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We report that surface-induced ordering of liquid crystals in the vicinity of chemically functionalized
gold nanoparticles leads to changes in the localized surface plasmon resonance (LSPR) of the gold
nanoparticles. Gold nanoparticles with sizes between 10 and 40 nm were prepared on surfaces and
chemically functionalized with organic monolayers that are known to lead to planar and homeotropic
orientations of micrometer-thick films of nematic 4-pentidyanobiphenyl (5CB) supported on continuous
gold films. By measuring the absorption of light caused by the LSPR of the nanoparticles as a function
of surface chemistry of the nanoparticles and temperature, we observed changes in the LSPR caused by

surface-induced, localized ordering of the 5CB in

the vicinity of the nanoparticles. Comparison of the

far-field orientation of the liquid crystal and the LSPR behavior of the nanoparticles provides insights
into the nanoscopic origins of the bulk anchoring behaviors of the liquid crystal. These results and others
presented in this paper indicate that the LSPR properties of nanoparticles can be exploited to investigate
how the chemical functionality of nanoparticles changes the local ordering of liquid crystals.

Introduction

Recent theories and simulations have investigated topo-

logical defects that form around individual spherical
particled 8 dispersed in liquid crystalline solvents as well

as interactions between particles dispersed in (i) nematic

phase% 12 and (ii) isotropic phases prepared by the heating
of nematic phase’s: 18 Whereas the topological defects that

form about micrometer-sized particles in liquid crystals have
been characterized by using optical microsc&py? few
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experimental methods exist to probe the ordering of liquid
crystals about nanoscopic particles. Recent calculations
suggest that the surface plasmons of metal nanoparticles in
anisotropic media such as liquid crystals are strongly
dependent on the local ordering of the liquid cry$t&land
that electric field-induced orientational transitions of the
liquid crystal may be used to tune the optical properties of
metal nanoparticle®. In this paper, we report a first step
toward developing methods based on the optical properties
of metallic nanoparticles to investigate the influence of
surface chemistry on the ordering of liquid crystals in the
vicinity of the nanoparticles. We report that manipulation
of the surface chemistry of gold nanoparticles does lead to
changes in the local ordering of a liquid crystal in the vicinity
of the nanoparticles, as reported by the changes in the
localized surface plasmon resonance (LSPR) of the nano-
particles.

The optical properties of gold and other noble metal
nanoparticles have been extensively investigated in recent
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years3®-3° The collective oscillation of the conduction individuaP?and array® of metallic nanoparticles. These past
electrons for noble metal particles in the-12200 nm size studies have not investigated the influence of the chemistry
range leads to a peak in the visible range of the absorptionof nanoparticles on surface-induced ordering of liquid crystals
spectrum of the nanoparticlés®® This peak in absorbance  with the goal of exploiting LSPR behavior to provide insight
results in the nanoparticles exhibiting brilliant colors. The into the coupling between surface chemistry and local order
wavelength of the peak absorption is known to depend onin the liquid crystal.

the dielectric environment of the nanopartitdé\n increase Several recent studies have investigated the dielectric
in the refractive index of the medium surrounding the properties of dispersions of nanopatrticles in liquid crys-
nanoparticle results in a red-shift in the wavelength of the tals>*5° For example, the addition of ferroelectric nanopar-
absorption maximur®4! For gold nanoparticles supported ticles to liquid crystals has been shown to cause an increase
on glass substrates, LSPR has been shown to be sensitive tt the anisotropy of the dielectric properties of the bulk
changes in the dielectric environment within 20 nm of the material®® The addition of ferroelectric nanoparticles has also
nanoparticle surfac®.In the study reported in this paper, been shown to decrease the voltage required to cause a
the dielectric environment of the nanoparticles is influenced Fredericksz transition in a liquid cryst&l.Studies of the

by the ordering of a liquid crystal in the vicinity of the effects of the concentration of nanoparticles have been
nanopatrticles. reportedt” and these studies reveal that it can be difficult to

