Advanced Materials Interfaces

| RESEARCH ARTICLE CETTED

W) Check for updates

ADVANCED
MATERIALS
INTERFACED

Open Acce:

www.advmatinterfaces.de

Ultrafast Electric Switching of Brookite TiO, Nanorods with
a Permanent Dipole Moment at High Concentrations

Anna G. Nikolaenkova' |
Arnout Imhof?

Seyed Naveed Hosseini! |
Alfons van Blaaderen! |

Ivan Dozov? |

Patrick Davidson? | Patrick J. Baesjou!

!Debye Institute For Nanomaterials Science, Soft Condensed Matter, Utrecht University, Utrecht, The Netherlands | 2Laboratoire de Physique des Solides,

Université Paris-Saclay, CNRS, Orsay, France

Correspondence: Arnout Imhof (a.imhof@uu.nl)

Received: 8 July 2025 | Revised: 2 December 2025 | Accepted: 10 December 2025

Keywords: birefringence | brookite | dipole moment | nanorods | optical switching

ABSTRACT

Transient electric birefringence measurements are used to show that brookite titania nanorods dispersed in the apolar liquid

butylbenzene possess a large permanent dipole moment of 516 debye (rod length: 39 nm, diameter: 4.1 nm). This dipole moment

makes the particles highly susceptible to applied electric fields. Isotropic dispersions at high volume fractions of up to 20% nanorods

are aligned on a time scale of tens of microseconds at low field strengths. Alignment becomes nearly complete at a field strength of

around 10 V/um. It is shown that the birefringence of these dispersions is large enough that light transmission can be switched on

and off in thin film cells of 150 um thickness. These properties make brookite nanorod dispersions promising as the active material

in optoelectronic applications.

1 | Introduction

An important reason for studying colloidal nanorods is that they
possess fascinating anisotropic optical and electronic properties
[1, 2]. For example, nanorods made of semiconductors such as
CdSe most strongly absorb and emit light polarized parallel to
their long axis [3]. Also, the orientation of metallic nanorods
can be used to selectively absorb polarized light at wavelengths
corresponding to either their longitudinal or transversal localized
surface plasmon [4, 5]. The ability to control the orientation of
nanorods is therefore important for the design of optoelectronic
devices, such as displays, filters, optical sensors, or spatial light
modulators [6, 7].

Compared to elongated molecules, the larger volume of colloidal
nanorods gives the latter an anisotropy of the electric suscepti-
bility that is large enough to allow alignment of individual rods
by an applied electric field. This process is also quite fast, as it
is determined by the rotational mobility of individual rods. The

relevant time scale is on the order of nL3/kT, where 7 is the
viscosity, L the nanorod length, and kT the thermal energy, so a
switching time in the microsecond range is attainable [8, 9]. The
alignment of molecular liquid crystals, on the other hand, relies
on a collective reorientation of the molecules. Liquid crystal (LC)
devices making use of the Freedericksz transition have a typical
switching time 7d?/K of milliseconds that, besides the viscosity,
also depends on the sample thickness d and the elastic modulus
K [10].

Materials can be made from nanorods by making use of their
tendency to assemble into crystal or liquid crystal phases to
achieve oriented deposition [11-16]. In many applications, how-
ever, external control is needed over the orientation of the
nanorods, which is slower by several orders of magnitude, or
even absent, in assembled structures. To make use of the possible
speed of colloidal nanorods, their dispersions should not have too
high volume fraction to prevent the viscosity from increasing too
much as a result of steric and hydrodynamic interactions between
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FIGURE 1 | (a)Transmission electron micrograph of the titania nanorods used in this work. (b) Schematic layout of the in-plane switching cell.

(c-e) Polarizing optical microscopy images of a nanorod dispersion with a bare titania volume fraction ¢, = 0.058 (total volume fraction ¢,,, = 0.19) in
the in-plane switching cell with crossed polarizers (as shown by the arrows). In (c) no field was applied, while in (d) a 1-kHz square wave electric field
of 2 V/um amplitude was applied. (e) At a field amplitude above about 10 V/um no further increase in brightness was detected.

the rods. On the other hand, using a lower packing fraction,
significantly below the transition to a liquid crystalline phase,
reduces the optical anisotropy of the dispersion, necessitating
larger optical path lengths [6, 17].

