

The particles of Pigment Red 176 (Novoperm Carmine HF3C from Clariant, Frankfurt am Main, Germany)
used in this study (Fig. 1), are elongated platelets which can be approximated as nanorods with average
dimensions of 250 + 50 nm in length (L) and 50 + 20 nm in diameter (D). Stable suspension with nanorod
concentrations between 20 to 25wt% of solids (the so called mill base) were achieved by milling. 40wt% of the
dispersant Solsperse 11200 were dissolved in dodecane, the pigment was then added and the mixture milled in a
planetary mill at 500 rpm for 60 min using 0.3 mm Y'ttria-stabilized Zirconia beads. Suspensions with solid phase
concentration of 10wt% were prepared by diluting the mill base with dodecane. The suspensions were kept for
stabilization for about 24 hours in the dark. Oxygen was removed by bubbling nitrogen through the suspensions.
When needed, this suspension batch was further diluted with more dodecane. All the dispersions investigated here
were in the isotropic phase in absence of applied field. Moreover, the samples showed no aggregation over long

times and the dispersions remained stable for years.
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Fig. 1: (a) Chemical formula of Pigment Red 176; (b) TEM image of the pigment particles.

2.2. Transmission Electron Microscopy (TEM)
TEM observations were performed on a JEOL1400 microscope operating at 80 kV. The particles suspended

in dodecane were deposited on a carbon-coated copper grid lying on an absorbent paper and dried in air.

2.3. Induced-birefringence technique

The experimental setup for the investigation of the electric-field-induced birefringence of the pigment
particle dispersions has been described in detail in a previous publication [30]: The colloidal dispersion (volume
fraction ¢ = 5%) was contained in a flame-sealed 100 um optical flat glass capillary. The electric field was
applied along the capillary axis by a pair of external electrodes, placed directly (2 mm apart) on the outer surface
of the capillary walls. Numerical simulations of the penetration of the field show that it is quite uniform inside the
colloidal dispersion when the frequency is high enough (> 1 kHz in the present case) and that the screening
losses are negligible. At lower frequencies, however, the field in the sample is attenuated because of the build-up
of electric double layer on the inner surface of the capillary walls. This partial screening of the field at low
frequencies is due to our external-electrodes setup. For the experimental data processing, the field screening is
taken into account by using the frequency-dependence of the transient birefringence [30].

The field-induced birefringence was measured in real time, using a photomultiplier tube (PMT) detector
mounted on a polarizing microscope Leitz Ortholux II, with the apparatus described in reference [30] (but using a
Sénarmont compensator instead of a Berek compensator). The time-resolution was better than 1 us and, thanks to
the accumulation of a high number of transient signals (up to 64000), the phase shift resolution was less than 0.1
nm. The field was applied either as bursts of sinusoidal a.c. voltage (from 1 to 10000 periods in one burst) with
variable frequency f, ranging from 0.2 Hz up to 1 MHz, or as short d.c. pulses (duration z, from 0.1 to 10 ms) with

amplitude up to 400 V.

2.4. Induced-dichroism technique

The main dichroism experiment used a flat sandwich-type cell with the colloidal dispersion contained
between glass substrates with deposited Indium-Tin Oxide (ITO) electrodes. The ITO-coated, 25 x 25 x 1 mm,
glass substrates were washed in an ultrasonic bath with Alconox detergent (Sigma-Aldrich) for 10 minutes at
60 °C and then dried. After one hour baking at 180 ’C, the cells were assembled using identical substrates with
spacing controlled by glass spheres of 20 um in diameter (Fig. 2). To improve homogeneity of the distribution of
the colloidal particles in the bulk, the suspension was sonicated before use. Filling of the cell was achieved by the

pressure gradient from a vacuum pump connected to one of the open sides of the cell through rubber pipes. Filled



cells were sealed using two-component epoxy glue (DoneDeal Adhesives Lab., Inc.). Examination of the cells by
optical microscopy revealed a uniform distribution of the pigment particles throughout the cells.

The light transmission through the flat cell was measured at different frequencies and amplitudes of the
applied electric field. The experimental setup and geometry of the experiment are presented on Fig 2(c) and were
published in detail elsewhere [31]. The setup consists of He-Ne laser, polarizer (P), cell, photodiode (PD), and
input-output board (National Instruments, NI PCI-6221, and Pintek High-frequency amplifier, HA-405) driven by
computer. The sampling frequency of the input-output board is 800 kHz, providing a resolution of 800 000
measurements per second. A square-waveform a.c. field was applied to the cell in bursts with duration of 500 mus.
The frequency f'and amplitude of the a.c. field were respectively varied from 1 to 100 kHz and from 1 to 5 V/um

with increments of 0.5 V/um.
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Fig. 2: Sample and set-up used in the dichroism experiment: (a) Cross-section of the cell; (b) Photograph of the
20 um thick cell; (c) Sketch of the experimental setup.
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2.5. In-situ SAXS measurements

