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ABSTRACT: By applying an electric field to nematic liquid
crystals (LCs) to change the molecular alignment of LCs, we
achieve feasible tuning of the localized surface plasmon
resonance (LSPR) of novel gold island film immersed in the
LCs, realizing the switching behavior of LSPR at low electric
field intensity. In addition, we find that the liquid crystal can
amplify the angle dependence of gold island film LSPR, which
may provide a new method for research on the tiny and
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indistinct change of the gold nanoparticles’ LSPR. At the same time, the LSPR can be used for detection of nematic LCs’
thermal—optic effect, especially when the temperature is around the clearing point. For the entire experimental procedure, self-
assembly and experimental tests are simple and require only common laboratory supplies and equipment, and both of them are
novel relative to previous studies, which help us further investigate coupling the metal nanoparticles with the LCs.

B INTRODUCTION

Noble metal nanoparticles have attracted broad interest because
of their intense tunable absorption and scattering resonance.’
Centuries before, it has been known in Rome that reduction of
noble metallic ions in the glass-forming process yields stained
glass windows with ruby red color. While in the modern
scientific system, this brilliant color is understood as incident
photon frequency resonant with the collective oscillation of the
conduction electrons for noble metal nanoparticles, known as
localized surface plasmon resonance (LSPR).>* Experimentally,
LSPR is manifested as an obvious surface plasmon absorption
band and an enhancement of the local electromagnetic field,
which are sensitive to the size and shape of the nanostructures
and the distance between them, as well as the effective
refractive index (RI) of the local surrounding environment."**
For Au and Ag nanoparticles, whose LSPR can be observed in
the visible to near-IR part of the optical spectrum, they have
applications in a variety of simple, well—deveIoPed setups of
UV—vis transmission or reflection spectroscopy. o7 Moreover,
chemical’™"" and biologicallz_20 sensing based on LSPR
transducers are widely used.

Liquid crystals (LCs) have a large optical anisotropy due to
their anisotropic molecular shape and alignment, and their
alignments are extremely sensitive to external parameters such
as light”' ~>* and electric field.**~>° As an outstanding medium
example of an electro-optically active dielectric medium, it has
major applications in displays,>® optical periodical struc-
tures,”** and color tunable polymer gratings.>*** Thus far,
LC-based active tuning of metal nanostructures’ LSPR has been
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demonstrated by an electro-optical mechanism, in which the
phase transformation of the LCs through an electric field is
controlled.**** Meanwhile, the phase transition between the
LC phase and the isotropic phase or between different kinds of
phase can also induce changes in their optical properties.”” It
has also been reported that LCs may be useful for enhancing
the sensitivity of LSPR-based detection of binding events and
LSPR measurements of gold nanodots provide a means to
characterize the nanoscopic origins of macroscopic, adsorbate-
induced LC ordering transitions.*’

Coupling metal nanoparticles with LCs has been widely
studied in recent years.'™*° Abbott et al. have coupled
chemically functionalized gold nanoparticles with thermotropic
LCs and have used LSPR or darkfield microscopy to track the
local ordering of the LCs around the nanoparticle.**~** The
Stark §r0u;),4 ~3! the Terentjev group,” >* and the Yokoyama
group>> >’ have reported a comprehensive and detailed
mechanism on the surface of the LCs and the nanoparticles,
as well as the interaction of the nanoparticles. We find that, in
previous studies, it is accessible to achieve the electric control
only when the electric field intensity is relatively high, even
reaching a few hundred volts. Moreover, just alternating current
is permitted to detect the experimental phenomenon.

In this paper, we represent a more simple and economical
method to achieve the electric tuning of surface plasmon band
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shift of gold nanoparticle arrays by liquid crystals, in which the
direct current power voltage is less than 30 V, making it
possible to tune the optical resonances of noble metal
nanoparticles at low electric field intensity. We also give
detailed information about the cooperative nature of LC
ordering transitions, which provides a means to amplify the
LSPR responses of gold nanoparticles and LC’s electro-induced
phase transitions, as well as thermal tuning of LSPR in the
optical cell.