In this work, we investigated electric switching of the birefrin-
gence of relatively concentrated dispersions of sterically (ligand)
stabilized brookite titania nanorods with a length of 39 nm and
a diameter of 4.1 nm in an apolar solvent that is still in the
isotropic phase. The high refractive index of titania gives the
dispersions a strong birefringence when aligned by an electric
field, while they remain optically transparent thanks to weak
scattering due to the small size of the nanorods. We measured the
electric properties of the nanorods with the technique of transient
electric birefringence (TEB), which is well suited to study the
orientation properties of nanoparticles in colloidal suspensions
subjected to an electric field [18-23]. It was recently used to
study nanoparticle polarizability [24, 25] and to provide strong
evidence for the existence of a permanent dipole on various kinds
of nanoparticles, such as clay nanosheets [26], CdSe nanorods
[8], and nanoplatelets [27], protein fibrils [28], and cellulose
nanorods [29]. We found that brookite nanorods also possess
a significant permanent dipole moment when dispersed in an
apolar solvent, which makes them highly susceptible to applied
electric fields. While TEB is usually applied to the study of dilute
dispersions, well below the volume fractions where particles
begin to interact, we applied it to much more concentrated dis-
persions (volume fraction including the ligand layer around 0.2)
where interparticle interactions are already significant. We show
that the large optical anisotropy that is induced by an external
electric field can be used for fast switching of the transmission
of light through a thin film device. This makes these disper-

sions promising for application in high-speed optoelectronic
devices.

2 | Results and Discussion

When an electric field E is applied to an isotropic dispersion of
anisotropic particles the particles reorient individually under the
influence of the electric field. For rod-shaped particles in a solvent
the excess polarizability in a direction parallel to the particle’s
long axis, a, is in general different from the perpendicular
polarizability, «;. The polarization anisotropy Aa = o — «;
of the particles leads to an induced dipole moment that tends
to orient the nanorods in the field. Moreover, if the particle
also has a permanent dipole moment u, then this gives rise to
a second orientation mechanism. These two effects combined
induce a uniaxial orientational order in the dispersion, with
a field-dependent nematic (i.e., orientational) order parameter
S(E). For rod-like particles in a weak field the induced order is
quadratic in the field strength E (the Kerr-effect) via a coupling
constant AA [20, 23]:

1
S(E) ~ EAAE2 <1 @)

The coupling constant AA has contributions from the induced
dipole moment and the components of the permanent dipole
moment parallel, i, and perpendicular, u,, to the particle axis:

1 , 1,\ 1
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For small particle concentrations, the induced orientational order
can be probed by measuring the equilibrium value of the field-
induced birefringence of the colloidal dispersion An° (E) = n (E)
— n,(E), where the subscripts refer to the refractive index for the
direction of light polarization parallel and perpendicular to the
electric field:

Ane (E) = ¢, An?S (E) 3)

Here, ¢,, is the bare brookite titania volume fraction. Further-
more, A nP = nﬁ - ni is the specific birefringence of the particle,
defined as the birefringence of a dispersion of perfectly oriented
particles (S = 1) extrapolated to ¢,, = 1 (here, the subscripts
denote the direction of light polarization with respect to the
long axis of the particle). The specific birefringence, like the
polarizability, results from both the “intrinsic” birefringence
(which is only related to the optical anisotropy of the particle
material) and the “form” birefringence (which depends on the
particle shape and the refractive indices of the particle and the
solvent) [20].

The sign of the induced birefringence, An¢, which depends on the
sign of the coupling constant, AA, gives qualitative information
about the strength and orientation of the permanent and induced
dipole moments of the particle. Indeed, for a rod-like particle,
the contributions of Ac and g to the induced birefringence are
positive, while that of i, is negative.

