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ABSTRACT

We report that localized surface plasmon resonances (LSPRs) of gold nanodots immersed under liquid crystals (LCs) can be used to characterize
adsorbate-induced ordering transitions of the LCs on the surfaces of the nanodots. The nanoscopic changes in ordering of the LCs, as
measured by LSPR, were shown to give rise to macroscopic ordering transitions of the LCs that were observed by polarized light microscopy.
The results reported herein suggest that (i) LCs may be useful for enhancing the sensitivity of LSPR-based detection of binding events and
(ii) that LSPR measurements of gold nanodots provide a means to characterize the nanoscopic origins of macroscopic, adsorbate-induced LC
ordering transitions.

Introduction. Surface-induced ordering of micrometer-thick
films of liquid crystals (LCs) has been reported to occur on
the surfaces of a wide range of organic and inorganic
materials.1–3 Although such studies reveal the ordering of
the LC films to be highly sensitive to details of the structure
and chemical functionality of these surfaces, the connection
between the ordering of the LCs on the micrometer-scale
(as probed, for example, by transmission of polarized light)
and the near-surface (<20 nm) ordering of the LCs is
complex and not well understood.3–10 Nonlinear optical
measurements, such as optical second harmonic generation,
have yielded important insights, including observations of
near-surface order above the bulk nematic-to-isotropic clear-
ing temperatures (TNI).3,4 Such measurements, however, are
complicated to perform and are not generally possible in
the presence of bulk LC due to quadrupolar contributions to
the second harmonic signal.3 Molecular-level simulations
have also provided important insights (e.g., that near-surface
order that is less than or greater than the bulk LC can result
in the same far field LC alignment),10 but simulations are
often approximate in terms of their representation of

experimental systems. In this paper, we report the use of
localized surface plasmon resonances (LSPRs) of gold
nanodots to characterize adsorbate-induced changes in the
near-surface ordering of LCs. When combined with in situ
polarized light microscopy, we demonstrate that this simple
approach permits simultaneous measurement of changes in
local (nanoscopic) and far-field (bulk) ordering transitions
in LCs.

LSPR-derived properties of metallic nanoparticles are
known to depend on the local dielectric environment of the
nanoparticles,11–17 often giving rise to a substantial absor-
bance of light in the visible part of the spectrum. In the study
reported in this paper, we exploit the influence of the local
ordering of LCs on the dielectric environment of metallic
nanoparticles to infer changes in local order via changes in
the optical absorbance of the nanoparticles. By immobilizing
the nanoparticles on macroscopic surfaces (referred to
hereafter as nanodots), we show that it is also possible to
use polarized light microscopy to simultaneously characterize
changes in the far-field ordering of the LC that accompany
the changes in local order of the LCs (as probed via LSPR).
The ordering transitions of the LCs investigated in our study
were induced by binding of dimethyl methylphosphonate
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(DMMP) to the surfaces of chemically functionalized gold
nanodots. The surfaces of the nanodots were functionalized
(see below for details) so as to present Cu(II) ions. Past
studies have demonstrated that competitive binding between
the nitrile group of nematic 4-pentyl-4′cyanobiphenyl (5CB)
(TNI ) 33.5 °C)18 and the phosphoryl group of DMMP to
Cu(II) ions supported on macroscopic gold surfaces can lead
to DMMP-triggered ordering transitions in micrometer-thick
films of 5CB.19,20 In this paper, we sought to determine if
we could use LSPR to detect nanoscopic changes in the
ordering of the LC near the nanodot surfaces that accompany
binding of DMMP. These experiments also allowed us to
determine if the cooperative nature of ordering transitions
in LCs can be used to enhance the LSPR response of
nanodots to binding events occurring at their surfaces. In
this respect, we note that DMMP is a simulant of organo-
phosphonate nerve agents.19 We end our introduction by
commenting that there have been several past studies of
LSPR phenomena in LC systems.21–30 These past studies have
not investigated adsorbate-induced ordering transitions.

Results and Discussion. The gold nanodots used in our
study were prepared on the surfaces of glass substrates using
methods detailed previously.30 In brief, the methods involve
physical vapor deposition of a thin film of gold onto a glass
substrate, and subsequent dewetting of the film into nano-
dots through thermal annealing. This procedure results in
arrays of nanodots with lateral dimensions of ∼32 nm and
heights of ∼17 nm.30 They absorb light strongly due to LSPR
effects, with a peak absorbance at 551.2 ( 0.4 nm. By
immersing these surface-supported nanodots into isotropic
solvents that differed in refractive index from 1.33 to
1.52,16,31,32 the refractive index sensitivities of the nanodots
used in the experiments reported in this paper were deter-
mined to range from 25.7 to 28.1 nm/RIU (nanometers per
refractive index unit, see Supporting Information, Figures
S1, S2, and Table S1).