B EXPERIMENTAL SECTION

Overall, gold island film was constructed on the ITO substrate,
with which the optical cell was prepared to detect the electro-
optic effect of the liquid crystals (LCs). In our example, to
facilitate the transformation of gold island from gold nano-
particle through thermal anneal, an interlayer of SiO, film was
sandwiched between the gold island and the ITO substrate.
Concretely, the SiO, film was prepared by spinning the SiO,
precursor on the ITO coated glass, and the island film was
prepared by horizontal lifting of gold nanoparticles to the SiO,
substrate and subsequent high-temperature annealing. Exper-
imental materials and concrete steps are as follows.

Materials. The gold island film was fabricated as follows.
Indium tin oxide (ITO) coated glass slides (15 X 30 mm?, 20 X
30 mm?) used as substrates were cleaned by immersion in hot
H,0, for 20 min to create a hydrophilic surface followed by
rinsing with quadruply distilled water four times in an
ultrasonic bath (Cole-Parmer 8890) and drying under a
steam of nitrogen. Other chemical reagents were all used
without any purification.

Preparation of a SiO, Inorganic Film. The SiO,
precursor was prepared according to Paul Mulvaney’s sol—gel
method.*® The well-prepared SiO, precursor was diluted with
ethanol, spun at different spin-coating rates for 1 min, heated at
135 °C to remove the water vapor, and then, calcined at high
temperatures to make the SiO, nanoparticle inorganic.
Subsequent O, plasma treatment could increase the hydro-
philicity of the substrate’s surface by producing more —OH so
that the gold nanoparticle could be easily lifted to the ITO side.
Wiping with absorbent cotton one-sided along the same
direction before lifting the gold nanoparticle can cause
micrometer thick films of nematic LCs to be anchored parallel
to the surface.”’

Building of an Island Film on a SiO,/ITO Substrate.
Aqueous gold sol with average diameters of 35 nm were
prepared according to the method of Frens.*” In brief, 2 mL of
a 1% aqueous HAuCl,-3H,O solution was added to 198 mL of
triply deionized water. After it was boiled, a 1 mL solution of
2% sodium citrate was added to the solution, boiled for 20 min,
and then, cooled down to room temperature gradually with
stirring. Then, 10 mL of the aqueous gold sol was transferred to
a 30 X 30 X 60 mm® weighting bottle (for 20 X 30 mm* ITO
glass, 15 mL of aqueous gold sol was transferred to a 40 X 25 X
25 mm?® weighting bottle), and 1 mL of hexane was added to
the top of the colloid solution surface to form an immiscible
water/hexane interface. About 3.2 mL of absolute ethanol (for
15 mL of gold sol, the absolute ethanol was 3.6 mL) was then
added dropwise to the hexane layer, which led to gold
nanoparticles being trapped at the interface. By horizontal
lifting of the gold monolayer from the water/hexane interface,
2D gold nanoparticle arrays on substrate were prepared.®' ™%
Finally, an anneal treatment at 500 °C was carried out to make
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the gold nanoparticles coalesce and dewet on the substrate,
rendering formation of the gold island film.

Infiltration of Liquid Crystals into the Optical Cell. The
optical cell consisted of LCs sandwiched between a bare ITO-
coated glass slide and an island film that was immobilized on an
ITO-coated glass substrate. LCs were then infiltrated into the
voids by using capillary forces at atmospheric pressure. Note
that the LCs were heated above their phase transition
temperature to convert them into the isotropic phase, enabling
the voids to be filled fully. The schematic image of the optical
cell structure is shown in Figure la.
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Figure 1. (a) Schematic image of the optical cell. (b) Experimental
setup for electric field intensity and thermotropic tuning.