In our experiments, we used brookite titania nanorods of length
L = 39nm and diameter D = 4.1 nm, coated with the ligand
oleic acid and dispersed in the apolar solvent butylbenzene
(Figure 1a). The polydispersity in both the length and the width
was about 10% (see the Experimental Methods section). These
nanorods behaved as uncharged rods and formed a nematic
phase at total volume fractions, that is including the ligand layer,
of ¢,,, > 0.25 [30]. Our experiments were done on dispersions
in the isotropic phase using an in-plane switching (IPS) cell
comprising interdigitating electrodes (Figure 1b) so that the
field-induced birefringence could be observed visually using
polarizing optical microscopy (Figure 1c-e). The area between
the electrodes became uniformly brighter when the field strength
was increased, signaling the alignment of the nanorods with
the field, which is at an angle of 45° to the polarizers. For
the dispersion shown in Figure 1 the brightness saturated at
around 10 V/um. In these experiments, a square wave AC field
of 1 kHz was used to avoid any screening of the electrodes by
mobile charges in the solution and to prevent nanorods from
drifting to the electrodes. However, no appreciable zeta potential
on the nanorods could be detected with a Malvern Zetasizer
Nano ZS. The camera could collect images at a rate of up to
4000 fps. However, we found that the brightness rose and fell
with the applied field within the space of a single frame, putting
the rise and decay times of the birefringence below 250 s
(Figure S1). As the cell was only about 150 um thick and a large
change in birefringence was obtained within a very short time
these nanorod dispersions could be of value for electro-optical
applications.

More quantitative information about the rise and fall times,
as well as the dipole moments, was obtained from the bire-
fringence response to AC voltage with variable frequency or

to DC voltage pulses [21, 22]. Indeed, the two different contri-
butions to AA have different relaxation behaviors due to the
anisotropy of the rotational diffusion coefficient of the parti-
cles, with components Dil and D', respectively. Moreover, the
transient behaviors of the dipole moment and the polarizabil-
ity are qualitatively different because their couplings with the
field are linear and quadratic, respectively. Therefore, upon a
fast inversion of the sign of the field, the contribution of Aax
to the energy does not change and the particle would keep
the same orientation. On the contrary, the contribution of the
permanent dipole changes its sign, resulting in a “head-to-tail”
reorientation of the particle and thus in a transient change of the
birefringence.

Figure 2 shows the time dependence of the field-induced
birefringence of a colloidal suspension of TiO, nanorods at
¢p, = 0.044 held in an IPS cell subjected to bipolar square
pulses. The most interesting feature is the deep depression
of the optical phase shift that occurs at the moment of
field reversal. This dip is the signature of a large contri-
bution of the dipole moment w; to the coupling constant
AA.

Exponential fits of the birefringence at the rising and falling edges
of the bipolar pulse in Figure 2 (red lines) give a rise time of
T,, = 30.6 ps and a relaxation time of 7, = 9.2 ps, respectively.
The ratio 7,,/7,; &~ 3 is another signature of the presence of a
strong permanent dipole moment. When the field is switched
off at t = O the birefringence decays from its equilibrium value
An‘(E) according to a simple exponential law [21]:

An°T (t) = An¢ (E)exp (—6D’t) “

where 7, = 1/6D', corresponds to the rotational diffusion coef-
ficient related to the optical polarizability (second-rank) tensor of
the particle.

When the field is switched on the rise of the birefringence
involves two other relaxation times: 1/(2D') and 1/(D’, +Dﬁ),
which are respectively related to the longitudinal and trans-
verse components of u. When Dﬁ > D', as expected for our
nanorods of aspect ratio ~10 [31], the rise behavior is given
by [21]:

An® () = An¢ (E)

3B B-2

1l-—— —2D" t _— —6D" t

3@+ P (72 + 5y e (ZePL)
©)

where
,u2
- ©)
kTAa — - w

When § = 0, there is no permanent dipole moment par-

allel to the rod and the rise is similar to the decay, with
Ton = Tore = 1/(6D). On the contrary, when § > 1, the rise
behavior is dominated by the slower term exp(-2Dt) and
Ton & 3Top. This strongly indicates that w has a large value.
Note that the induced birefringence is positive, indicating that
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FIGURE 2 | Time dependence of the field-induced optical phase shift, AL = dAn (blue line, right axis), of a colloidal suspension of TiO, nanorods

at ¢, = 0.044 held in an IPS cell subjected to 200 V bipolar voltage pulses (2 V/um, black line, left axis). The dip in the curve when the field polarity is

reversed is the signature of the strong dipole moment of the particle. This is also confirmed by the ratio of the on- and off- relaxation times, 7., /7o = 3,

which is the sign of a large dipolar contribution to the induced birefringence. The red lines are fits of the data by single exponential laws.