The liquid crystal used in our study is 4-pentytylano- uniformly disperse nanoparticles within the bulk of liquid
biphenyl (5CB). In the bulk, this material displays a crystals?® Dispersions of nanoparticles have been reported
crystalline phase below 2£ /3 a nematic liquid crystalline in liquid crystakpolymer matrice$? discotic liquid crys-
phase from 24 to 33.5C, and an isotropic liquid phase above tals® and cholesteric liquid crystat3 Of particular relevance
33.5°C# The orientational ordering of molecules within 0 the current study, gold nanoparticles have been dispersed
the nematic phase leads to anisotropic dielectric properties.into discotic liquid crystal$? The particles used in this past
For example, at room temperature, the extraordinary andstudy possessed a diameter of 1.6 nm, which is too small to
ordinary refractive indices of the bulk nematic phase of 5CB €ad to significant LSPR effects in the visible region of the
differ by 0.18% The large anisotropy in the bulk dielectric ~absorption spectrum.
properties of the liquid crystal led us to predict that the ~ Our study used gold nanoparticles supported on a mac-
surface plasmons of nanoparticles in liquid crystals may roscopic surface. Although our initial measurements used
provide a convenient means to probe changes in the ordering?@noparticles dispersed into the bulk of a liquid crystal,
of liquid crystals that have been predicted to occur near the Particle-particle interactions mediated by the liquid crystal
surfaces of nanoparticlésWe note that several prior studies complicated our interpretation of the optical properties of
have addressed the influence of liquid crystals on surfacethe nanoparticles. These observations caused us to reduce
plasmon resonance (SPR) phenomena. For example, SPRhe degrees of freedom in our experimental system by using
microscopy® and reflectance spectroscdpiiave been used gold nanoparticles immobilized on surfaces such that the
to investigate the impact of the orientation of a liquid crystal Particle-particle separation did not change as a function of
on the surface plasmon resonance of continuous metal films.ordering of the liquid crystal in the vicinity of the particles.
Electric field-induced orientational transitions of liquid T control the surface-induced ordering of the liquid crystals
crystals have also been used to control the reflectance ofin the vicinity of the gold nanoparticles, we chemically
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anchoring of 5CB on a continuous film of gdi&éi¢*However,
a mixed monolayer formed from long and short alkanethiols
can cause homeotropic (perpendicular) alignment of SCB.

Materials and Methods

Materials. 1-Hexadecanethiol, 1-decanethiol, and octyltrichlo-
rosilane were purchased from Aldrich and used as received.
Absolute ethanol was obtained from AAPER Alcohol. The liquid
crystal 4-pentyl-Zyanobiphenyl (5CB) was purchased from EMD
Chemicals. Glass microscope slides, hydrochloric acid, potassium
hydroxide,n-heptane, methylene chloride, and hydrogen peroxide
were purchased from Fisher.

Substrate Cleaning.The glass microscope slides were cleaned
sequentially with an acidic piranha solution (70%S@®,, 30%
H,O,) and a basic piranha solution (70% KOH, 30%Q4).
Caution! The piranha solution is extremely dangerous and should
be handled with caution; in some circumstances, most commonly
when it has been mixed with a significant amount of oxidizable
organic material, it has detonated unexpecte@ljdes were rinsed
with 18.2 MQ deionized water, ethanol, and methanol and dried
under a stream of gaseous nitrogen. Slides were stored &tCL10
for 1 day before gold deposition.

Formation of Immobilized Gold Nanoparticles. The method
used to form the arrays of immobilized gold nanoparticles was
adapted from procedures reported in the literaéfé Gold was
deposited onto cleaned glass microscope slides by electron bea
evaporation (thickness of 50 A). The deposition was performed at
2 x 107® Torr and a rate of 0.2 A/s. The gold films were then
annealed at 560C for 1 h. Atomic force microscopy (AFM) of
the resulting gold nanoparticles was used to characterize the
nanoparticle size, shape, and distribution on the surface. AFM
imaging was performed using a Digital Instruments Multimode
AFM (Nanoscope IllIA), using a Si cantilevef,(= ~300 kHz,
Veeco Probes) in tapping mode. The microscope slides supporting
the gold nanoparticles were visibly pink and homogeneous to the
naked eye.

Formation of SAMs. SAMs were formed on the nanoparticle-
decorated slides by immersing the slides in ethanolic solutions
containing 4 mM alkanethiol. Three different solutions were used
in our study: a solution of hexadecanethiol, a solution of de-
canethiol, and a solution containing an 8:2 mixture of decanethiol
and hexadecanethiol. The SAMs were allowed to form overnight.
Upon removal from the ethanolic alkanethiol solutions, the samples
were rinsed with ethanol and dried under a stream of gaseous
nitrogen. The slides remained uniform in appearance, indicating
that the particles did not aggregate macroscopically on the glass
surface during the previously described procedure.

Preparation of OTS-Treated Glass.Piranha-cleaned micro-
scope slides were coated with octyltrichlorosilane (OTS) by
immersion in a 10 mM solution of OTS in-heptane for 30 min.
The OTS functionalized glass was removed from thleeptane
solution, rinsed with methylene chloride, and dried under a flowing
stream of gaseous nitrogen.

Preparation of Optical Cells. Optical cells were prepared by
pairing OTS-treated glass with a glass slide coated with the
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Figure 1. AFM image (1um x 1 um) of gold nanoparticles used in our
study.

alkanethiol functionalized nanoparticles. The two surfaces were
spaced apart by using a &n thick Mylar spacer. Nematic 5CB
was drawn into the optical cell by capillary action. OTS-treated
lass orients the liquid crystal 5CB in a homeotropic orientation at
he top surface of the optical céfl.Prior to UV—vis spectropho-
tometry, the optical cells were placed in an oven at'@6for 30
min and then removed and allowed to cool to room temperature in
ambient air.