Characterization. Scanning electron microscopy (SEM)
micrographs were taken with a JEOL JSM 6700F field emission
scanning electron microscope with a primary electron energy of
3 kV. Atomic force microscopy (AFM) analyses were taken
under tapping mode with a Nanoscopelll, a scanning probe
microscope from Digital Instruments under ambient con-
ditions. A Shimadu 3600 UV—vis—NIR spectrophotometer was
used to measure SPB of the gold island film after heat
treatment and the LSPR of the gold island film dependence on
the surrounding environment’s refractive index in the
absorption mode. Electric and thermotropic tuning surface
plasmon band shift of the gold island film were measured by
Ocean Optics Maya Pro2000, the set up of which was
illustrated in Figure 1b. The thicknesses of the SiO, films were
determined using a Dektak150 surface profiler (Veeco). The
refractive index (RI) of the LCs was determined using an Abbe
refractometer.

B RESULTS AND DISCUSSION

Detailed investigation of the morphology transformation of
gold nanoparticle arrays and their optical properties as well as
corresponding RIS (refractive index sensitivity) during the
thermal treatment have been recently disclosed.® Generally,
gold nanoparticles assembled on a substrate will experience a
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series process of melting, interparticle coalescence, and
dewetting under thermal treatment, thus forming the so-called
gold island film. Correspondingly, a blue shift trend with a
concomitant of band narrowing of the surface plasmon band
(SPB) is observed, which is due to the decreased coupling
effect of adjacent gold island film compared with original gold
nanoparticles. This process has been indicated helpfully for
preparing LSPR based sensors because gold island film has a
relative higher figure of merit. That is the essential reason why
we make use of gold island film rather than gold nanoparticle
arrays in our system. Moreover, the Au island film is
controllable and reproducible and its extinction remains similar
in mass repeated experiments, which is also the major reason
we choose gold island film.

During the experimental process, we deposit a thin SiO, film
on the ITO substrate in order that the SiO, film can separate
the gold island film from the ITO substrate. We find that, when
the gold island film is formed on the ITO glass substrate, the
peak of LSPR is almost located at 600 nm with a broad full
width at half-maximum (fwhm) different from the LSPR of the
gold island film on the SiO, layer. Figure S1 of the Supporting
Information illustrates the SEM image of the Au island film on
ITO from which we can see that the interparticle distance and
nanoparticle diameter are very different from that on SiO,
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Figure 2. Absorption spectra of gold nanoparticles on different SiO,
film thickness and on the ITO-coated glass.

(Figure 3c). This may be attributed to the thermal behavior of
gold nanoparticles on two kinds of substrates not being totally
the same and also to the difference in refraction index between
substrates. As we all know, when the LSPR exhibits a narrower
fwhm, it is more sensitive to the local dielectric environment, so
a thin SiO, film on the ITO substrate is prepared in our study.
By regulating the dilution ratio of SiO, gel and the spin-coating
rate, we get film thickness ranging from 111 to 67.5 nm. Figure
2 is the absorbance spectra of the gold island film on ITO-
coated glass and on ITO glass covered by SiO, film with
different thickness. When the silica interlayer is introduced, it is
evident that the SPB blue shifts to 550 nm with narrower fwhm
compared with that on the ITO-coated glass substrate. It also
affirms that the SiO, film is simply serving as the insulating
layer to avoid the interaction between the gold island film and
the ITO-coated glass substrate, whose thickness has no impact
on the position of the LSPR. In our experiment, we fix 67.5 nm
as the SiO, insulating layer thickness.

We empbhasize the influence of different annealing temper-
atures on the nanoparticles. Inspection of Figure 3 reveals that,
with temperature ranging from 300 to 500 °C, an apparent
band narrowing takes place with a SPB shift to shorter
wavelengths. The blue shift of peak position and band
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narrowing is attributed to the increase of interparticle distance,
thus a weakening of coupling effect. From 300 to 400 °C, the
interparticle distance changes from ~112 nm to ~113 nm, so
the extinction spectra blue shifts slightly, while from 400 to 500
°C, the interparticle distance changes from ~113 nm to ~125
nm, and the extinction spectra blue shifts obviously. In addition,
band narrowing is also resulted from the reshaping of the gold
island film. It is noted that the gold island film obtained at
higher annealing temperature will be much more isotropic in
shape than that obtained at lower annealing temperature,
rendering SPB with a narrower fwhm. In our following
experiment, because the extinction of the island film at 500
°C has a higher figure of merit, we all use 500 °C as the
annealing temperature after the gold nanoparticles are
horizontal lifted onto a substrate.