the u, component of the permanent dipole is small (if not
zero) and can be neglected in the data analysis. In principle,
the last part of the induced birefringence curve is expected
to follow an exponential decay, as in Equation (4), only
for the ideal case of noninteracting, monodisperse particles
at low volume fraction with cylindrical revolution symmetry.
The fact that the exponential fit deviates from our exper-
imental data indicates that the TiO, particles depart from
this ideal case. Nevertheless, the relaxation time obtained
from the exponential fit provides an approximate value, D) ~
17.9x10° s7!, of the rotational diffusion coefficient. Simi-
larly, for ideal monodisperse particles, fitting the depression
part of the curve gives the value of 8 ~ wu,*/kTAa [21],
but the fit is not satisfactory for our polydisperse case and
relatively high volume fraction, providing only a qualitative
estimate, 5> 1.

Another way to study transient birefringence is to apply bursts
of sinusoidal electric field with frequency f and amplitude E,,
E () = E, cos (27ft). In this case, after relaxation to a steady state,
the birefringence has two contributions: a stationary (DC) one,
An®'(f), and an AC one, An®°(f), oscillating at twice the frequency
of the field:

An (1) = An* (f) + An®™ (f)cos(4nft = 8(f)  (7)

where &(f) is a phase lag term. The information about the
permanent and induced dipoles and the rotational diffusion of
the particles is contained in the frequency dependence of the
amplitudes of the two components [22].

For a particle with revolution symmetry and u, = O, the
stationary response is given by:

1
1+ (zf/D})

AR (f) = AR (Bymy) 5o [P+

P+l ) =C;<t (f)E;%ms (8)

where C¥(f) is the frequency-dependent Kerr coefficient (i.e.,
the ratio of the induced birefringence to the square of the field
amplitude), E,,,,, = E, / \/5 is the root mean square (rms) value of
the field, and the parameter P = kTAa/ /,Lﬁ describes the relative
weights of the induced and permanent dipoles. At very low
frequencies, 77 f /D' < 1, the particles follow the field and An*(f)
reaches a low-frequency plateau,

An* (0) = An® (E,p)
1 Ao M :
Il
=15 G ANPES (ﬁ + (ﬁ) > =CyE} (9

As the frequency increases, the particles only partially follow
the field. Then, the rms value of the induced-dipole torque
remains constant because it is quadratic in the field. In con-
trast, the permanent-dipole torque, which is linear in the
field, decreases with increasing frequency and vanishes when
7 f/D > 1. In that limit, An¥(f) reaches a new, high-frequency,
plateau,

P

1 Aa
An®t (c0) = An® (Epps) P+l = 15 q:’brAn‘DE2

rms ﬁ = CIO(O Erzms (10)
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FIGURE 3 | Frequencydependence of the stationary (black symbols)
and oscillating (red symbols) parts of the optical phase shift of a colloidal
suspension of TiO, nanorods at ¢;, = 0.044 held in an IPS cell subjected
to bursts of AC sinusoidal voltage. The solid lines show the best fit of
the data with Equation (8) (black line) and with Equation (12) (red line).
The inset shows a voltage burst of 10 sinusoidal periods (U =200V, f =
100 kHz, black line) and the induced phase shift (blue line). The colloidal
suspension was held in an IPS cell with a sample thickness of d = 5.5 um
and a gap of 100 um between the electrodes.

which depends only on the polarizability of the particle. There-
fore, the ratio of the two plateaus,

2

M
kTAx an

co/ce =1+

provides direct information about the relative importance of the
permanent and induced dipoles of the particle.

The oscillating part of the induced birefringence is given by: [22]

An (f) = Ané (B,p.) [1 +(527) (5F) ]
is

1 1
2773 2773
2
1+ ”—{) 1+ ﬂ{ (12)
D 3D’
At very low frequency, 7 f /D’ < 1, the particles follow the field

and An®‘(f) remains constant, on a low-frequency plateau, which
is the same as that of the stationary part:

An®* (0) = An® (E,,,5) = An* (0) 13)

As the frequency increases, the particles cannot be reoriented fast
enough and An®“(f) decreases monotonically toward zero.

Figure 3 shows the frequency dependence of the amplitudes of
the stationary and oscillating parts of the optical phase shift of
a TiO, nanorod suspension subjected to bursts of A.C. electric
field. As expected, the stationary component shows two plateaus,
and their values directly give Cy /C® = 7.66, which corresponds
to uﬁ = 6.66 kT Ac. However, although the ratio of the permanent
and induced dipoles is now known, their absolute values remain

unknown, due to the missing value of An? in Equations (9) and
(10), which we will address shortly.

