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II. MATERIALS, METHODS, AND TECHNIQUES

A. Dispersion of gold nanoparticles in lyotropic LCs

GNRs of various sizes were examined. Comparatively
large, polymer coated GNRs (Nanopartz Inc.) with a mean
diameter of 40 nm and mean length of 73 nm are used as
supplied. Smaller GNRs with a mean diameter of 20 nm and
mean length of 50 nm were synthesized according to Ref.
[29]. Gold nanocubes and gold “nanostars” were synthesized
according to Refs. [30,31], respectively. Gold nanoparticles
are functionalized by thiol-terminated methoxy-poly(ethylene
glycol) (mPEG-SH) for colloidal stability. The composite
of mPEG-GNRs and lyotropic LC is prepared based on a
ternary lyotropic LC of sodium decyl sulfate-decanol-water
(SDS–1-decanol–water) with a known phase diagram [32]. A
calamitic nematic (NC) lyotropic LC was prepared using a
composition of 37.5 wt% of SDS, 5.5 wt% of 1-decanol (both
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FIG. 2. (Color online) (a) SEM image of gold nanocubes. (b) Optical microscopy image of a dispersion of gold naoncubes in 5CB. The
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FIG. 3. (Color online) (a) POM image of an unaligned concentrated GNR-5CB composite sandwiched between two parallel glass plates.
(b, c) Transmission-mode optical images of a GNRs-5CB composite under polarized light. (d) POM image of GNR-5CB droplet suspended
within a PDMS matrix. (e, f) Transmission-mode optical images of GNRs-5CB droplets obtained under polarized-light illumination showing
polarization-dependent colors.

match the spatial variations of the director �eldN(r ) of NC, as
illustrated in Fig.4(g).

In addition to shearing force, surface alignment by rub-
bing and boundary con�nement set by different con�nement

geometries and treatment of surfaces, GNR dispersions can
be aligned and controlled by light (Fig.5). Photoalignment
layers de�ne the surface boundary conditions forN parallel
to their azobenzene groups that orient orthogonally to the

FIG. 4. (Color online) (a) SEM image of mPEG-functionalized GNRs. The inset of (a) shows the distribution of aspect ratios of used
GNRs. (b, c) Transmission-mode optical microscopy micrographs of GNRs in alignedNC with the polarization of incident light (b) parallel and
(c) perpendicular to the far-�eld directorN0. (d) POM image showing half-integer disclination defects in unaligned samples of the dispersions
of GNRs inNC. (e, f) Polarized dark-�eld images of the same area as shown in (d) obtained for two orthogonal polarizations denoted by white
double arrows. (g) A schematic of the director �eldN(r ) corresponding to (d–e).
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FIG. 5. (Color online) (a) A POM micrograph of a “yin-yang”-shaped twist domain within a uniformly aligned cell with GNRs-5CB
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FIG. 6. (Color online) (a) A schematic of the setup used to measure the polarization-dependent transmitted spectra; the arrow indicates
orientation ofN0 set by the shear force. (b) Experimental extinction spectra of GNRs inNC at 4.7× 10Š8 M. (c) Simulated extinction coef�cients
for the same concentration of GNRs inNC as (b) for two orthogonal polarizations of incident light and forSGNR = 1. (d) Computer-simulated
spectral dependencies of extinction, absorption, and scattering coef�cients for two orthogonal polarizations of incident light forSGNR = 0.71.
(e) Calculated imaginary parts of refractive indices and its anisotropy. (f) Calculated spectral dependence of effective-medium refractive indices
n� andn� .

at much lower concentrations or volume fractions of large
GNRs. Third, the relative contribution of scattering to the total
extinction (� abs

� /� ext
� ) increases with increasing the effective

volume of GNRs. For example, this ratio of GNRs of 20 nm in
diameter and 50-nm long is� 12%, while it increases to� 52%
for GNRs of 40 nm in diameter and 73 nm in length. This
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the absorption coef�cient� abs
� ,� in Fig.6(d): n� ,� (	 ) = noffset

� ,� =

[1/ (2� 2)] P.V.
� 	 2

	 1
� abs

� ,� (	 )/ [1 Š (	 �/	 )2]d	 �, where P.V. is the
Cauchy principal value of the integral. The integration ranges
from 	 1 = 450 nm to 	 2 = 900 nm. The used values of
offset extraordinary and ordinary indicesnoffset

� ,� are based
on n̄LC = 1.39 and the intrinsic optical anisotropy�n LC =
Š0.006± 0.001 of the NC. The effective-medium optical
anisotropy of the GNRs-NC composite is much larger than
the intrinsic birefringence ofNC and changes sign at around
the longitudinal SPR peak wavelength[Fig. 6(f)].

IV. DISCUSSION

A. Strong anchoring and elastic alignment

In general, the alignment of rod-like or other nonspherical
particles dispersed in the nematic LC could be caused by
GNR-LC matrix interaction in “strong,” “weak,” or �nite
surface anchoring regimes. In the strong anchoring regime,
the GNR-matrix interaction is expected to be mediated mostly
by the minimization of elastic free energy due to director
distortions induced by nanoparticles while having the director
at LC-GNR surfaces follow the tangential boundary conditions
[21]. In contrast, in the regime of weak surface anchoring,
the director distortions in the LC bulk and energetic cost
due to them can be neglected as the director meets the
GNR-LC surface at different angles, so that the anisotropic
nanoparticle orientation is determined by minimization of the
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FIG. 7. (a) Order parameterSGNR vs. = �LRW/ (2kBT). (b) Distribution of GNR orientations with respect toN atSGNR = 0.71. (c) Order
parameterSGNR vs. effective radiusreff of the nanoparticle. (d) Extinction coef�cients at longitudinal SPR wavelength vs.reff .

is a function of the angle� betweenN and the GNR’s long
axis. The equilibrium distribution of GNR orientations due to
surface anchoring interactions follows Boltzmann statistics:
f s(� ) 	 exp(Š sin2 � ), where = �LRW/ (2kBT). Thus, the
scalar orientational order parameter reads

SGNR =
� �

0
P2(cos� )f s(� ) sin�d�

= 3 exp( )/ [2
�

�  erf(i
�

/ i )]
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