The wavelength of the peak absorption is known to be
dependent on the dielectric environment of the nanoparticle."
An increase in the refractive index of the medium surrounding
the nanoparticle results in a red shift in the wavelength of the
absorption maximum.**® Bulk RIS of obtained gold island film
is measured by simply dipping the sample in air, water,
chloroform, or carbon bisulfide, whose refractive indices are
1.00, 1.33, 145, and 1.63, respectively. Through the experi-
ment, we can get the red-shifted SPB with the increase of
refractive index (Figure 4), confirming the island film we have
prepared possesses good tuning shift of LSPR when the
refractive index surrounding changes. By a linear dependent
fitting,***° the RIS is determined at 89 nm per refractive index
unit (RIU), in agreement with the analytical model.*®

The ordering of the liquid crystal in the vicinity of the
supported island film is very complex, requiring detailed
description of the local dielectric environment, including the
competing effects of the nanoparticles, glass surfaces on the
ordering of the liquid crystal, and an account of the influence of
topological defects about the nanoparticles.”” In this paper, by
introducing a SiO, film between the ITO layer and the island
film, we consider a highly simplified model of the dielectric
environment created by the liquid crystal near the surfaces of
the island film. We record the extinction spectra before and
after we embed the island film in the TEB-300 (one type of
liquid crystal, ny = 1.51, n, = 1.67, the clearing point is 64.6 °C,
from Chengzhi Yonghua Display Materia Co., Ltd.). The datas
are recorded under normal incidence of the probe light. When
measured in air, the island film exhibits a peak of 550 nm
(Figure S, the black curve) in its optical extinction spectra.
When the island film is embedded in LCs, it leads to a red shift
in the LSPR peak of 41 nm (from 550 to $91 nm, the red
curve). According to the RIS measured above, the theoretical
shift of the peak wavelength is 45 nm, so the experimental value
accords with the theoretical value in the systematic offset.
Moreover, the measured refractive index of TEB-300 at room
temperature is 1.514, corresponding to n, of TEB-300; hence,
we get a conclusion that most LC molecules are parallel
oriented to the substrate, which will be discussed later.

By measuring the spectrum at various angles of light
incidence with unpolarized light, the plasmon reflectance
peaks of the gold island film are revealed. Reflectance spectra
are chosen as the test of the gold island film's angular
dependence, because it is more convenient than other testing
methods. Figure 6a, b are reflectance spectra of a gold island
film on an ITO glass substrate and in a liquid crystal cell at
various angles of light incidence, respectively. The LSPR of the
gold island film in the optical cell represents a reflectance peak
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Figure 3. SEM images of the gold nanoparticle monolayer with calcining heat of (a) 300 °C, (b) 400 °C, and (c) 500 °C. (The insets are cross-
sectional SEM images at 45° to the substrate normal, respectively.) (d) Absorption spectra of the gold nanoparticle monolayer at different
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Figure 4. LSPR responses of gold island film to different solvents of
air, water, chloroform, and carbon bisulfide.
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Figure S. Extinction spectra of the gold island film before (the black
curve) and after (the red curve) immersed in liquid crystals.