We also studied the electric-field-induced reorientation of the pigment nanoparticles by small-angle X-ray
scattering (SAXS) at the ID02 beamline of the European Synchrotron Radiation Facility (ESRF) in Grenoble,
France. The beamline was already described in great detail in reference [32]. The sample of nanoparticle
suspension was held in a 1 mm diameter cylindrical Lindemann glass capillary and the electric field was applied
in-situ with the same setup used for optical measurements under the microscope and described in detail elsewhere

[33]. The field amplitude was varied between 0 and 960 V/um and the frequency was 2 kHz. The X-ray



wavelength, 4, was set to 0.0993 nm and the sample to detection distance was 2.01 m, which leads to a g-range of
0.1 — 1.5 nm!, where g is the scattering vector modulus (¢ = 47 sind/4, with 26 the scattering angle). A Frelon

camera, with 24 um pixel size, was used for detection and the exposure times were typically around 1 s.

3. Experimental Results and Discussion

3.1. Field-induced birefringence and dichroism in capillary cell
In the capillary cell, the field is applied perpendicularly to the direction of optical observation, which is the
optimal geometry for the study of the transient birefringence and dichroism. Comparing the results of these two

optical techniques, applied to the same sample, facilitate the interpretation of the data.

3.1.1. Field-induced birefringence: Experimental results

A few typical results of the birefringence measurements are shown in Figs. 3 and 4. The two sets of data,
from the sinus bursts and from the d.c. pulses, give information about the excess polarizability anisotropy Ae, the
dipole moment pu, and the rotational diffusion constant D" of the pigment particles. The signal measured on the
PMT cathode, A(t), is proportional to the transient birefringence An(t). At long term, after relaxation to a steady-

state regime, it can be described [34] as a sum of two contributions:

At) = Ay (f) + Ay (f) cOSQ0t =6(f)) -
Here, w=2rfis the angular frequency of the applied field, A, (f) is the average (time-independent)
component, A ..(f)is the amplitude of the component oscillating at twice the frequency of the applied field, and

O(f) is the phase shift with respect to the field. In the treatment of the sinusoidal field results, we will follow the

detailed analysis [34] proposed by Thurston and Bowling (T-B), adapting it to our specific experimental
conditions, i.e. the use of external electrodes.

Fig. 5 shows the frequency dependence of the average amplitude, 4,, (f), measured for a constant voltage
with root mean square (RMS) value Ugys, applied to the external electrodes, and renormalized with the maximum
value reached at f,,,, = 0.5 kHz. To understand the 4,, (f) dependence, we need to take into account [30] that the
field actually applied to the particles within the dispersion, E;, (f), is not the external field, Egys;, because of the
frequency-dependent screening losses Cy(f) = E..(f) / Erus. The actual response of the particles at constant internal
field is then 4., (f) = Auv ()/ CS(f). For f>> f.;, the screening losses are negligibly small and Cy(f) = 1 (here, f;,
= K; / (2repg,) 1s the relaxation frequency of the mobile charges in the dispersion, and «; and & are respectively
the conductivity and the dielectric constant of the solvent). This behavior is observed on the right-hand part of the

curve on Fig. 5, where 4,,;, (f) = A., (f). On the contrary, for f << f,,, the field is completely screened by the



charges accumulated in the suspension, in front of the electrodes and Cy(f) = 0. This behavior is clearly seen on
the left-hand part of the curve in Fig. 5, for f < f,,... Approximating the charge relaxation [30] as a simple Debye
relaxation, we find that f;;, is approximately 20 Hz from the condition Cy(f.;,) = 1/ V2. So, for > fax >> fun the
screening can be neglected and 4,,;, (f) = A., (). In other words, despite the external electrodes, the signal

measured in the high-frequency domain is the same as it would be with ideal (non-polarized) electrodes immersed

in the liquid.
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Fig. 3: Typical response to sinusoidal bursts (the applied voltage is plotted in blue) for three different frequencies.
The PMT signal is proportional to the induced birefringence and it is a superposition of an average component



with amplitude 4,, and a signal oscillating at the double frequency 2 f'(with amplitude 4,.). At high frequency,
>> 1 kHz, the oscillating signal is completely relaxed.
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Fig. 4: Typical response to a short pulse of d.c. voltage. The two-exponential fit giving the amplitudes and the
relaxation times of the on- and off- response to the field is shown in red.
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Fig. 5: Frequency dependence of the average amplitude of the induced birefringence. The decrease of the
amplitude in the region f < f,,,, is due to the screening of the internal field by the mobile charges. The relaxation
of 4,, () in the region f > f,,,, is related to the MW and/or MWO mechanisms of the particle reorientation under
field.