Our initial experiments sought to characterize the distance
from the nanodot surfaces that was probed by the evanescent
field of the plasmons. We used a layer-by-layer deposition
method to place polyelectrolyte multilayers (PEMs) of known
thicknesses over the nanodots.33–35 The PEMs were prepared
by sequential deposition of poly(allylamine) hydrochloride
(PAH) and poly(acrylic acid) (PAA). We prepared PEMs
on two types of samples: continuous gold films (thickness
200 nm) supported on silicon wafers and the above-described
gold nanodots immobilized on glass. Self-assembled mono-
layers (SAMs) were formed from mercaptoundecanoic acid
on both surfaces prior to deposition of the PEMs. After
deposition of each PAH layer, the position of the LSPR peak
was recorded on the surface presenting gold nanodots, and
the ellipsometric thickness was recorded for the PEM formed
on the continuous gold film (Figure 1). Inspection of the
LSPR results reveals that the wavelength corresponding to
the maximum absorbance of the nanodots increases with
deposition of the PEM up to approximately 5 bilayers or
equivalently a thickness of approximately 15 nm. Although
the ellipsometric thicknesses of the PEMs were observed to
increase linearly with each bilayer of polymer deposited, the

LPSR of the nanodots was insensitive to the deposition of
more than five polyelectrolyte layers. This trend is consistent
with the exponentially decaying intensity of the evanescent
wave with distance from the nanodot surface.31,36 These
results indicate that the nanodot-decorated surfaces used in
our studies of LCs (as described below) are probing the
dielectric environment created by the ordering of the LCs
within approximately 15 nm of the nanodot surfaces. In
contrast, surface plasmon resonance of continuous gold films
is not as surface-sensitive as it is influenced by the dielectric
environment within hundreds of nanometers of the gold
film.37

Next, we prepared surface-immobilized nanodots that were
functionalized sequentially with a SAM formed from mer-
captoundecanoic acid and a thin layer of copper perchlorate
(copper (II)/carboxylate functionalization). For the purposes
of comparison, we also prepared a first reference sample that
was functionalized with a SAM formed from a mixture (8:
2) of decanethiol and hexadecanethiol, and a second reference
sample that was functionalized with a SAM formed from
hexadecanethiol. After chemical functionalization, each
sample was assembled into an optical cell comprised of a
50 µm thick film of the LC 5CB that was sandwiched
between the substrate supporting the functionalized gold
nanodots and a piece of octyltrichlorosilane-treated glass.30

Optical micrographs (polarized light, transmission mode
using cross-polars) of the LC are shown in Supporting
Information, Figure S3a-c. The optical micrographs reveal
that the surfaces decorated with nanodots functionalized with
either the mixed SAM formed from decanethiol and hexa-
decanethiol, or the Cu(II) ions, caused perpendicular (ho-
meotropic) alignment of the bulk LC (Figure 2a). In contrast,
the surfaces decorated with nanodots functionalized with
SAMs formed from hexadecanethiol caused a tilted or
parallel orientation of the LC,30 consistent with alignment
of bulk 5CB in the optical cell shown in Figure 2b. These
orientations of the 50 µm-thick film of LC are the same as

Figure 1. LSPR response of gold nanodots to deposited bilayers
of PAH-PAA. The samples were measured in air and each data
point corresponds to a sequentially increasing number of bilayers.
Error bars represent the standard deviation of the average of five
measurements.

Nano Lett., Vol. 8, No. 8, 2008 2363



those seen when using continuous gold films with the same
surface chemistry.19,20,38–41