UV —Vis Spectroscopy.UV —vis spectra of the samples were
obtained by using a Cary 1E UWis spectrophotometer. The
temperature was controlled withih0.1 °C using a heat bath that
circulated water through cuvette holders. The temperature was
measured using a thermocouple placed next to the sample. The
wavelength of peak absorbance due to the LSPR was determined
by fitting a second-order polynomial to the experimental data points,
in 0.5 nm intervals, within 10 nm of the maximum absorbance.
Five scans were recorded and averaged at each temperature. The
standard deviation was typically less than 0.1 nm. Data presented
next show the wavelength at peak absorbance as a function of
temperature. These data were collected by heating the optical cell
containing 5CB to a temperature (393) above the isotropie
nematic transition of 5CB and then slowly cooling the sample while
recording the wavelength at peak absorbance as a function of
temperature until a temperature well below the isotrejiematic
transition was reached (typically 26’C). This procedure was then
repeated in reverse, going from 26.7 to 39@G3 The data shown
in this paper correspond to data collected during the second ramp
in temperature. To assess the reversibility of the localized ordering
of the 5CB near the nanoparticles, we also recorded the wavelength
at peak absorbance at 30.2, 39.3, 48.4, and then°80.2

Results and Discussion

Surfaces decorated with gold nanoparticles were prepared
by evaporation of gold onto a substrate and subsequent
thermal annealiné’¢” Inspection of the atomic force mi-
crograph shown in Figure 1 reveals that the gold nanopar-
ticles used in our experiments have apparent lateral dimen-
sions of 32+ 6 nm and heights of 1# 4 nm, although the
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57, 36.
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0.7 1 formed from hexadecanethiol, responded to changes in
0.6 . RN isotropic solvent environments by exhibiting shifts in the
\.\ position of the absorbance peak of 28 nm per refractive index
L 00 IR unit (RIU) of the solvents. Nanoparticles coated with SAMs
£ 04 o S formed from butanethiol, however, exhibited a sensitivity
5 03 | Sl of 40 nm/RIU. Similar behaviors have been reported by Van
- R e ) Duyne and co-worker&.