More information about the different relaxation processes can be obtained from the frequency dependences
of the average and oscillating Kerr coefficients (Fig. 6), defined respectively as K,, = lim  _, y 4n,, (E) /E? and
K, = lim ; _, g An,. (E) /E*. The inspection of Fig. 6(a) reveals the presence of several relaxation processes, with
characteristic frequencies of a few Hz (the relaxation of the solvent charges), of a few tens to hundreds of Hz (the
orientational relaxation) and of about 5 kHz, whose origin is related to the relaxation mechanisms and will be
discussed below. At very low frequencies, /< 2 Hz, the two coefficients are approximately equal, K, = K, , as

expected from the T-B model for f << D". In this frequency domain, the observed relaxation is only due to the



screening of the field in the sample by the conductive charges of the solvent. This process influences in the same

way the two Kerr coefficients, leaving their ratio, Ry = K,,, / K., unchanged.
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Fig. 6: Frequency dependence of the Kerr coefficients for the average and oscillating transient birefringence (a)
and their ratio (b).

Above f=2 Hz, Ry increases, revealing that the orientational relaxation takes place, damping as usual the
two Kerr coefficients in a distinct way. This relaxation of K,, and K, is related to the relaxation times for
reorientation of the excess polarizability tensor a, ¢, = I / (6D’), and the permanent dipole w, ¢, = 1 / (2D"), of the
particle. Therefore, the relaxation times of K, and K, are comparable to 7, and ¢,. At low frequency, 27z f1,<<1,
the two Kerr coefficients are equal, K,, g = K, ¢; at very high frequencies, 27 ft, >> 1, the coefficients relax to
Koo o = 0 and K, ,,= const, and the ratio K,y / K,,, ., allows one to determine the relative strength of the dipolar
and polarizability couplings with the field, P = kTAca/u’. However, up to f = f,... = 0.5 kHz, K, increases with the
frequency, showing that the charge relaxation still takes place in this frequency domain.

Above f,.., the average Kerr coefficient starts to decrease. This is only partially due to the tail of the
rotational relaxation process. Indeed, at these frequencies the oscillations of the experimental curves are
practically completely damped (see Fig. 3), showing that the rotational relaxation has already taken place for both
Kerr coefficients, K, and K,,.. Therefore, the decrease of K,, in the frequency domain 1 — 10 kHz is mainly due
to an additional higher-frequency relaxation process, which is not related to the rotational diffusion of the
particles. This decrease can be attributed to the relaxation of the MW and/or MWO contributions to the excess
polarizability (as the dielectric contribution is expected to relax at much higher frequencies). Finally, above /= 10
kHz, K,, saturates to a high-frequency plateau, at a level about 6 times lower than the maximal value reached at
0.5 kHz.

Due to the additional relaxation processes, the direct analysis of the frequency dependences of K, and K.

using the T-B approach is impossible in our case. Moreover, the phase shift cannot either be used in the analysis



because it is also seriously affected by the unknown contributions of the additional relaxation processes .
Therefore, to interpret the experimental results, we only consider the ratio K, / K, (see Fig. 6b) and we fit it with
the Thurston - Bowling expressions [34]. The best fit gives P = o, i.e. u = 0, and D" = 39 s'!. The experimental
curve is much smoother than the theoretical one, revealing a large polydispersity of the size of the particles (and
therefore of their rotational diffusion constant, D”). We note that the absence of a permanent dipole moment
derived from the T-B fit of our data contradicts the previously reported result x4, # 0 for the Pigment Red 176
[26]. However, in both studies the permanent dipole value is obtained from the measurements at very low
frequencies, below the charge relaxation frequency, where the results can be seriously altered by electrophoresis
and other artifacts.

When a high-frequency sinusoidal burst is applied, the amplitude of the oscillating response is zero, i.e. the
particles behave as under a square pulse with field amplitude Eg;5. Moreover, the contribution of the permanent
dipole of the particle to the reorientation torque is averaged to zero and, at least for a monodisperse system, the
on- and off- relaxations of the transient birefringence are exponential, with relaxation time z,, = 7,5 = 1 / (6D’).
Although the experimental curves (Fig.7a) are not exactly exponential because of the polydispersity, the two
relaxation times are indeed almost equal, giving D" = 28 s-!. Taking into account the approximations used in the
data interpretation, this is in fair agreement with the value D" = 39 57! deduced from the frequency dependence of
the K, / K, ratio. The frequency dependence of the relaxation times is almost constant (Fig. 7b). Indeed, this
behavior is expected because, at high frequencies, only the polarizability anisotropy A« contributes to the

coupling with the field and the two relaxation times are equal to ¢,= 1/ (6D").
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Fig. 7: Transient birefringence induced by high-frequency sinus bursts. (a) Time dependence of the induced
birefringence at f'= 10 kHz. The on- and off- relaxation times are obtained from the initial slope of the two-
exponential fits shown in red. (b) Frequency dependence of the relaxation times. For /> 40 kHz, where the
polarizability anisotropy A« is frequency-independent, the relaxation times remain constant, as expected.