In addition, the best fit of dAn®(f) with Equation (8), also shown
in Figure 3 (black line), gives the rotational diffusion coefficient,
D' =(18.0+1.2) x 10° s, a value in good agreement with that
obtained from the treatment of the DC pulse data (17.9 x 10°
s71). While the fit is excellent at the two plateaus, it is far from
perfect at intermediate frequencies, most likely due to the fact
that the TiO, nanorods are not monodisperse, may have a small
perpendicular permanent dipole, and are at a relatively high
total volume fraction. The oscillating component qualitatively
shows the expected strong monotonic decrease at high frequency.
The best fit of the data with the theoretical model gives D =
(19.8 + 0.5) x 10° s7%, which is still in good agreement with the
values obtained from the treatment of the stationery and DC pulse
data. However, the fit is not quite satisfactory, especially in the
high frequency range (f > 100 kHz). This discrepancy is mainly
due to the experimental conditions of the measurement because
the amplitude of the phase shift is very small (<0.01 nm) at high
frequency, due to the small thickness of the IPS cell. Then, a
rather high load resistance (R, = 10 kQ) on the photomultiplier
tube anode must be used to improve the signal-to-noise ratio.
Consequently, the response time of the setup reaches about 2 ps,
which leads to a damping of the oscillation amplitude in the high
frequency range. Note that this slow response time does not affect
the stationary results.

Experiments with large applied fields (> 10 V/um) can be used
to determine the value of An?, if the saturation of the induced
orientational order can be observed. Equations (3)—(13) are valid
only in the weak-field approximation, i.e., for S(E) <« 1, in which
case the induced birefringence increases as E*> (Kerr regime,
Equation (1)). For stronger fields, An‘(E) increases more slowly
than E?, and finally, for very strong fields S(E) ~ 1, and the
birefringence saturates to A n** = ¢,, An?, thus giving the only
missing parameter. For an arbitrary strong field, S(E) is given by:
(23]

1 L (3cos’6 — 1) exp (—@) dcosf
S (B)=5 k (14)
2 fl ex (—M> dcosf
-1 ¢XP kT

where UP(cos6) = —p - E — iE - a - Eis the electric energy of the
particle.

The observation of the birefringence saturation at high field (or
at least a significant deviation from the Kerr regime) provides the
value of An** and then the absolute values of the permanent and
induced dipoles. This measurement could be achieved with our
setup, which allows applying to the IPS cell a very large field (up to
E,,s = 13 V/um) in long sinusoidal bursts at moderate frequency
(f = 3kHz).

Figure 4 shows the dependence of An¢(E) on E? for a colloidal
suspension of TiO, nanorods. For comparison with the theory,
the data have been recalibrated to DC, taking into account the
attenuation of the response at 3 kHz from Figure 3. Figure 4
also shows the best fit of this data with Equation (14), using the
relation u,®> = 6.66 kTAc obtained from the plateaus on Figure 3.
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FIGURE 4 | Dependence on the field of the equilibrium value of the
induced birefringence of a colloidal suspension of TiO, nanorods at ¢,
= 0.044 held in an IPS cell subjected to strong bursts of AC sinusoidal
voltage (f = 3 kHz). The solid red line shows the fit of the data using
Equation (14).

The fit provides the value An** = 0.0149, which, using ¢,, =

0.044 (of the bare particles), directly gives A n? = 0.339. Then,
we deduce the values of the permanent dipole u /kT= 4.19 1077
m/V and the polarizability Aa/kT = 2.64 X 107 m?/V?. Note that
the contribution of the permanent electric dipole to AA is almost
an order of magnitude larger than that of the polarizability.