0.2 1 We first investigated the influence of the ordering of 5CB

on the LSPR properties of gold nanoparticles functionalized
with SAMs formed from hexadecanethiol. These initial
studies were based on gold nanoparticles that exhibited a
maximum absorbance due to LSPR effects at 546.7 nm (see
Figure 2. UV—vis absorbance spectra of gold nanoparticles shown in the followmg discussion for experiments with gold nano-
Figure 1 (solid, bottom line) measured in air prior to functionalization particles with LSPR peak absorbance at 538.1 nm). As
with hexadecanethiol; (dotted, middle line) measured in air after function- mentioned previously, past studies have established that
alization_with a monolayelj of h_exa_deca_nethiol; (dashed, top line) measqred SAMs of hexadecanethiol formed on continuous gOId films
?h';e;ng';,2%?52?{%”%?03er'if;t'on with a monolayer of hexadecanethiol. ., e micrometer-thick films of nematic 5CB to be anchored
parallel to the surfac®. We observed surfaces presenting
sizes of the grains in Figure 1 may also be influenced by arrays of gold nanoparticles functionalized with SAMs
the details of the shape of the tip of the AFM probe (tip formed from hexadecanethiol to also cause micrometer-thick
convolution ef‘fects??A past study has described the shapes films of the liquid crystal to assume orientations that were
of gold nanoparticles produced by thermal annealing of gold parallel to the macroscopic surfaces supporting the gold
films as corresponding to oblate ellipsoffdnspection of ~ hanoparticles (see Supporting Information). We note that the
Figure 1 also reveals that the interparticle spacing is very orientation of the liquid crystal mentioned in the previous
small and that many nanoparticles are separated from theirtext refers to the orientation far (micrometers) from the
nearest neighbor by a distance that is less than a partidesurface supporting the nanoparticles. This far-field orientation
diameter. The close packing of these nanoparticles suggest®f the liquid crystal is a consequence of local interactions
that the electric fields of the nanoparticles will be coupled.  of the liquid crystal with both the nanoparticles and the glass
When measured in air, the gold nanoparticle assembliesexposed between the nanoparticles. As reported in past
shown in Figure 1 exhibited a peak in their optical absorption studies of surfaces patterned with nanoscopic islands of
spectrum at a wavelength of incident light of 538.1 nm mMmaterials that give rise to competing orientations of liquid
(Figure 2). The sizes of nanoparticles produced by the crystals, the uniform orientation of the liquid crystal adopted
previously described method, and the associated surfacefar from such surfaces reflects a minimization of the free
plasmon properties of these ensembles of nanoparticles, ar&nergy of the entire system, including contributions from the
influenced by the temperature and time of the thermal elastic energy stored in the liquid crystaf*
annealing (we measured the absorbance maximum to vary We observed initial contact of the hexadecanethiol coated
from 535 to 550 nm). The results described in this paper gold nanoparticles with 5CB at room temperature to lead to
were obtained from two batches of nanoparticles, the first @ red-shift of the LSPR peak by 27.1 nm (from 553.7 to
having a peak absorbance at 546.7 nm and the second havin§80.8 nm). Inspection of Figure 3a reveals that the wave-
a peak absorbance at 538.1 nm (Table 1). length of the LSPR peak changed little between 26 and
Prior to performing experiments with liquid crystals, we 33.2°C, at which point the LSPR peak abruptly red-shifted
confirmed several previous observations: (i) that formation by an additional 0.9 nm. This abrupt transition coincides
of SAMs of alkanethiols on the surfaces of these arrays of Within our experimental precision to the temperature of the
go|d nanopartides leads to Changes in the Wave|ength ObeIk nematic-to—isotropic transition, suggesting that there is
incident light at which the maximum absorbance was @ coupling between the order in the 5CB and the LSPR of
observed (see Figure 2 for the effect of a SAM formed from these chemically functionalized gold nanoparticles. We note
hexadecanethighand (ii) that immersion of the SAM coated  that the published value of the clearing temperature of 5CB
gold nanoparticles into solvents of increasing refractive index is 33.5°C.** The value reported in Figure 3a is 0G lower
leads to systematic changes in the LSPR properties of thethan the published value. This difference is due to a
ensembles of gold nanopartict¥s2 The results of these  Systematic offset in the temperature of the thermocouple used
confirmatory experiments are described in the Supporting to measure the temperature of our experimental system.
Information. Here, we mention only that the gold nanopar- Above 33.2°C, we measured the LSPR peak to change little
ticles used in our experiments, when coated with SAMs With temperature, consistent with the weak temperature
dependence of the refractive index above the clearing
(69) Tabet, M. F.; Urban, F. K., lI. Vac. Sci. Technol., B997, 15, 800. temperaturé® This weak temperature dependence of the
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B.; Aussenegg, F. ROpt. Commun2003 220, 137.
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Table 1. Wavelength at Peak Absorbance for Immobilized Gold Nanoparticles

Red-shift in peak

Alkanethiol used Wavelength at peak  Wavelength at peak absorbance caused Wavelength at peak
for chemical absorbance, measuredabsorbance, measured by formation of  absorbance, measured Red-shift in peak
functionalization in air prior in air after monolayer on in liquid crystal absorbance upon
of gold to chemical chemical surface of after chemical immersion into
nanoparticles functionalization (nm) functionalization (hm) nanoparticles (nm) functionalization (nm) liquid crystal (nm)
Decanethiol 546.7 550.2 35 582.6 324
Hexadecanethiol 546.9 553.7 6.8 580.8 27.1
Mixed monolayer of decanethiol and 546.5 551.8 5.3 579.7 27.1
hexadecanethiol
Decanethiol 538.2 540.0 1.8 567.8 27.8
Hexadecanethiol 538.1 544.1 6.0 569.6 25.5
Mixed monolayer of decanethiol and 538.1 541.8 3.7 569.7 27.9

hexadecanethiol

a(i) In air, prior to chemical functionalization with the alkanethiol indicated in the far left column of the table, (i) in air, after chemicalriafizéition
with alkanethiol, and (iii) in nematic 5CB at 30°Z after chemical functionalization with the alkanethiol. Also indicated in the table is the red-shift in the
peak absorbance caused by (i) formation of the alkanethiol monolayer (measurements in air, column 4) and (ii) immersion into nematic 5CB from air
(column 6).