The behavior of the transient birefringence changes when square d.c. pulses are applied (see Fig. 8). First of
all, the on- and off- response times are no longer equal. The relaxation time after switching off the field, 7,4 is
larger and it increases with increasing pulse duration, z,. For pulses long enough to saturate the birefringence, 7, >
5 ms, t,y reaches about 6 - 8 ms, which is comparable to the value of 7 ms obtained with long a.c. pulses. The
dependence of 7,7 on the pulse duration is the signature of the polydispersity of the particles: for short pulses,
only the smallest particles contribute to the transient birefringence, resulting in faster relaxation when the field is
switched off; with longer pulses, the contribution of the slowly reorienting large particles increases, and z,;
increases because of their smaller rotational diffusion constant. In contrast to 7, the relaxation time z,, remains
constant (Fig. 8(b)) and is much smaller, about 1 ms, than for the case of a.c. pulses. The case of the transient
birefringence induced by d.c. pulses has been treated in detail [35] by Tinoco and Yamaoka (T-Y). From the T-Y
formulae, the above behavior with ;> 7, shows that the particle has a permanent dipole perpendicular to its
long axis, p;. However, this is in contradiction with the results from the a.c. bursts, which clearly show that the
pigment particles have no permanent dipoles. Most probably, the observed behavior is influenced in our case by
two phenomena which are not taken into account by the Tinoco-Yamaoka model. Indeed, we use external
electrodes and, at times comparable to the relaxation time of the charges in the solvent, 7,= 1/ (27f.;) = 8 ms, the
external field does not penetrate efficiently in the solvent, i.e. the low-frequency components of the field acting
on the particles are "filtered". In addition, under long d.c. pulses the mobile charges of the solvent are transported
and accumulated on the inner faces of the glass walls of the capillary, in front of the electrodes, attenuating the
field applied to the dispersion. When the field is switched off, the accumulated charges apply a field on the
sample, which results in a spurious birefringence signal because the particles are still submitted to an electric field.
This spurious signal then relaxes on a time scale comparable to the relaxation time of the charges, 7.,. Moreover,
for frequencies higher than a few kHz, the torque applied by the field on the particles varies, due to the observed
additional relaxation of the polarizability that is not related to the reorientation process and therefore not taken
into account in the T-Y model.

Some of the measured quantities can easily be compared to the predictions of models. Indeed, following the
well-known Perrin’s approach [36, 37] and approximating the pigment particles as spheroids rotating in a solvent
with viscosity 7, = 1.34 mPa.s, we obtain D" = 80 s~! for the tumbling motion of the particles. Although this value
is twice larger than the experimental one, D" = 39 s7!, the agreement is reasonable when taking into account the
approximations made: the particles are not of spheroidal shape or monodisperse in size and, due to the relatively
high volume fraction, ¢= 5 %, their motions are hydrodynamically coupled, resulting in an effective viscosity
higher than 7,. The charge relaxation frequency, 1., = 20 Hz, is another measured value that is easy to understand.

From the dielectric constant of dodecane, & = 2.0, we obtain x; = 2.2 x 10 S/m for the conductivity of the



colloidal dispersion. This value is 2 — 3 orders of magnitude larger than the conductivity of pure dodecane [38], 7
x 10712 S/m. This huge increase of the conductivity is due to the (relatively) large concentration of ionic impurities
coming from the nanoparticles themselves, from the dispersant used to promote the colloidal stability and (to a
lesser extent) from species adsorbed on the inner surface of the capillary. To check this conductivity value, we
measured the imaginary part of the dielectric constant of the pigment particle suspensions at frequency 1 Hz in
flat cells with ITO electrodes. For pure dodecane, we obtained x; = 8 x 102 S§/m, in good agreement with the
literature. With increasing pigment concentration from 1 to 10 %, the conductivity varied in the range 0.4 — 2.8 x
10-® S/m. Although larger than the values derived from the capillary experiment, these values are reasonable when

taking into account that, in the flat cell, additional ionic impurities are released from the ITO electrodes and the

cell seal.
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Fig. 8: Transient birefringence induced by d.c. square pulses. (a) Time dependence of the induced birefringence at
E =200 V / mm and pulse duration 7= 8 ms. The two-exponential fit is shown in red. (b) Pulse duration
dependence of the on- and off- relaxation times obtained from the initial slope of the two-exponential fits of the
transient birefringence.

Usually, more quantitative information about the induced orientational order parameter S (E) can be obtained
from the field-dependence of the average birefringence measured at fixed frequency (to simplify the notations, we
omit below the subscript of 4n,,). Indeed, at strong enough fields, £ >> FE* the induced order saturates to S (E)
= 1, which is the theoretical limit at high field, and the transient birefringence saturates to its maximum value,
defined as An** = An (E) / S (E) and related also to the specific birefringence of the particles, 4n?, by the
expression An? = An** / ¢. Here the saturation field is defined as E*“ = (An** / K,,)"? and it gives direct
information about the excess polarizability of the particles [30]. However, this approach is difficult to apply to our
birefringence experiment because of the strong dichroism of the pigment particles. Indeed, at strong fields, the
small birefringence signal is masked by the much stronger dichroic signal. Moreover, the light propagation and
interference in the dichroic case is much more complex and difficult to analyze, resulting to prohibitively large

error bars for the birefringence results. Nevertheless, both the transient birefringence and the transient dichroism



arise from the same physical mechanism, i.e. the field-induced orientational order of the particles. Therefore, we
obtained the values of £ and An** in a separate experiment (using exactly the same geometry with external
electrodes) from the transient dichroism results measured as a function of the applied field.