of 645.43 nm (in accordance with apparent red color), showing
a red shift of the LSPR compared with the LSPR measured in
air. When the beam was incident normal to the substrate, both
the island film in air and the island film embedded in the LCs
exhibit a single reflectance band (which is indicative of in-plane
dipole resonance). As incident angle increases, the reflectance-
LSPR (R-LSPR) shifts to a shorter wavelength with slight band
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broadening. From previous reports, it is known that, when gold
naoparticles are tilted, other than in-plane resonance, the out-
of-plane resonance plasmon is exited as well and the amount of
light coupled to the normal plasmon and lateral modes is
mostly governed by the light incidence angle.*® Atomic force
micrograph and SEM helps us further investigate the
mechanism of the reflective spectra. They reveal that the gold
island film used in our experiments has an average height of 73
nm and a lateral dimension of 100 nm. Compared with in-plane
dipole resonance, the out-of-plane extinction band appears at
the shorter wavelength due to relative small size. These two
resonance overlap with each other and become indistinguish-
able for a gold nanoparticle with an aspect ratio r ~ 1.
Consequently, in our experiment, the R-LSPR extinction band
shows a blue-shift trend with a concomitant of band broadening
as the tilt angle increases. Besides, it is worth noting that the
angular dependent property of gold island film is amplified by
introducing LCs as surrounding medium. We can clearly see
that, when the gold island film is on an ITO glass substrate, the
reflectance-LSPR (R-LSPR) gets a blue shift of 7.0 nm (from
576.14 to 569.14 nm) as the incident angle changes from 0° to
45°, while in the optical cell, the R-LSPR gets a blue shift of
16.76 nm (from 645.43 to 628.67 nm). We attribute this
phenomenon to the birefringence of liquid crystal. When the
incident light radiates on the LCs, the birefringence of liquid
crystal will lead the deflection of the light along the direction of
the director n, resulting in the increase of the out-of-plane
resonance plasmon; therefore, the indistinguishable reflective
spectra can be observed in the shorter wavelength compared
with the gold island film in air. It is suggested that liquid crystal
can amplify the angle dependence phenomenon of gold
nanoparticles” LSPR; this may provide a new method for the
research on the tiny and indistinct change of the gold
nanoparticles’ LSPR.

To establish the correlation between the peak shift of the
LSPR and the electric field-induced phase transition in the
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Figure 6. Angular dependence of the gold nanoparticles. (ab)
Reflectance spectra of nanoarrays at various angles of incidence
measured in air and in liquid crystals (TEB-300), respectively. The
insets in (a) and (b) show the peak position results of different
incident angle. (c) AFM image and line profile of morphology
evolution for two-dimensional gold nanoparticles with average
diameters of 35 nm after S00 °C annealing.

electroresponsive LCs, control experiments are designed as
follows. First, we wipe the ITO-coated glass slide so that the
long axis of liquid crystal molecules can be parallel to the
orientation of the substrate surface.’® LC cells are fabricated,
consisting of a bare ITO-coated glass slide and a gold island
film that is immobilized on an ITO-coated glass substrate, with
a thickness of 92 ym insulating films placed between the ITO-
coated glasses to avoid a short circuit. After the optical cell is
well-prepared, we connect it to the direct current power supply,
and the datas are recorded under normal incidence of the probe
light. Ocean optic Maya Pro2000 is used to detect the LSPR of
the gold island film. The absorbance is low on the whole range
because the light is scattering in the initial state, with a peak
appeared at around 590 nm when no electric field is applied,
which can be seen from Figure 7a. By manually changing the
input voltage to the optical cell, changes in optical properties
are measured during the application of different electric field
intensities on the optical cell. With the increased voltage, the
intensity of the LSPR increases, and the peak shifts toward
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longer wavelength. The increased absorbance arises from the
decreased light scattered by LCs. Meanwhile, liquid crystal
molecular orientation is better aligned parallel to the electric
field so that the ratio of the molecules that align parallel to light
propagation decrease. As a result, the component of the
refractive index n, for extraordinary light increases, and the
averaged refractive index of the LC increases;*® consequently,
the peak shifts toward longer wavelength. Figure 7b is the
electric field intensity dependence of the LSPR peak of the gold
island film. The measurements are performed with the island
film immersed in TEB-300.