In order to probe the near-surface order of the LC in
contact with the above-described chemically functionalized
gold nanodots (prior to exposure to DMMP), we measured
the positions of the LSPR peaks of the nanodots as a function
of temperature (Figure 3). If the ordering (and thus dielectric
environment) of the bulk 5CB (as characterized by polarized
light transmitted through the film of LC, illustrated in Figure
2a)18 extended to the surface of the gold nanodots function-
alized with Cu(II), a sharp decrease in the wavelength of
the plasmon resonance at the bulk nematic-to-isotropic
transition temperature of 5CB would be predicted as the local
refractive index perpendicular to the nanodot surface would
change from the extraordinary refractive index (1.72) to the
isotropic refractive index (1.58). Inspection of Figure 3a,
however, reveals that the LSPR peak position remains
relatively unchanged at the bulk phase transition temperature
(33.5 °C); it exhibits a slow decrease in peak wavelength
with increase in temperature between 25 and 40 °C. For
reference, Figure 3b shows the temperature dependence of

the LSPR peak for the nanodots functionalized with the
mixed SAMs, which also cause perpendicular ordering of
5CB in the bulk (optical micrographs in Supporting Informa-
tion, Figure S3b and illustration of corresponding bulk
alignment in Figure 2a). These measurements also reveal
little change in the LSPR peak position upon heating of the
bulk LC through the nematic-to-isotropic transition. In
summary, these two data sets (Figures 3a,b) suggest that
interactions between 5CB and the surfaces of the chemically
functionalized nanodots lead to local ordering in the 5CB
that does not change substantially upon melting of the bulk
LC. This result is a surprising one, particularly given that
the 5CB is expected to interact with these two surface
chemistries through different mechanisms. Past studies have
demonstrated that copper ions order 5CB at surfaces through
coordination with the nitrile group of the 5CB (Figure 2c),20

whereas the mixed SAMs formed from long and short
alkanethiols likely order the 5CB through interactions
between the aliphatic tails of the 5CB and the mixed SAMs.40

In contrast to the surface chemistries that cause perpendicular
ordering of bulk 5CB, the LSPR of the nanodots function-

Figure 2. (a) Bulk ordering of 5CB inside an optical cell with perpendicular ordering of 5CB on both the top and bottom surfaces. (b) Bulk
ordering of 5CB inside an optical cell with perpendicular ordering of 5CB at the top surface and planar ordering at the bottom surface. For
panels a and b, the bottom surface presents immobilized gold nanodots and lines represent the average orientation of 5CB. Chemical
structures of (c) 5CB and (d) DMMP. (e) The local ordering of 5CB near the surface of copper carboxylate functionalized gold nanoparticles,
and (f) the local ordering of 5CB near the surface of copper carboxylate functionalized gold nanoparticles after exposure to DMMP. The
ordering of 5CB in panel e results in the nanoparticle surface plasmon resonance being influenced by the extraordinary index of refraction
(ne) while the ordering in panel f would result in the nanoparticle being influenced by the ordinary index of refraction (no).
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alized with the single component alkanethiol SAMs (which
cause parallel ordering of bulk 5CB, as shown in optical
micrographs in Supporting Information, Figure S3a) exhibit
a substantial response at the bulk melting transition of the
5CB (Figure 3c). Inspection of Figure 3c reveals a significant
increase in the LSPR peak position at the bulk nematic-to-
isotropic phase transition: this red shift in the position of
the LSPR peak absorbance is consistent with a change in
the local refractive index near the nanodot from a value

corresponding to the ordinary refractive index (1.54, as
predicted for 5CB oriented parallel to the surface of
nanodots) to the refractive index of isotropic 5CB (1.58).
That is, for the nanodots functionalized with hexadecanethiol,
the changes in the local ordering of the LC follow, at least
qualitatively, changes that are also occurring in the bulk LC
as a function of temperature.

In order to investigate the LSPR response caused by
binding of DMMP (Figure 2d) to Cu(II) at the surfaces of
the nanodots, we spread a 10 µm-thick film of 5CB over the
copper carboxylate-functionalized nanodots and sandwiched
the film of 5CB using a 30 µm thick membrane of
poly(dimethylsiloxane) (PDMS). The PDMS film was used
to form a mechanically stable film of 5CB and to allow
diffusion of the DMMP from a gaseous stream to the nanodot
surfaces. Figures 4a-e show polarized light photographs
(crossed polars) of the copper carboxylate functionalized
nanodots immersed in 5CB in the presence and absence of
DMMP. Initially (Figure 4a) in air (no DMMP), the sample
is dark, which is consistent with bulk perpendicular ordering
of the LC with respect to the confining surfaces. After
exposure to a gaseous stream of nitrogen containing 10 ppm
DMMP for 40 min (Figure 4b), the entire sample is bright,
which is consistent with a change in ordering of the bulk
LC to so-called hybrid anchoring conditions. This anchoring
refers to a situation where one surface (the PDMS) causes
perpendicular ordering and the other surface (functionalized
gold nanodots) promotes planar or tilted ordering of the LC
(Figure 2b). Figures 4c-e demonstrate that the optical
response of the LC, as measured by transmission of polarized
light, is reversed upon purging the system with air free of
DMMP (Figure 4c), reintroducing DMMP into the system
(Figure 4d), and purging once again with air free of DMMP
(Figure 4e). We note that these experiments did not attempt
to maximize sensitivity or response rate to DMMP - instead,
they sought to allow simultaneous measurement of the LSPR
behavior of the nanodots and the ordering of the LC within
the bulk of the film.