3.1.2. Field-induced dichroism: Experimental results

Dichroism measurements are a well-known technique used to study the orientational order in liquid crystals
[39, 40]. For molecular anisotropic liquids, the dichroic ratio is a function of the order parameter S, describing the
orientational order of the long molecular axis L, and of the angle between L and the absorption dipole moment m.
This simple approach cannot be applied in our case because the complex pigment molecule has multiple
chromophores and their overlapping absorption bands can be polarized in different directions. The polarization
ratio of the absorbing pigment particles is also decreased by the strong interactions between the molecules, which
modifies the degree of polarization of the absorption band. Moreover, like the birefringence case, the form
dichroism [41] also contributes to the absorption of the nanorods. For this reason, we will describe the absorption
by a more general tensorial quantity, instead of the dyadic mm. In a uniaxially-aligned medium, the most general
form of the absorbance is a symmetric second-rank tensor a, with main values defined by ;= log (I, / I;), where I,
and /; are respectively the intensities of the incident and the transmitted light and 7 = || , L shows the polarization

of the light with respect to the applied field. The dichroic ratio is defined as

a +2a, 3a

iso
where Aa=a —a, is the anisotropy of the absorbance and a;, =7r(a)/3is its isotropic part. The

absorbance is proportional to the volume fraction ¢ of the particles and to the optical path length d, a = ¢d Kk,
where Kk is the extinction coefficient (absorbance per unit length) extrapolated to ¢ = 1. As k is actually a uniaxial
second rank tensor, its anisotropy Ak is proportional to the induced order parameter, Ak = S(E) Ak*, where Ak is
the saturated value of the extinction anisotropy, reached under extremely strong field. However, the isotropic part

of k, k;, =Tr(k)/3, is field-independent. For the field-variation of the dichroic ratio, we then obtain an

expression similar to that used to analyze the field dependence of An:

sat sat

R(E)=—————S(E)=R"S(E), (1)
K™ +267
where R* = R(E = ).
The main dichroic results, measured at f'= 500 Hz, are presented in Fig. 9. The dichroic ratio is positive,
which indicates that the extinction coefficient is larger for light polarized along the nanorod axis (as expected for

form dichroism). By extrapolating the results for £ — oo, we obtain the saturated value of the dichroic ratio, R*=



0.31, the dichroic analog of the Kerr coefficient, Cx= lim  _, g R(E) / E* = 7.4 x 107 mm?/V?, the saturating field,
Esat= (Rs/ Cg)'? = 650 V/mm, and the field-dependence of the order parameter (see Fig. 9b), S (E) = R (E) / R**".
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Fig. 9: Plot of the induced dichroic ratio R (E) versus E? (a) and the induced nematic order parameter S (E) (b).
The transient dichroism is measured under bursts of sinusoidal voltage (f= 500 Hz).

3.1.3. Discussion of the mechanism of the field-induced reorientation of the pigment particles

Comparing these dichroic results with the birefringence data at f= 500 Hz, Erys = 140 V, we obtain Ans =
0.0132 and An* = 0.264. The specific birefringence An*? can be approximately decomposed in two parts: the
intrinsic birefringence of the bulk material, An™”, and the form birefringence, An®™, which depends on the
particle aspect ratio and the particle/solvent contrast of refractive indices [20, 42]. The absence of literature data
for the pigment indices #? and n?, complicates the quantitative analysis of these two contributions. Qualitatively,
the large measured value of the specific birefringence suggests that both these contributions are large, i.e. that n?,
and n?, are large compared to the solvent index n, = 1.42 and/or the intrinsic birefringence of the pigment An™ =
n? - n?, is quite high. These large values of the refractive indices of the pigment seem realistic when taking into
account that we measure the birefringence at 4 = 546 nm, i.e. in the high-dispersion region of #” due to the strong
and highly anisotropic absorption band of the pigment for blue light.

The saturating field, £, can be calculated as a function of the frequency f from the measured values of An*%,
which is frequency-independent, and from the Kerr coefficient K, (f). With increasing frequency, £ increases
from its minimum value at 500 Hz, E** = 650 V/mm, up to E* = 1660 V/mm at 1 MHz on the high-frequency
plateau of K, (f). These values give an important information about the anisotropy of the excess polarizability of
the particle 4o and, therefore, about the mechanism of particle orientation in the electric field. For rod-like
particles, the coefficient A4, which describes the coupling with the electric field, is simply [30]

_da_ 1
kT (£ )2

; 2



resulting in A4 = 3.5 x 10" m?/V? at f= 500 Hz and 44 = 5.4 x 102 m?*/V? at f = 1 MHz (Fig. 10). We note that
the coupling parameter A4, which is the anisotropy of the excess polarizability of the particle in kT-units, carries
all the information about the energy of the induced dipole of the particle under field.