Our TEB measurements therefore show that the TiO, brookite
nanorods bear a permanent dipole of 1.72 x 107% C.m, or
516 debye, which only corresponds to partial charges of + 0.28e
placed at each end of a nanorod. This value of permanent dipole is
somewhat larger but still comparable to those (80-250 D) reported
for CdSe nanorods and nanoplatelets 8, 27]. A permanent dipole
moment is not compatible with the crystallographic space group
Pbca of brookite, which is centrosymmetric, but has been found
to exist in other (anatase) titania nanocrystals [32-34] as well
as in ZnSe quantum dots [35] and cellulose nanocrystals [29].
Various origins have been suggested, such as trapped charge
states, surface defects due to the truncation of the lattice, or
strain on the lattice induced by the surface ligands. The latter
is not unlikely as the brookite rods were found to be noticeably
curved, especially for larger lengths [30]. But also, surface defects
were often observable in high-resolution TEM [30]. A recent
publication reported a very high dipole moment of 5 x 10° D
for monolayer vermiculite nanosheets, which was suggested to
be caused by the ferroelectric nature of the material. It resulted
in a very high Kerr coefficient in dispersions of these particles
[36] A similarly high Kerr coefficient was found for 2D TiO,
nanosheets, which would make these dispersions interesting for
electrochromic devices [37]. Our method could also be used to
study these materials in further detail.

The dipole-dipole interaction energy of two neighboring brookite
nanorods lying side-by-side or head-to-tail, separated only by a
distance of twice the ligand layer, i.e., 3 nm, would amount to
almost 1 kT in butylbenzene. Since the particles were almost
uncharged in this apolar solvent, there is negligible electrostatic
repulsion between the nanorods, so that attractive dipole-dipole
interactions between the rods in the dispersion cannot be com-
pletely neglected. It is not unlikely that this should affect the
phase behavior, such as the concentration where LC phases

are formed, as was predicted for magnetic dipolar rods [38],
although we presently have no clear evidence for that. However,
we did not observe any particle aggregation and the dispersions
remained stable for years. Because of the large dipole moments,
it is also conceivable that the nanorods form a transient, field-
induced ordered structure, such as particle chains [39, 40]. We
did not see evidence of such effects, however, but this may
be related to the short time scales of the present experiments,
while particle ordering may be expected to take place more
slowly than reorientation. In view of these considerations, we
believe that nanorods with even larger dipole moments would
need to be stabilized by, for example, longer ligands to increase
particle separation, electric surface charge to increase elec-
trostatic repulsion, and more polar solvents to screen dipolar
interactions.

The existence of a permanent dipole explains why colloidal
suspensions of brookite TiO, nanorods are so responsive to
an applied electric field, which paves the way for applications
in electro-optical devices. The switching speed is considerably
faster than that of liquid crystal devices that make use of the
Freedericksz transition. In our case, the switching speed is
determined by the rotational diffusion coefficient of the rods, D},
for which we consistently find the value of 18 kHz. However, we
find that this is still much lower than expected for freely rotating
rods. For isolated cylindrical particles a good approximation for
aspect ratios 2 <L/D <30 is [31]:

2
L _ 3kT Ly _ D_ D
D), = p— In 5 0.662 + 0.917 I 0.050 I (15)

where 7 is the solvent viscosity. Including a 1.5 nm ligand layer
the aspect ratio of our rods is 5.9 and this would give D} =
63 kHz. The much lower value found is attributed to the relati\}ely
high-volume fraction, whereby the rotation of a rod is hindered
by steric repulsions and hydrodynamic interactions with its
neighbors. Including the ligand layer, the total volume fraction
of our dispersion is 0.14. Doi and Edwards [41] presented a theory
for the diffusion coefficients of slender (L > D) rods in semidilute
dispersions with number concentrations p = ¢,,,/V}, much larger
than 1/L* but less than 277/L>D. Here, V,, is the particle volume.
They found [41, 42]

p (16)

where (3 is a proportionality constant, which has been reported to
be approximately 8 = 0.5 for nanorods with aspect ratio smaller
than 10 [9]. This result leads to D} = 2 kHz, which is consider-
ably below our measured value. This indicates that interactions
between rods reduce the measured rotational diffusion coefficient
less strongly than Equation (16) predicts. It is possible that in the
small amplitude rotations induced in the TEB experiments the
nanorods are not yet fully hindered by interactions with their
neighbors.