The corresponding LSPR responses of the nanodots to the
presence and absence of DMMP are plotted in Figure 4f (at
24.8 °C). After exposure to 10 ppm DMMP, we measured
the position of the LSPR peak to blue shift by 1.7 nm. This
blue shift indicates the presence of a change in the near-
surface (<15 nm) order of the LC upon exposure to DMMP.
The LSPR responses of the nanodots are sensitive to the
refractive index normal to the surfaces of the gold nanodots:
If the local orientation of the 5CB is normal to the nanodot
surface prior to exposure to DMMP (Figure 2e), then the
LSPR peak will be influenced principally by the extraordi-
nary refractive index (1.72) of the 5CB. Upon addition of
DMMP, if the change in local order of the LC is similar to
that described above for the bulk 5CB, the near surface
orientation of the 5CB will be close to parallel to the nanodot
surface (Figure 2f).19,20 This will lead to a LSPR absorbance
that will reflect the value of the ordinary refractive index of
the LC. On the basis of these considerations, we calculated
the maximum change in the LSPR peak position upon
exposure to DMMP as the maximum change in refractive

Figure 3. Characterization of temperature-dependence of the LSPR
response of gold nanodots functionalized with SAMs of (a) copper
carboxylate, (b) an 8:2 mixture of decanethiol:hexadecanethiol, and
(c) hexadecanethiol. The measurements were performed with the
nanodots immersed in 5CB. Error bars represent the standard
deviation of five measurements of the same sample at the same
temperature.
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index, -0.18, multiplied by the sensitivity of the nanodots,
28.1 nm/RIU, which corresponds to a blue shift of 5.1 nm.
We note that the experimentally measured blue shift of 1.7
nm is less than the 5.1 nm calculated on the basis of the
above considerations. A number of reasons likely underlie
the smaller magnitude of the experimental value. The ad-
ditional layer of Cu(II) perchlorate deposited onto the surface
of the nanodots will make the nanodot sensitivity less than
28.1 nm/RIU. Also, the local ordering of the LC is likely
not changing from being perfectly perpendicular to com-
pletely planar, which would result in an overall change in
the local refractive index that is less than 0.18. Finally, the
above calculation neglects the likely presence of defects
within the LC near the particle surfaces.42

The above-described blue shift in the position of the LSPR
peak absorbance upon exposure to DMMP is interesting in

light of the absence of a substantial shift in the LSPR peak
upon heating of the bulk 5CB through the nematic-to-
isotropic phase transition (Figure 3a). As described above,
we concluded that the absence of the shift in the LSPR peak
upon heating was due to local ordering of the 5CB at the
surface of the nanodot that persisted above the bulk phase
transition. The above result obtained with DMMP supports
this interpretation, as the introduction of the DMMP causes
a blue shift in the LSPR response, which is consistent with
a transition in the local orientation of the 5CB away from
an initial state that is ordered close to the perpendicular of
the nanodot surface. To provide additional insight into the
nature of the change in the near-surface order upon exposure
to DMMP, we heated a sample to a temperature of 41.2 °C,
which is above the bulk nematic-to-isotropic transition of
5CB. Figure 4f shows the LSPR response of the sample with