Three main mechanisms contribute to 44. The first one is related to the polarization of the bound charges at
the particle surface. This purely dielectric contribution, A4, depends only on the aspect ratio of the particle and
the respective dielectric constants [13]. Moreover, the relaxation frequency of A4 is very high, in the optical
frequency range, far beyond the frequencies explored here. The second mechanism, the Maxwel-Wagner (MW)
polarization is related to the accumulation on the particle surface of mobile (conductivity) charges, which takes
place when at least one of the media is an imperfect dielectric, with finite conductivity [22, 23]. Depending on the
conductivity contrast, this contribution, A4y, can be very large, but its relaxation frequency, fi is low, of the
order of magnitude of the charge relaxation frequency of the conductive medium. Finally, the third relaxation
mechanism, the Maxwel-Wagner-O’Konski (MWO) one, is due to the polarization of the counter-ion cloud
around a charged colloidal particle [14, 16, 24, 25]. This contribution, A4ywo, is particularly large for aqueous
systems due to the large dissociating power of water and the resulting large surface charge of the particles.
However, we expect it to be less relevant to our case, due to the use of the apolar solvent dodecane. We note,
nevertheless, that the MWO relaxation frequency, fi;wo, can be significantly larger than both fi, and £, [15, 30,
43]. In our specific experimental conditions, with the field applied using external electrodes, the sensitivity of the
experiment to the field-induced order is strongly dependent on the relaxation frequency of the different
mechanisms responsible for the particle reorientation. Indeed, at low frequencies, f < fi,, the field inside the
sample is screened by the double-layer of conductive charges built-up on the capillary wall in front of the
electrodes. This process has exactly the same physical origin and approximately the same relaxation frequency as
the MW effect. Therefore, for /< fi;,, where the MW contribution, A4y, is large, the field applied to the particle
is strongly attenuated and the electro-optic signal is weak. We note that, in a similar way, the contributions of
other low-frequency electro-kinetic processes, like the a-relaxation [17], can be neglected in our case.

The experimental results for A4(f) are presented in Fig 10. The part of the curve below f,,,. = 500 Hz is not
suitable for comparison with the models because in this region the internal field, acting on the particles, differs
from the applied field due to the relaxation of the solvent conductivity charges, centered around f;, = 20 Hz.
However, above f,,..., the screening of the applied field is negligible and this “high-frequency” region can be used
for the comparison with the theory. Qualitatively, only one relaxation process is observed, with characteristic
frequency of a few kHz, followed by a high-frequency plateau, which can be identified with AA4g4;;. Therefore, the
relaxing part of 44 should be due to MW or/and MWO mechanism.
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Fig 10: Frequency dependence of the coupling coefficient A4. The fit (red line) is limited to the region > 500 Hz
>> f., in which the field is not screened by the mobile charges in the solvent.

However, the relaxation frequency is two orders of magnitude higher than f,. This is incompatible with a
MW relaxation process which should give a contribution much closer to f.;,. This confirms, quite unexpectedly,
that the large contribution at /= f,,,, is due to the MWO process, despite the apolar character of the solvent. The
best fit of our data with the dielectric and MWO theoretical formulae is shown in Fig. 10, giving 444, = 5.7 x 10
2 m?/V?, Adywo = 2.4 x 1071 m?/7? and fywo = 2300 Hz. This AAge value is rather high for the moderate aspect
ratio of the nanorods, which indicates that the dielectric constant of the pigment is g, ~ 10.6. This value is higher
than for most organic solids but it is comparable to that of camphor and some of its derivatives, as well as to those
of some other solids [44]. Using this value and the fit result for fywo, we obtain x, = 7x10-'4 S for the equivalent
surface conductivity of the particles. Assuming that the mobility of the charges in the counter-ion cloud around
the particles is of the usual order of magnitude, x,~ 10 m?/(V.s), we estimate the surface charge density of the
particles, ¢, = x,/t, = 7x10° C/m?. As expected, the surface charge of the particles is very small, about 4 orders
of magnitude smaller than the usual values reported in aqueous colloidal dispersions. However, the equivalent
contribution to the bulk conductivity of the particle, due to the polarization of the counter-ion cloud, is «,, = 4%,
/ L [30], where L ~ 100 nm is the average size of the particle. We obtain then «;, ~ 3x10 S/m, i.e. the equivalent
conductivity of the nanorod is orders of magnitude larger than the bulk conductivity of the solvent, x; = 2.2x10~
S/m. Therefore, due to the high efficiency of the MWO mechanism, the pigment particles respond to the field as
metal nanorods immersed in a perfect insulator, a situation much similar to that observed in aqueous colloidal
systems such as dispersions of beidellite nanosheets or imogolite nanotubes [11, 30]. To test the validity of these
estimated values, we use them to recalculate the MWO contribution to the coupling coefficient, obtaining A4ywo

=4.3 x 10! m¥*/V?, which is about twice larger than the experimental value from Fig. 10. Taking into account the



number of approximations used in the numerical calculations (considering the particles as monodisperse
spheroids with high aspect ratio), the agreement is quite good and the MWO mechanism does explain

satisfactorily the experimental results.

