Electrically controllable self-assembly for radial
alignment of gold nanorods in liquid crystal
droplets

Nan Wang,1 Julian S. Evans,"" Qingkun Liu,> Shaowei Wang,1 Iam-Choon Khoo,’ and
Sailing He"*
!Centre for Optical and Electromagnetic Research, Zhejiang Provincial Key Laboratory for Sensing Technologies,
Zhejiang University, Hangzhou 310058, China
’Department of Physics, University of Colorado at Boulder, Boulder, CO 80309, USA
*Department of Electrical Engineering, Pennsylvania State University, University Park, PA 16802, USA
‘Department of Electromagnetic Engineering, JORCEP, Royal Institute of Technology, S-100 44 Stockholm, Sweden
“julian@coer-zju.org

Abstract: We demonstrate the dispersion and alignment of gold nanorods
in 5CB liquid crystal droplets in silicon oil with a radial director structure.
This biphasic system shows that the nanorods are stabilized against phase
boundary driven aggregation. The radial alignment of the droplets can be
further controlled by electric field. This method is potentially useful for the
fabrication of hybrid nanostructured materials, such as plasmonic polymer
dispersed liquid crystals and self-assembly-based devices; it could also be
extended for use with magnetic, semi-conducting, or up-conversion
nanoparticles.
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1. Introduction

Nanostructured materials are of great interest for their properties not found in naturally
occurring materials. Preparation of nanostructured materials can be achieved in a “top-down”
lithographic approach [1-4] or in a “bottom-up” self-assembly driven approach. Self-
assembly allows relatively simple building-blocks to achieve complex architectures through
electrostatic [5], DNA-mediated [6-8], and elastic interactions [9], as demonstrated in
plasmonic nano-structures for optical metamaterials [10-15] and polarization components
[15]. Owing to their unique ability to exert inter-molecular reorienting torque and their fluid
(but correlated) natures [9], liquid crystals (LC) are excellent hosts for self-assemblies of
nanoparticles [16]. Various ordered phases of liquid crystals are also highly susceptible to
electric field, magnetic field or other external stimuli [17-19] to enable tunability in the
resulting properties of the nano-structured devices. Recently, the Heggmann and Smalyukh
groups have demonstrated self-assembly of gold nanoparticles in nematic 4-cyano-4'-
pentylbiphenyl (5CB) with silica [20] and polyethylene glycol [19] coatings respectively.
However, the Frank elastic energy associated with colloidal inclusions in LC made achieving
a stable dispersion challenging as phase barriers have surface tension that can cause
nanoparticles to aggregate [21].

Here we demonstrate a biphasic system with nematic 5CB droplets in silicon oil with gold
nanorods (GNRs) well dispersed (concentration is less than 0.8 wt%) and aligned into a radial
structure. The alignment of GNRs can be further controlled by electric field. The aligned
GNRs show strong polarization and wavelength dependent transmission. Polarizing optical
microscopy (POM) and polarizing multi-photon excitation fluorescence microscopy were
used to characterize the alignment of LC and GNRs. This method is potentially useful for the
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fabrication of hybrid nanostructured materials and self-assembly-based devices; it could also
be extended for use with magnetic, semi-conducting, or up-conversion nanoparticles.

2. Experiment

Aqueous dispersions of cetyl trimethylammonium bromide (CTAB)-capped GNRs with a
mean diameter of 20 nm and a mean length of 50 nm were synthesized by a seed-mediated
method [22]. The dispersion of GNRs was centrifuged at 9000 rpm for 10 min twice and then
re-dispersed into 1 mL of deionized water. To functionalize and stabilize the GNRs [23], 3 mg
of S5kDa Thiol-terminated methoxy-poly(ethylene glycol) (mPEG-SH, JemKem Technology)
dissolved in 1 ml of water was added into 15 mL of GNR dispersions with optical density of
0.6 (length of the sample measured is 10 mm). The mixture was set overnight and was then
purified via centrifugation at 9000 rpm for 10 min to eliminate the excess mPEG-SH. The
recapping procedure was repeated to ensure a complete removal of the CTAB from the GNRs.
The GNRs were then centrifuged at 9000 rpm for 10 min and re-suspended into 1mL of
methanol. After that, the methanol was fully evaporated from the 1 mL of GNR dispersions
and the dry GNRs left were added into 20 pL of 5 CB (from Chengzhi Yonghua Display
Materials Co. Ltd.) The mixture was heated to 40°C and sonicated for 5 min, until the GNRs
were well dispersed into isotropic SCB. Then the mixture was cooled down and vigorously
stirred while 5CB turned into the nematic phase. Stirring should only be performed at
temperatures which are a few degrees under the clear point of 5CB, when the elastic constants
are low, otherwise stirring will cause the GNRs to aggregate. The GNR-LC composites were
centrifuged at 2400 rpm for 2.5 min to remove GNR aggregates [19]. Finally, 5 uL of GNR-
LC composites and 100 pL of silicon oil were mixed and stirred slightly to form GNRs-
dispersed LC droplets to allow for the observation of large isolated droplets. Since the
densities of SCB LC and silicon oil are similar, the GNRs-dispersed LC droplets in silicon oil
are stable for the duration of the experiment.