Fast switching times were achieved in other nanoparticle disper-
sions but usually at high dilutions, away from regimes where the
rods start to interact [6-8, 17, 27]. On the other hand, when the
colloidal dispersions were more concentrated, but still below the
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onset of LC phases, the switching times increased to milliseconds
or more as a result of increased interactions [9, 29, 43]. Choosing
the optimal volume fraction for optical switching therefore,
requires a tradeoff between a fast switching time and a high
birefringence, which would be preferable for thin film devices. As
the polarization anisotropy Aa does not increase much beyond an
aspect ratio of about 10, but the rotational rise and fall times show
an L° dependence on the nanorod length (Equations (15) and (16))
there is not much to be gained from using nanorods with a larger
aspect ratio. On the other hand, a permanent dipole moment, as
in our case, can significantly contribute to the electric torque on
the particles. Note that our quantitative measurements were done
in the limit of weak fields, where switching times do not depend
on field strength. However, much stronger fields, like those used
in Figure 1, can increase the switching-on speeds even further [6,
7,17, 44].

3 | Conclusion

Brookite titania nanorods dispersed in the apolar solvent butyl-
benzene possess a large permanent dipole moment that makes
them highly responsive to an external electric field. We demon-
strated with transient electric birefringence measurements that
the contribution of the permanent dipole moment to the field-
induced order exceeds that of the induced dipole moment.
Despite their high refractive index, even concentrated disper-
sions are still completely transparent to visible light thanks to
the small size of the nanorods (39 nm long and 4.1 nm in
diameter). The dispersions used were in the isotropic phase,
but with volume fractions large enough for the rods to interact
strongly. Electric fields on the order of 10 V/um were sufficient
to orient the particles nearly completely, causing them to form
a paranematic phase. It was shown that, when placed between
crossed polarizers, this field-induced effect can be used to switch
light transmission on and off in in-plane switching cells with
an optical path length of only 150 um thickness. The measured
switching time scale, determined by the rotational mobility of
the nanorods, was significantly reduced by interactions between
the rods compared to their free diffusion. Nevertheless, fast rise
and fall times of a few tens of microseconds were observed in
these semidilute dispersions. The combination of high optical
anisotropy and high switching speed makes brookite nanorods
interesting candidates for application in optoelectronic devices.
Future work should address the origin of the dipole moment
and ways to control its magnitude. Furthermore, the contrast
ratio in practical device architectures should be evaluated, as
well as parameters such as insertion loss, operating voltage, and
dispersion of the birefringence.

4 | Experimental Methods
4.1 | Preparation of Brookite Dispersions

Colloidal dispersions of brookite titania nanorods in butylben-
zene were prepared as described previously [30]. The brookite
structure was confirmed by X-ray diffraction and electron
microscopy (Figure S2). This included a post-synthesis treatment
with oleic acid to increase the ligand density and reduce the van

der Waals attractions between the rods. The TiO, nanorods used
in this work had a length of 38.9 nm (with standard deviation
3.5 nm) and a diameter of 4.1 nm (with standard deviation
0.4 nm), as measured with transmission electron microscopy
on a sample of 200 nanorods. These sizes do not include the
ligand layer, which is estimated to be about 1.5 nm thick [30].
A zeta potential was too small to be measurable (Malvern
Zetasizer Nano), so we assume the particles are uncharged in
butylbenzene. Concentrated colloidal dispersions were prepared
by careful solvent evaporation. Care was taken to let solvent
evaporation take place gradually under constant stirring to
prevent NRs agglomeration on the walls of the vials. In order
to prevent further solvent evaporation during electro-optical
experiments brookite dispersions were prepared in butylbenzene
(Sigma-Aldrich, boiling point 183°C). The refractive index of
butylbenzene is n?) = 1.489 (data from the supplier); the viscosity
at20°Cis1.05 mPa.s [45]. A weight concentration was determined
by drying and weighing a sample of the dispersion. This was
converted to a bare titania volume fraction using the density of
brookite and assuming that 72% of the nanorod weight was titania
(as measured by thermogravimetric analysis, TGA). The total
nanorod volume fraction was calculated by adding a 1.5 nm thick
ligand layer around the particle. The weight reduction in TGA,
combined with the nanorod dimensions, resulted in a ligand

density of 2.7 nm™2.