3.2. Field-induced dichroism in the sandwich-cell geometry

The study of the field-induced orientational order is also possible using thin flat cells which are very well-
suited for the optic and electro-optic investigations of liquid crystals (Fig. 2(b)). This cell geometry is particularly
interesting from the point of view of the potential electro-optic applications of colloidal dispersions. Indeed, large
cells of this kind are easy to produce and very strong fields can be applied to thin cells (with a cell gap d of the
order of ten microns) using low voltages. However, a serious drawback of this geometry is that the field is applied
along the cell normal, i. e. along the usual direction of light propagation. Therefore, the transient birefringence,
An(E), is very hard to measure because the optic response is isotropic and only the ordinary index #,(E) is probed,
making the study of the field-induced order S(E) much more difficult and less sensitive.

To avoid this difficulty inherent to the flat-cell geometry, we investigated the field-induced order by

measuring the variation of the cell absorbance under field. The component a, (£) is the only one experimentally

accessible. However, taking into account that a,, =const.=a, (0), we obtain  from Eq. (1)

R(E)=1-a,(E)/a,(0) and R =1—a, (E =x)/a,(0). Finally, this gives

S(E) = a,(0)—a, (E) _ log I(E)—1og1(0)
a,(0)—a, (E=w) logI(E=w)-log(0) ’

)

where I(FE)is the measured transmitted light intensity (either polarized or unpolarized since it corresponds to
I, (E) in both cases.)

The transient signals of the cell transmittance under field pulses (E = 2.05 V/um) at different frequencies are

presented in Fig. 11(a). When the field is applied, the particles align with their long axis parallel to E and the

transmission increases, confirming that a;, < a , i.e. that the absorption dipole moment is on average along the

rod axis. The effect of the field is larger at lower frequency. Qualitatively, this shows that the coupling of the
particle with the field decreases with increasing frequency. Fig 11(b) presents the cell transmittance as a function
of the field amplitude for £ =100 kHz. As expected, the transmittance increases with increasing field and almost
saturates at £ = 5 V' / um. Under strong fields, the transmittance rapidly reaches a maximum and then relaxes
slightly (and slowly), which indicates a small decrease of the induced order, probably due to the Joule heating of

the suspension.
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Fig. 11: Transient transmittance signal of the cell under 500 ms long burst of a square waveform (a) at fixed field
amplitude (£ = 2.05 V/um) and different frequencies; (b) at fixed field frequency (f = 100 kHz) and different
amplitudes.

By plotting the field-dependence of the transmitted intensity, I (E) versus E?, and extrapolating the curve to
E =00, we obtain the saturated value of the intensity, /(£ =0). Substituting it in Eq. (3), we derive the field-
dependence of the order parameter for f= 100 kHz (see Fig. 12(a)). From the initial slope of that curve, we obtain
the saturating field, £°“ = 1.60 V/um, in excellent agreement with the value 1.66 V/um obtained with the capillary

sample. Such good agreement confirms the validity of our approach which consists in only measuring /| (£)to

infer the order parameter. Such agreement also confirms that the suspension in the flat cell is not altered by any
significant contamination due to the seal and the large area of the glass surfaces. Finally, it also confirms that, at
this high frequency, the field penetration inside the suspension is quite the same in the two drastically different
experimental geometries.

The transmitted intensity /(E) depends on the field frequency. However, its saturated value, /(E—>0) is
frequency independent because it corresponds to completely oriented pigment particles with order parameter

S(E—»x) = 1. Therefore, we can use the value of I(E—c0) obtained at 100 kHz for the analysis of the /(E) data
measured at any frequency. The S(E) results obtained in this way are shown in Fig. 12(b). At high frequencies, f
> 20 kHz, the S(E) curves are almost superposed: the order parameter increases monotonously with the field and
saturates to the theoretically expected S =1 value. At lower frequencies, however, the behavior of S(E)

changes: it saturates to a value S <1 and even decreases significantly with increasing field for /< 10 kHz. This is
most probably due to the mass flow induced by the electric field, to Joule heating of the suspension, to

electrohydrodynamic instabilities in the induced nematic phase, and to charge injection from the ITO electrodes.



We note that the saturation of the order parameter to S = 1 at high frequency indicates that these artifacts are

avoided or at least significantly minimized above f'= 20 kHz.
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Fig. 12: Electric-field-induced order parameter in the isotropic suspension of pigment particles: (a) Field-
dependence of the order parameter for f = 100 kHz. The open symbols are the experimental results, the red solid
line is the hyperbolic extrapolation curve and the dashed lines show how the £ value is obtained; (b) Variation
of the field-induced order parameter with the frequency of the applied waveform.