The LC cell was made of two pieces of glass with transparent indium tin oxide electrodes
on their inner surfaces. The LC cell filled with GNRs-dispersed LC droplets in silicon oil is
160 pm thick to allow for the observation of large (diameter~100 pum) droplets which have
strong colors with relatively dilute concentrations of GNRs. A sinusoidal electric voltage with
maximum value V,x 12V and frequency 1 kHz was applied to the LC cell by an electronic
oscillator when the behavior of GNRs-dispersed LC droplets in electric field was examined.

POM and polarizing multi-photon excitation fluorescence microscopy were adopted to
characterize the alignment of LC and GNRs. A femtosecond Ti:Sapphire laser (Mira HP,
Coherent,) with a pulse duration time of 150 fs and a repetition rate of 80 MHz was used to
generate the multi-photon excitation fluorescence from gold nanorods and liquid crystal. The
laser beam was directed into an Olympus microscope (FV1000) by a 20 x objective (NA =
0.75) to focus the laser beam onto the sample and the signal was detected by a photomultiplier
tube.

3. Results and discussion

The GNRs-dispersed LC droplets in silicon oil were characterized by POM and transmission
optical microscopy. The transmission optical microscopy with incident light linearly polarized
reveals the images of a GNRs-dispersed LC droplet as Figs. 1(a) and 1(b) (corresponding to
two orthogonal polarization of incident light respectively). The POM texture of GNRs-
dispersed LC droplets (Fig. 1(c)) shows the characteristic 4 fringed dark cross whose two
arms are parallel to the polarizations of analyzer and polarizer respectively indicative of a
strength 1 defect. Further investigation on the LC droplets by polarizing multi-photon
excitation fluorescence microscopy confirms that the alignment of LC is radial (schematically
shown in Fig. 1(d)).
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Fig. 1. (a), (b) The transmission optical microscopy images of a GNRs-dispersed LC droplet in
silicon oil with a linearly polarized incident light ((a) and (b) correspond to two orthogonal
polarizations of incident light). The thickness of the LC cell is 160 pm. P indicates the
polarization of the incident light. (c) POM textures of the GNRs-dispersed LC droplets. P and
A indicate the polarizations of the polarizer and analyzer. (d) Schematic illustration of GNRs
alignment in a LC droplet. The solid lines indicate the director field of the LC.

Since GNRs are aligned in the LC matrix, the collective surface plasmon resonance (SPR)
is excited and the droplet shows strong polarization and wavelength dependent transmission.
When the long axis of GNRs is parallel to the polarization of incident light, the longitudinal
SPR mode is excited and the light with wavelength of 680 nm was strongly absorbed and
scattered by the GNRs. In contrast, when the long axis of GNRs is perpendicular to the
polarization of incident light, the transverse SPR mode is excited and light with a wavelength
of 530 nm is absorbed and scattered. In the green areas of the droplet, which have strong
extinction of 680 nm light, the long axes of GNRs have a preferential direction parallel to the
polarization of incident light. While in the red areas, the long axes of GNRs have a
preferential direction perpendicular to the polarization of incident light.

The overall configurations of LC and GNRs in a LC droplet in silicon oil are illustrated in
Fig. 1(d). LC and GNRs all follow radial alignment in the droplet, which is consistent with the
tangential boundary conditions observed in reference [19]. Furthermore, the GNRs were only
observed in LC droplets and not found in silicon oil; we attribute this to the fact that the
GNRs are highly stable in the LC and not chemically compatible with the silicon oil.