in Figure 4, where the ordinary and extraordinary refractive crystal to persist from room temperature to the bulk nematic-
indices have collapsed to a single value that decreases onlyto-isotropic transition temperature (see Supporting Informa-
slightly with increase in temperature. Repeated cycling of tion).
the temperature between 30.2 and 39@3 resulted in Following contact of 5CB with the nanoparticles decorated
reproducible changes in the positions of the maximum with the mixed SAMs, we measured the LSPR peak of the
absorbance caused by the LSPR phenomenon (Figure 3b)gold nanopatrticles to red-shift by 27.9 nm (from 551.8 to
As shown in Figure 3b, an excursion in temperature to 48.4 579.7 nm at room temperature). We next measured the
°C leads to a small blue-shift in the absorbance as comparedemperature dependence of the LSPR peak of these gold
to 39.3 °C, again consistent with the weak temperature nanoparticles. Inspection of Figure 5a reveals that between
dependence of the refractive index in the isotropic phase room temperature and 33°Z (bulk nematic-to-isotropic
(Figure 4). transition), there is little change in the LSPR properties of
We repeated the previous experiments using gold nano-the nanoparticles. Surprisingly, however, the bulk transition
particles coated with decanethiol. Monolayers of decanethiol from the nematic to the isotropic phase is also accompanied
formed on continuous films of gold also cause 5CB to by little substantial change in the position of the LSPR
assume an orientation in the bulk that is parallel to the absorbance maximum of the gold nanoparticles functional-
surface®* As shown in Figure 3c and 3d, the qualitative ized with the mixed SAM (a small red-shift o£0.1 nm
trends in the LSPR properties of the decanethiol function- appears to coincide with the bulk clearing temperature).
alized gold nanoparticles are similar to the gold nanoparticles Heating of 5CB above 33.ZC leads to a gradual blue-shift
coated with hexadecanethiol. In particular, contact of the in the position of the LSPR peak (see following discussion
decanethiol functionalized gold nanopatrticles with 5CB at for additional data and discussion of this point). Comparison
room temperature led to a red-shift in the LSPR peak of 32.4 of the temperature dependence of the LSPR maxima of gold
nm (550.2-582.6 nm). The larger red-shift observed with nanoparticles coated with SAMs of either hexadecanethiol
decanethiol as compared to hexadecanethiol (32.4 nm foror decanethiol (Figure 3) versus mixed SAMs of decanethiol
decanethiol vs 27.1 nm for hexadecanethiol) is consistentand hexadecanethiol (Figure 5) reveals a qualitative differ-
with the predicted effects of the different thicknesses of the ence. This result indicates that the local ordering of 5CB in
SAMs (and thus the proximity of 5CB to the golt). the vicinity of the gold nanopatrticles is influenced by their
We next investigated whether the surface chemistry of the surface chemistry and that this local ordering is coupled to
gold nanoparticles could be manipulated to influence the the LSPR properties of the system. We consider the nature
ordering of 5CB in the vicinity of the nanoparticles and thus of this coupling in the following paragraphs.
the LSPR properties of the nanoparticles. We used the same The ordering of the liquid crystal in the vicinity of the
gold nanoparticles that were prepared in the experimentssupported nanoparticles is a complex phenomenon, and a
described previously and decorated them with SAMs formed detailed description of the local dielectric environment
from an ethanolic solution containing a mixture of de- requires consideration of the competing effects of the
canethiol (3.2 mM) and hexadecanethiol (0.8 mM). Past nanoparticles and glass surfaces on the ordering of the liquid
studies have established that mixed SAMs of decanethiol crystal and requires an account of the influence of topological
and hexadecanethiol formed on continuous gold films can defects that likely form about the nanoparticles. Such a
cause bulk phases of nematic 5CB to assume an orientatiordetailed description lies beyond the scope of this paper. Here,
that is perpendicular to the macroscopic surf&®.We we consider a highly simplified model of the dielectric
observed the surfaces supporting the gold nanoparticlesenvironment created by the liquid crystal near the surfaces
decorated with mixed SAMs formed from decanethiol and of the nanoparticles. A more detailed description will be
hexadecanethiol to also cause homeotropic anchoring of 5CB.published elsewhere. Figure 4 plots the ordinary and
With these samples (but not others discussed below), weextraordinary refractive indices of bulk 5CB as a function
observed the bulk homeotropic orientation of the liquid of temperature as reported by Li et*4Below the nematic-
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nanoparticles functionalized with hexadecanethiol. The measurements wer
performed with the nanoparticles immersed in 5CB. Prior to chemical

eisotropic—nematic transition. Error bars represent the standard deviation

of five measurements of the same sample at the same temperature.

functionalization, the peak absorbance was measured in air to occur at 546.7

nm. (b) The same sample as in panel a as the temperature is cycled from
a temperature (30.Z) below the isotropie nematic transition temperature
of 5CB to a temperature (39°€) above the isotropicnematic transition.