Figure 4. Optical images of nematic 5CB in contact with gold nanodots functionalized with copper carboxylate and immersed under a 10
µm film of the 5CB (a) initially in air, (b) after exposure to 10 ppm DMMP, (c) after re-exposure to air-free of DMMP, (d) after re-
exposure to 10 ppm DMMP, and (e) after re-exposure to air. Polarizers were arranged orthogonally both above and below the sample and
the sample was illuminated from below. The sample shown was 0.5 cm wide and 2.5 cm long. (f) (- -) LSPR responses corresponding to
a-e. (··) LSPR response to DMMP with the bulk 5CB heated into the isotropic phase. (s) LSPR response using an isotropic oil rather than
5CB.
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5CB in the isotropic phase, both in the absence and presence
of DMMP. Upon heating to 41.2 °C and before exposure to
DMMP, the LSPR peak blue-shifted by 0.4 nm (consistent
with temperature effects seen in Figure 3a). After exposure
to 10 ppm DMMP for 40 min, the position of the LSPR
peak blue-shifted by an additional 0.6 nm (Figure 4f). The
peak shifts were reversible, and the same LSPR peak
positions were obtained after purging the 5CB in air for 1 h
and again exposing the sample to 10 ppm DMMP. As a
control, we performed an experiment where the 5CB was
replaced by high refractive index (Cargille type B immersion
oil with a refractive index of 1.52) isotropic oil that does
not form a LC phase (Figure 4f). Inspection of Figure 4f
reveals that 40 min of exposure to 10 ppm DMMP leads to
a blue shift of less than 0.2 nm in the LSPR peak, which
could be reversed upon purging DMMP from the system.
This blue shift is consistent with binding of DMMP to the
copper carboxylate surface, as DMMP has a lower refractive
index (1.41) than the oil. The magnitude of the change in
the position of the LSPR peak is, however, a factor of 3 less
than that observed with the 5CB in the isotropic phase. These
results support the conclusion that the 5CB, even when
heated above the bulk 5CB phase transition temperature, is
ordered at the surface of the nanodot. This ordering of the
5CB is perturbed by binding of DMMP, thus giving rise to
a shift in the LSPR peak that is larger than that observed
with isotropic oil.

Figure 5 shows the magnitude of the change in the LSPR
peak position upon exposure to DMMP, as measured when
using nematic 5CB, isotropic 5CB, and the high refractive
index oil. Inspection of Figure 5 shows that the blue shift in
the position of the LSPR peak induced by DMMP is 6-fold
greater in 5CB as compared to the isotropic oil. As mentioned
earlier, the results from Figure 1 show that the gold nanodots
are sensitive to the dielectric environment within 15 nm of
the particle surface. When DMMP binds to the nanodot
surface in the isotropic oil, the LSPR response arises from
the change in refractive index associated with a monolayer
of DMMP. In contrast, when the DMMP binds to the surface
of a nanodot immersed in nematic LC, reordering of the LC

propagates across the entire volume probed by the evanescent
waves of the nanodot. These changes in local order propagate
into the bulk of the LC, as is evident in the optical textures
of the LC shown in Figure 4. We conclude that LSPR
provides an experimental method to characterize the nano-
scopic origins of adsorbate-driven ordering transitions in LCs.
We also conclude the LSPR response of nanodots to surface-
binding events is substantially larger when the nanodots are
immersed in LC as compared to an isotropic liquid.

Finally, we mention that we performed control experiments
to confirm that the LSPR response to DMMP is surface-
driven and specific to DMMP. To this end, we saturated filter
paper with either liquid hexadecane or decyl alcohol and
placed the impregnated filter paper into a sealed chamber
with the copper carboxylate functionalized gold nanodots
immersed under nematic 5CB. At 25 °C, the saturated vapor
concentrations of hexadecane and decyl alcohol are ∼3 and
∼11 ppm, respectively. Inspection of Figure 5 reveals that
the position of the LSPR peak did not change upon exposure
of the LC-immersed nanodots to these organic vapors for
1 h. Additionally, the optical texture of the film of 5CB when
viewed with crossed polars remained dark and did not change
upon exposure to each of the organic vapors. Control
experiments were also performed to confirm that the shifts
in the LSPR peaks were due to DMMP binding to the Cu(II)
functionalized surfaces of the nanodots as opposed to
disruption of the bulk order of the LC due to dissolved
DMMP (see Supporting Information, Figure S4).

Conclusions. In summary, we have reported a method to
simultaneously investigate nanoscopic and bulk order of LCs
during analyte-induced ordering transitions by combining the
use of LSPR of gold nanodots and polarized light micros-
copy. Our investigation leads to two main conclusions. First,
adsorbate-induced ordering transitions of LCs can be directly
interrogated using LSPR, thereby providing insights into the
nanoscopic changes in ordering of LCs that lead to bulk
ordering transitions. Second, the cooperative nature of LC
ordering transitions provides a means to amplify the LSPR
responses of gold nanodots to binding events at their surfaces.
The use of LSPR as a tool to probe local ordering of LCs
near nanoparticles is also significant because the local order
can direct the self-assembly of nanoparticles.42,43
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Figure 5. LSPR responses of functionalized gold nanodots to vapors
of decyl alcohol, hexadecane, or DMMP. The gold nanodots were
either immersed in isotropic oil, nematic 5CB, or isotropic 5CB
(as indicated).
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