GNRs-dispersed LC droplets with smaller diameters in silicon oil were also characterized
by polarizing multi-photon excitation fluorescence microscopy. The multi-photon excitation
fluorescence signal of the GNRs-dispersed LC droplets with excitation at 850 nm and
detection within 495~540 nm (Fig. 2(a)) shows the two-photon luminescence (TPL) of the
GNRs with spectra characterized in Ref [24]. TPL shows strong polarization-dependence as a
cos*0 (0 is the angle between long axis of GNR and the polarization of incident light) function
[24]. The polarization dependent intensity of the signal reveals that the GNRs follow radial
alignment.
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Fig. 2. (a) Polarizing two-photon excitation fluorescence microscopy image of the GNRs self-
assembled in LC droplets with excitation at 850 nm and detection within 495~540 nm. P
indicates the polarization of the excitation light. (b) Polarizing three-photon excitation
fluorescence microscopy image of the GNRs-dispersed LC droplets with excitation at 850 nm
and detection within 420~460 nm.

The multi-photon excitation fluorescence signal of the GNRs-dispersed LC droplets with
excitation at 850 nm and detection within 420~460 nm (Fig. 2(b)) is the superposition of the
three-photon excitation fluorescence (3PF) of SCB with spectra characterized in Ref [25]. and
the TPL of the GNRs. 3PF of 5CB is also highly polarization dependent and follows a cos’d
(8 is the angle between the director of LC and the polarization of incident light) function [25].
Since the signal of the GNRs is much weaker than that of SCB and can be neglected, the
polarization dependent signal in Fig. 2(b) reveals the radial alignment of the LC. Even though
Figs. 2(a) and 2(b) only demonstrate one cross section near the equatorial plane of droplet A,
however the images of each layer obtained by polarizing multi-photon excitation fluorescence
microscopy all verify the configuration of GNRs and LC illustrated in Fig. 1(d).

The alignment of LC and GNRs in the droplets can be controlled by electric field. A
sinusoidal electric voltage with its maximum value of 12 V and frequency of 1 kHz is added
to the 160 pm thick LC cell. The LC has positive dielectric anisotropy and tends to align with
the electric field. Moreover, the GNRs are self-assembled by the LC and the transmission
optical microscopy images of the GNRs-dispersed LC droplets (Figs. 3(a), 3(b)) show most of
the area change to red, which suggests that the transverse SPR mode of the GNRs is excited
and the long axis of the GNRs have a preferential direction parallel to the electric field. Only
the fringes of the LC droplet still show some longitudinal SPR mode, which is the result of
the boundary conditions imposed on the LC by silicon oil. Generally, the alignment of GNRs
and LC are controlled by the electric field and the overall configurations of the GNRs and the
LC are illustrated in Fig. 3(d). The POM texture of the LC droplet in the electric field (Fig.
3(c)) shows a faint ring which is associated with the s = 1/2 disclination loop on the “sheaf of
wheat” configuration schematically shown in Fig. 3(d). The switching time of the GNRs-
dispersed droplets visually appears to be on the order of a few seconds.
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Fig. 3. (a), (b) The transmission optical microscopy images of the GNRs-dispersed LC droplets
with sinusoidal electric voltage (Vi is 12V and frequency is 1kHz) added to the cell
(thickness is 160 um). The incident light is linearly polarized and P indicates the polarization
of the incident light. (E) indicates the direction of the electric field. (c) POM textures of the
GNRs-dispersed LC droplets in the same electric field. (d) Schematic illustration of GNRs
alignment (XZ cross section) in a LC droplet set in an electric field. The red lines indicate the
director field of the LC. The red dots indicate the disclination line.

4. Conclusions

In this work, we have achieved radial alignment of GNRs in a sphere with the help of LC
droplets in silicon oil. The alignment of GNRs can be further controlled by electric field. The
aligned GNRs show strong polarization and wavelength dependent transmission. The
electrically controllable radial alignment of colloidal GNRs has been achieved for the first
time. This method can be improved by using polymer-stabilized LC to enhance the stability of
the system and further extended by adopting different phases of LC. By using different
structures to align GNRs in various forms, this approach will enable a new class of hybrid
nanostructured materials and self-assembly-based devices, such as tunable microantennae,
LC-droplet-based optical vortex generators [26], omnidirectional lasing modes [27-29], and
microresonator cavities [30] whose properties can also be modified by a rich array of
nanoparticles.
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