refractive index normal to the surface of the métdk The
simplest description of the dielectric environment experi-
The sample was heated to 48@ after the third heating cycle. The plots  enced by the nanoparticles with the mixed SAMs is to
shown in panels ¢ and d are the corresponding plots for panels a and bagqme that it is dominated by the extraordinary refractive
obtained using a SAM formed from decanethiol. Error bars represent the . . A .
standard deviation of five measurements of the same sample at the samdndex (which would exist in the case of perpendicular
temperature. ordering of the liquid crystal near the surface of the
nanoparticle). Similarly, as a starting point for our discussion,
to-isotropic transition temperature, two refractive indices are we consider nanoparticles functionalized with single com-
observed, the extraordinary (larger of the two refractive ponent SAMs to experience dielectric environments that are
indices) and ordinary refractive indices. The anisotropic close to the ordinary refractive index of the liquid crystal.
optical environment defined by the liquid crystal will interact Because the wavelength of the LSPR peak of a gold
with the electromagnetic fields induced by LSPR of the nanoparticle increases (red-shifts) with increasing refractive
nanoparticles upon illumination. These electric fields decay index of the surrounding environment, the previous physical
exponentially with distance from the surface of the nano- picture leads to the prediction that the wavelength of the
particles and are known to be strongly influenced by the LSPR absorbance will be higher for nanoparticles in liquid
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crystals that are functionalized with the mixed SAM as does not follow the temperature dependent behavior predicted
compared to the single component SAMs. This argument, for gold nanoparticles transferred from a dielectric environ-
however, holds true only when the distance between the ment corresponding to the extraordinary refractive index of
metallic core of the nanoparticle and liquid crystal is constant 5CB to the refractive index of 5CB in the isotropic phase
(i.e., constant thickness of SAM on the surface of the (Figure 4). We measured the transition from the bulk nematic
nanoparticle). As noted previously, the mixed SAMs have a phase to the isotropic phase at 33@to be accompanied
dielectric thickness that is intermediate between the pure by only a small excursion in the peak wavelengt®(1 nm).
component SAMs, and thus, interpretation of the relative Furthermore, the overall blue-shift in the position of the
position of the LSPR absorbance peaks in the liquid crystal LSPR peak over the entire temperature range investigated
requires consideration of both the thicknesses of the SAMs was only 0.3 nm, which is much less than the predicted value
as well as the order in the liquid crystal. Our experimental of 3.0 nm. These observations suggest that the temperature
observation that the wavelengths of the LSPR maxima of dependence of the local order of the liquid crystal near the
the nanoparticles in the liquid crystal at room temperature nanoparticles decorated with the mixed SAMs is substantially
are 580.8 nm (hexadecanethiol coated), 582.6 nm (de-different from the temperature dependence of the bulk order
canethiol coated), and 579.7 (coated with mixed SAM of of the liquid crystal. To provide further insight into this
hexadecanethiol and decanethiol) suggests that the effect®ehavior, we sought to determine the sensitivity of the local
of thickness of the SAMs on the LSPR properties of the order of the liquid crystal to the size and spacing of the
system are indeed convolved with the effects of the ordering nanoparticles on the surface. Although the methodology used
of the liquid crystal on the LSPR properties. This fact makes to prepare the supported nanoparticles in our study does not
interpretation of the absolute values of the wavelengths permit independent control over particle size and organization
corresponding to the LSPR difficult. However, as discussed (the fabrication of such arrays is in progress), the method
next, examination of the temperature dependence of thedoes permit the preparation of nanoparticle ensembles with
LSPR peak does yield insights into the nature of the ordering varying LSPR maxima (caused by changes in both particle
of the liquid crystal about the nanoparticles. size and organization).

Upon heating of 5CB from the nematic into the isotropic ~ We repeated the previous experiments using gold nano-
phase, the previous arguments lead to the prediction thatparticles with a LSPR peak at 538.1 nm (measured in air
nanoparticles with SAMs formed from either decanethiol or prior to the formation of SAMs). The qualitative behavior
hexadecanethiol, which in the simplified model experience of these gold nanoparticles, when coated with SAMs formed
the ordinary refractive index of the liquid crystal, should red- from either hexadecanethiol or decanethiol, was similar to
shift upon heating of the liquid crystal into the isotropic that shown in Figure 3 (see Supporting Information for the
phase; in contrast, the nanoparticles with mixed SAMs measurements). In contrast, when the nanoparticles were
formed from decanethiol and hexadecanethiol should blue-coated with mixed SAMs, we noted several differences
shift upon heating the liquid crystal into the isotropic phase between the gold nanoparticles with a LSPR peak at 538.1
(extraordinary refractive index to isotropic refractive index). nm and those reported in Figure 5. First, upon initial contact
Assuming that the sensitivity of all of the SAM-modified  of the 5CB with the surface supporting the gold nanoparticles
gold nanoparticles is-30 nm/RIU, an increase in refractive  with a LSPR peak at 538.1 nm (coated with the mixed SAM),
index of~0.04 (characteristic of a change from the ordinary we observed that the bulk anchoring of the 5CB in its nematic
refractive index to the isotropic refractive index) at the phase at room temperature was not homeotropic. However,
nanoparticle surface should result in a red-shift in the LSPR ypon heating of this sample toward 33, we observed a
peak of~1.2 nm. In contrast, a decrease in refractive index macroscopic orientational transition leading to homeotropic
of ~0.1 (extraordinary refractive index to refractive index anchoring of the liquid crystal just prior (within a degree)
of isotropic phase) is calculated to result in a blue-shift in to the bulk phase transition to the isotropic phase. We note
the LSPR 0f~3.0 nm. that this bulk orientational behavior differs from that reported