At low field, E < 1 V/um, the S(E) curves increase monotonously for the whole explored range of

frequencies, showing that the above-mentioned artifacts are negligible. From the initial slope of the S/ E? curves,
we obtain the frequency dependence of the saturating field £ (Fig. 13) and we compare it with the values
obtained by the birefringence measurements in capillary samples. Qualitatively, the two sets of results show a
similar behavior, with £ increasing with the frequency and saturating to approximately 1.6 V/um. However, at
low frequency, the E“ results from the flat cell are somewhat higher than those measured with the capillary. This
difference is easy to understand when taking into account that the flat cell data are measured with a square
waveform. Indeed, for a given frequency f, the response of the sample to the square waveform is an average over
all the (odd) harmonics of /. As the higher frequencies correspond to higher £ values (see in Fig. 13 the curve
measured with a sinusoidal waveform), the average E** value for the square waveform is higher. Hence, once
again, we obtain a good agreement of the results from the two different experimental techniques and sample

geometries.
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Fig. 13: Frequency dependence of the saturating field £5¢ measured by dichroism in the flat cell (full red symbols:
square waveform) and by transient birefringence in a capillary (open symbols: sinusoidal waveform).

3.3. SAXS measurement of the electric-field-induced orientational order

SAXS measurements were performed by applying the electric field in-situ to the colloidal dispersions of
pigment nanorods to confirm the field-induced particle alignment. One advantage of this technique, compared to
optical ones, is that it provides direct information on the orientation of the nanorods, at the microscopic level.
Typical SAXS patterns, measured in a capillary cell with and without field, are presented in Fig. 14. As expected,
the pattern is completely isotropic (S = 0) in zero-field. Under increasing a.c. sinusoidal field (at /= 2 kHz), the
SAXS patterns become more and more anisotropic because of the induced nematic-like orientational order (S > 0).

This anisotropy can be related to S by applying well-documented procedures [45, 46] involving numerical

simulations of the patterns.

Fig. 14: SAXS images taken in absence of electric field (left) and with applied field £ = 960 V/mm (right).



Fig. 15: Contour plots of the experimental SAXS pattern recorded with applied field £ = 960 V/mm (left) and the
numerical simulation with polydisperse particles and induced order parameter S = 0.46 (right).

These simulations rely on the following assumptions: The particles are considered as polydisperse cylinders
with log-normal distribution laws for L and D. The average values of the two distributions, L,, = 250 nm and D,,=
50 nm, and the standard deviations, o; = 50 nm and op = 20 nm, were derived from the TEM images, see section
2.1 above. The orientational distribution function of the particles under field is supposed to be Maier-Saupe-like
[47, 48]. For each particle the coupling parameter 44 is calculated as a function of its volume and aspect ratio
L/D under the assumption that the alignment is due to the MWO mechanism and the particles are perfect
cylinders with high aspect ratio, L/D >> 1. Naturally, for the isotropic case (S = 0), the contour lines of the
simulated SAXS intensity are circles. Upon increasing order parameter (S > 0), the contour lines become
anisotropic, and their axial ratio, R, increases monotonously with S, as expected. However, the shape of the
simulated contour lines is not exactly the same as that of the experimental ones. This discrepancy is probably due
to the rough approximation of the particles as perfect cylinders with high aspect ratio. Moreover, for both
experimental patterns and numerical simulations, the anisotropy of the contour lines increases slowly with
decreasing scattering vector ¢,. Nevertheless, to find the field-induced order parameter we compare the simulated
contour axial ratio R.; with the experimental one. The best agreement for £ = 960 V/um is obtained with S = 0.46
+ (.08 for a particle with the statistically average dimensions, L,, and D,,. This value is in good agreement with
the values obtained from the two dichroic measurements at this field, S = 0.50 (recalculated for /= 2 kHz from
Fig. 9) and S = 0.44 (experimental value from Fig. 12). This agreement shows that the field-induced orientational
order revealed at the macroscopic scale by optical techniques fairly reflects that prevailing at the nanoparticle

scale.

4. Conclusions

We investigated the electric-field-induced order in an isotropic colloidal suspension of Pigment Red 176
nanorods in dodecane. Three different experimental techniques were applied, namely transient birefringence,

transient dichroism and SAXS. Two different kinds of sample cells were used: flat optical capillaries with the



field applied along the capillary axis by external electrodes, and flat sandwich cells with the field applied parallel
to the sample normal by internal ITO electrodes. The order parameter, birefringence and dichroism induced by
short d.c. pulses or by bursts of a.c. field were investigated in a large frequency range, 0.2 Hz to 1 MHz, and for
fields up to E.n = 5 V/um for which the induced order reaches its theoretically maximal value of S = 1. The
detailed birefringence study showed that the contribution of the permanent dipole moment p of the nanorods to
the induced order is negligible. On the contrary, the contribution of the excess polarizability a of the particles is
large, indicating that, despite the apolar organic solvent and the low surface charges of the particles, the main
alignment mechanism is MWO, i.e. the polarization of the counter-ion cloud surrounding the charged particle.
The dichroic and SAXS investigations, complementary to the transient birefringence, confirm this conclusion.
The high efficiency of the electric field to align the particles, with field-induced order parameter saturating to
S = 1 under moderate fields, and the response times of a few milliseconds, make the isotropic dispersions of

Pigment Red 176 nanorods in dodecane a promising system for electro-optical applications.
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