In order to further investigate the electric-induced peak shift
of LSPR by electro-optic effect of the nematic liquid crystal,
another type of liquid crystal, SLC-9023 (Chengzhi Yonghua
Display Materia Co.Ltd.), is used, whose refractive index
difference is 0.18 and the clearing point is 124 °C. Using the
same experimental procedure as described previously, from the
extinction spectra, we can see that the peak of the LSPR gets a
red shift with the voltage increase (Figure 7c, d), the same as
the experimental phenomena of TEB-300. These results show
the tuning behavior of optical resonances of noble metal
nanoparticle at low electric field intensity and the optical cell
we have prepared can be well used to investigate the electro-
optic effect of the nematic liquid crystal.

Furthermore, the reusing ability of LCs and chemical stability
of the optical cell are measured. With increased voltage, the
LSPR peak of the gold island film shifts to longer wavelength,
and when the electric field is turned off, the peak of the LSPR
returns to the original peak position. From Figure 8, we can see
that cycling of the electric field intensity between 0 and 8 V
results in reproducible changes in the positions of the
maximum absorbance, affirming the LCs possess reversible
electrical responsiveness and the optical cell we have prepared
has good stability.

In the following experiment, positions and intensity of the
LSPR peaks of the gold island film as a function of temperature
are investigated (Figure 9). We clearly know that the
temperature dependence of the local order of the liquid crystal
near the nanoparticles is substantially different from bulk liquid
crystal.*® We fix the device on the heating plate with normal
incidence light and gradually increase the temperature and
simultaneously record the reflectance peak during the process.
Inspection of Figure 9a reveals a significant decrease in the
LSPR peak intensity with the increase of temperature,
accompanied with negligible wavelength peak shift. This can
be attributed to the bulk nematic-to-isotropic phase transition.
At room temperature, the LCs are in nematic phase, from the
macro point of view it performs white with high-viscosity liquid,
accompanied with low scatter and high extinction. As the
temperature increases, the ratio of the LC molecular in nematic
phase decreases, resulting in the decreased extinction peak.
When the temperature is higher than the clear point, the LCs
are in anisotropic phase, and the extinction does not change
any more. Figure 9b is the curve dependence of the intensity of
the absorption peak as a function of temperature. By a linear
fitting, we could get the breaking point at the 60.4 °C. In
theory, when the temperature is at the vicinity of the clear
point, a large number of LC molecules translate into
anisotropic extinction, which would result in the rapid decrease
in peak intensity, reflected in the peak-temperature curve as the
breaking point. The breaking point of the experiment has
deviation with the clear point but within the systematic offset,
so we can get the conclusion that, by our method, the clear
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point of an unknown LC or the mixture can be intuitively
predicted by the LSPR peak, which provides a new way to the
research on the LCs.

B CONCLUSIONS

In summary, a gold island film on ITO-coated glass is prepared,
and morphology and optical properties of gold nanoparticle
arrays are studied. Through the experiment, we find that the
liquid crystal can amplify the angle dependence phenomenon of
gold island film’s LSPR, which may provide a new method for
the research on the tiny and indistinct change of the gold
nanoparticles’ LSPR, and at the same time the LSPR can be
used for the detection of LCs’ electro-optic effect, especially
realizing the switching behavior of LSPR when the electric field
intensity is very low. For the thermal response of liquid crystals,
we find an intuitionistic way to sense the LCs’ temperature
dependence by the LSPR shift of gold island film. Unlike other
methods, self-assembly and experimental tests are simple and
require only common laboratory supplies and equipment for
the entire preparation process; thus, it maybe provide an
effective and economic way to further research on noble metal
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Figure 9. (a) Temperature dependence of the LSPR peak of gold
nanoparticles immersed in TEB300. (b) Dependence of the intensity
of absorption peak as a function of temperature.

nanoparticles’ LSPR and electro-optic and thermal-optic effects
of liquid crystals.

B ASSOCIATED CONTENT

© Supporting Information

Figure showing SEM image of the Au island film on ITO. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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