Comparison of the previous predictions to the experimental previously using samples with a LSPR peak at 546.7 nm,
results presented in Figures 3 and 5 reveals qualitativewhere a temperature independent, homeotropic orientation
agreement for the gold nanoparticles decorated with SAMs of the bulk liquid crystal was observed. Interestingly, we
of either decanethiol or hexadecanethiol. The temperaturealso observed differences in the temperature dependent LSPR
dependence of the LSPR peak observed upon heating of thédehaviors of the two sets of nanoparticles in contact with
system into the bulk isotropic phase is consistent with transfer the liquid crystal. Figure 6a shows the wavelength of the
of the gold nanoparticles from an environment corresponding LSPR peak as a function of temperature for the second
to the ordinary index of refraction of nematic 5CB to an sample of nanoparticles decorated with mixed SAMs formed
environment of the refractive index of isotropic 5CB. from hexadecanethiol and decanethiol (in contact with 5CB).
Although the experimental values (6:2.1 nm) of the red- In comparison to Figure 5a, the position of the LSPR peak
shifts in the LSPR peaks are similar to the calculated value in Figure 6a is more strongly dependent on temperature. At
of 1.2 nm, given the primitive nature of the physical model temperatures below 32C and above 34£C, there is an
underlying our predictions, we speculate that this level of overall blue-shift of 0.8 nm in the wavelength of the LSPR
guantitative agreement is fortuitous. In contrast, the position peak with increasing temperature. In addition, over an
of the LSPR peak of the nanopatrticles functionalized with intermediate range of temperatures that encompasses the
mixed SAMs formed from decanethiol and hexadecanethiol previously mentioned macroscopic anchoring transition of
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) by changes in the LSPR properties of the nanoparticles. For
5704 - example, as shown in Figure 5, the bulk nematic-to-isotropic

x 57507'3 | transition is not accompanied by a substantial change in the
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£ g ggg-g: of the nanoparticles. From this result, we infer that the
28 5602 temperature dependence of the local order of the liquid
T @ 569 crystal near the nanopatrticles is substantially different from
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26 28 30 32 34 36 38 40 to situations (Figure 6) where there does appear to be a

Temperature (°C) correlation between the temperature dependence of the local
b) 570 30.2°C 30.2°C and bulk qrdering of thg liquid crystal. For the former case
L 56938 (nanoparticles with mixed SAMs formed from hexade-

SE ggg'i ] canethiol and decanethiol), we can envisage several physical
® Tg 569 2 models of the local surface ordering of the liquid crystal that
55 5695 are consistent with our experimental observations. One model
% g ggg:g | 39.3°C is based on the proposal that the local ordering of 5CB near
éﬁ 568.4 - the nanoparticles is preserved even after the bulk liquid

5%%; 484°C crystal has melted. Local surface-induced ordering of liquid
' ' crystals has been reported previously to occur above bulk
clearing temperature§.A second possible model that can
Measurement Number d ib he LSPR behavi f th icl ith th
Figure 6. (a) Temperature dependence of the LSPR peak of gold F‘,'SC“ e the ; ehavior of the _nar'OpartIC e$ with the
nanoparticles functionalized with an 8:2 mixture of decanethiol and Mixed SAMs is based on a surface-induced melting of the
hexadecanethiol. The measurements were performed with the nanoparticlediquid crystal below the bulk nematic-to-isotropic transition
immersed in 5CB. Prior to chemical functionalization, the peak absorbance . : e
was measured in air to occur at 538.1 nm. (b) The same sample as in paneFemperature' The gOld nanOpart'CIeS immobilized on the glass
a as the temperature is cycled from a temperature (30)2below the substrates define a rough surface, and surface roughness can
isotropic-nematic transition of 5CB to a temperature (39C3 above the decrease the local surface order of a liquid crystal as
isotropic-nematic transition. Error bars represent the standard deviation 77
of five measurements of the same sample at the same temperature. compared to the bulr@, even to the extent of Iocal_
melting/®7° The reduced local order does not necessarily
change the bulk alignme#ft#! which would be consistent
with our observations of homeotropic alignment on the
nanoparticle-decorated surfaces (see Supporting Information).
The consequences of localized disordering have been inves-
Stigated by Chiccoli et al. using Monte Carlo simulations of
a polymer fiber in a nematic liquid cryst&l.In that study,
it was found that local order that was either greater than or
less than the bulk order could result in the same alignment
of the liquid crystal far from the surface of the fiber. The
formation of defects in the liquid crystal was also described
in this study and other®,as well as changes in the structure
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the liquid crystal from the parallel-to-homeotropic orienta-