4.2 | Electro-Optical Switching Experiments

To observe electric field induced switching in concentrated
nanorod dispersions, we assembled cells from commercial In-
Plane Switching (IPS) substrates that carried interdigitated comb-
like electrode structures made of Indium Tin Oxide (ITO) from
Instec Inc (IPS10x10). The space between the electrodes was L, =
10 um. 10.0 uL of colloidal brookite NRs dispersion was dropcast
onto the in-plane switching cells and covered with a coverslip
(9.0 mm diameter from Fisher Scientific). The whole area under
the coverslip was filled by capillary forces resulting in a thin layer
of approximately d = 150 um of colloidal dispersion. Electric
contacts between the ITO electrodes and wires were made using a
silver paint (SPI-paint). The cell was then connected to a function
generator (Agilent 33250A Arbitrary Wave Generator) through an
electric amplifier (Krohn-Hite Model 7602), which provided a
voltage gain of a factor 20 for frequencies up to 400 kHz. The input
and output signals were monitored on a Tektronix TDS3012B
oscilloscope.

The sample was then illuminated from below by a stabilized
light source and observed between crossed polarizers using a
polarizing optical microscope (POM, Leica DM2700). To mea-
sure light intensity in POM images caused by Kerr-induced
birefringence images were captured via a Nikon D90 digital
camera. This camera provided a maximum of 4000 frames per
second resulting in a time resolution of 1 measurement per
250 ps. Individual frames from the movies and images were
analyzed using ImageJ software. In all of the measurements
the background was subtracted. The electric field strength was
calculated as the ratio between the operating voltage and the
inter-electrode distance. Square DC pulses were applied with a
pulse width of 5000 ps and a duty cycle of 50%.
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4.3 | Transient Electric Birefringence
Measurements

The colloidal suspension of TiO, nanorods was filled by cap-
illarity into a 1-pixel IPS cell with d = 5.5 um sample gap
and L, = 100 um inter-electrode distance from Instec Inc (IPS-
x100A055uP000), and the cell was sealed with epoxy glue. To
record the electro-optical signal, an experimental setup, previ-
ously described in detail [27], was adapted for use with the IPS
cell.

Low-voltage (<10 V) AC bursts with variable frequency, f = 0.1-
1000 kHz, and DC unipolar or bipolar pulses with appropriate
repetition rate were generated by an arbitrary waveform generator
(TGA 1241, TTi) and amplified to U < 400 V, for frequencies up
to 1 MHz, by a wide-band amplifier (WBA, Krohn-Hite 7602 M).
For the AC bursts, we used in addition, a set of homemade
transformers adapted to different frequency ranges to amplify
the WBA output voltage to higher values, reaching a maximum
voltage U,,,, = 1.3 kV at f = 3 kHz. (Note that this frequency
was chosen because it allows for reaching the highest voltage
and for observing the deviation of the induced birefringence
from the Kerr regime and the beginning of the saturation of the
field-induced orientation.)

Finally, the voltage was applied to the electrodes of the IPS
cell and the induced birefringence was measured using a polar-
izing optical microscope (Leitz Ortholux II) equipped with a
stabilized light source, a Sénarmont compensator, a photomul-
tiplier tube (PMT), and a load resistor R; transforming the
PMT anode current into a voltage difference, and a digital
oscilloscope (DSO-X 2004A, Agilent Technologies) accumulating
the signal up to 64000 counts, which demonstrates the repro-
ducibility of the birefringence response over numerous switching
cycles.

Due to the small gap of the IPS cell, high sensitivity must
be achieved while maintaining a fast response time, 7,, which
was done by using a low value of R;, 1-10 kQ. For this
purpose, the analyzer has been uncrossed by a few degrees
with respect to the polarizer, resulting in a more sensitive
(quadratic) optical response, which is superimposed onto a small
constant term. In this way, calibrating the optical response
curve, at U = 0V, by varying the analyzer uncrossing angle
and applying an appropriate high voltage to the PMT cathode
to cover its full dynamic range, the signal-to-noise ratio was
significantly improved, allowing precise measurements of optical
phase shifts, AL = dAn, as small as 10~ nm, with R, = 1
kQ and 7, = 0.2 ps, or 107* nm, with R, = 10 kQ, and 7, =
2 ps.

Note that the same setup was used in preliminary experiments
to study TiO, nanorod suspensions held in 1 mm diameter
cylindrical glass capillaries, with the field applied by external
electrodes, as described previously [27]. The results, acquired
at about a year interval on the same suspension batch, after
appropriate recalibration for the field losses due to the external
electrode configuration, were in excellent agreement with the
more direct results obtained with the IPS cell presented here.
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