tion, the position of the LSPR red-shifts with increasing

temperature. This result is an interesting one because it
suggests that the LSPR behavior of the nanopatrticles report
nanoscopic changes in the ordering of the liquid crystal in
the vicinity of the nanoparticles that underlies the macro-
scopic anchoring transition. We note that inspection of Table
1 reveals that the differences in the LSPR behaviors in liquid
crystal reported in Figures 5 and 6 cannot be explained by
the relative sensitivities of the nanoparticle arrays to their
dielectric environments (as reflected in the magnitudes of

the shifts in the LSPR peaks upon formation of the SAMSs). I?lietlh ebcejer:i((::t(:‘s::alltrh :grggs(ra?ct)urg. i;i?it;g\?glgirs&grliort]isc)r\:vgi‘
Comparison of Figures 5 and 6 illustrates the dependence y y hag P

of the local order of the liquid crystal on the size and the LSPR behaviors that we have observed in our experi-

L } ments with nanoparticl n surf .

organization of the nanoparticles on the surface. ents wit .a oparticles on surfaces _

Although ongoing studies seek to elucidate the detailed ©OUr experimental results also reveal that the size and
origin of the temperature dependence of the LSPR peakOrganization of the ensemble of gold nanoparticles, in
measured in the previously described experiments usingaddltlon to the surface chemistry of the individual nanopar-
mixed SAMs. here we make several comments regardingtides’ impacts the LSPR behaviors as well as bulk orienta-
the possible origin of these effects. First, we contrast our tons of the liquid crystal. We note that the functionalized
observations to the results of a recent experimental study of90!d nanoparticles supported on glass defines a microscopi-

the effects of electric field-induced orientational transitions

of bulk liquid crystals on the LSPR properties of gold &753 Chﬁn, W.;Feflle(rj, M.B.;Shen,fY.dHP.hys. Re. Lett. 1989 63, 2665.
: . : 76) Ondris-Crawford, R. J.; Crawford, G. P.; Doane, J. W.; Zumer, S.;
nanodots (diameters of75 nm; spacing~100 nm) sup- Vilfan, M.: Vilfan, 1. Phys. Re. E 1993 48, 1998.
ported on surfaces. In that study, the LSPR behavior of the (77) Barberi, R.; Durand, GPhys. Re. A 1990 41, 2207.
nanodots appeared to correlate qualitatively with electric (78) Barbero, G.; Durand, Gl Phys. 111991 1, 651.

. . o . . . Lo 79) Papanek, J.; Martinot-Lagarde, R.Phys. 111996 6, 205.
field-induced transitions in the bulk orientation of the liquid ggog WU_FT S. T.; Efron, l.JAppLgphy'S' Lenféga 48, 224.

crystal®® In contrast, in our study of surface-induced orien- (81) gglgggllég.;si’?ggu, P.; Skacej, G.; Zannoni, C.; ZumeRI$ss. Re.
tational transitions, we have observed that changes in the(sz) Hung, F. R.; Guzman, O.: Gettelfinger, B. T.; Abbott, N. L.; de Pablo,

bulk order of the liquid crystal are not always accompanied J. J.Phys. Re. E 2006 74, 11711.
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cally inhomogeneous substrate, which can result in near-with the bulk liquid crystal. With this latter class of
surface regions of liquid crystal in which the ordering of chemically functionalized nanopatrticles, the local ordering
the liquid crystal is substantially different from the b of the liquid crystal in the vicinity of the nanopatrticles, as
Interestingly, such interfacial regions brought about by inferred from the LSPR behavior, was dependent on the sizes
inhomogeneous substrates can persist well above the bulkof the nanoparticles and/or organization of the ensemble of
nematic-to-isotropic clearing temperatdté>Ensembles of ~ nanoparticles. The above results, when combined, suggest
immobilized nanoparticles with long-range order are cur- that investigations of the LSPR properties of nanopatrticles
rently under investigation to understand how neighboring immersed in liquid crystals can be used to characterize the
particles affect ordering of the liquid crystals near nanopar- local ordering of liquid crystals in the vicinity of nanopar-
ticle surfaces and the associated changes in LSPR propertieicles. In addition, the coupling between the order of the
liquid crystal and the LSPR properties of the nanoparticles
Conclusion suggests the basis of novel approach for the formation of
active optical nanostructures including nanostructures capable

In summary, this paper reports an experimental investiga- . .
y bap P P g of chemical sensingf

tion of the LSPR properties of chemically functionalized gold

nanoparticles in contact with a liquid crystal. The results

presented in this paper reveal that the ordering of liquid Acknowledgment. This research was partially supported by
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of this coupling depends strongly on the surface chemistry Army Research Office WO11NF-06-1-0314.
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