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Noble-metal nanoparticles with localized surface-plasmon
resonances (LSPR) have been recently used to prepare new
materials with improved optical circular dichroism.” This
interest stems from a wide range of applications in biology
and physics, including the structural determination of proteins
and DNAP! and the pursuit of negative refraction.”! Surface-
plasmon-mediated circular dichroism (SP-CD) in solution has
been explored to date using small spherical metal particles,
invariably resulting in moderate signals over a narrow
spectral range."'% In contrast, we present herein a novel
class of metamaterial consisting of gold nanorods (NRs)
organized in three-dimensional (3D) chiral structures and
yielding a record circular dichroism anisotropy factor for
metal nanoparticles (>0.02) across visible and near-infrared
(Vis-NIR) wavelengths (600-900 nm). The fabrication pro-
cess can be easily upscaled, as it involves the self-assembly of
gold nanorods on a fiber backbone with chiral morphology.
Our measurements are fully supported by theoretical model-
ing based on coupled dipoles, unraveling the key role of gold
nanorods in the chiroptical response.

Three major strategies have been considered for the
generation of SP-CD responses: synthesis of metal clusters
with an intrinsically chiral surface,'""*) adsorption of chiral
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molecules onto achiral metal nanoparticles,>'"” and organ-
ization of nanoparticles into three-dimensional chiral
arrangements.” " Herein, we present a record level of optical
activity with a chiral assembly of NRs, which we interpret as
SP-CD. Known as plasmonic nanoantennas,'*! these particles
are characterized by the resonant collective interaction of
their conduction electrons with light in the form of both
scattering and absorption, with resonance frequencies that
can be tuned across the Vis-NIR spectrum by simply
changing the aspect ratio of the nanocrystals.”) Moreover,
the LSPR of NRs is very sensitive to the presence and relative
orientation of neighboring particles."® These two properties
combined make NRs promising building blocks for intense
and tunable SP-CD. We have designed a new nanocomposite
using a self-assembly strategy!!”! with NRs adsorbed onto a
scaffold of supramolecular fibers with chiral morphology
through specific non-covalent interactions.

NRs with an average length of 45 nm and average width of
17 nm were prepared by a seeding growth method,™ and
subsequently coated with the amphiphilic polymer poly(vi-
nylpyrrolidone) (PVP) in ethanol.' Fibers having a chiral
morphology were obtained by adding water to a DMF/
ethanol solution of anthraquinone-based oxalamide 1 (Fig-
ure 12),”"! forming a fluid dispersion (see the Supporting
Information for experimental details). In Figure 1b,c, we
present scanning electron microscopy (SEM) images of
twisted fibers with right- (P) and left-handedness (M),
corresponding to (R)-1 and (S)-1, respectively, with widths
in the hundred-nanometer range and lengths of several
micrometers.

For the preparation of the nanocomposites, a solution of
NRs was added to either the P or M fiber dispersion, leading
to a spontaneous assembly of nanoparticles onto the fiber
surface (Figure 1d,e). NRs are preferentially aligned along
the longitudinal direction of the fibers through non-covalent
interactions. The UV/Vis absorbance spectra of the nano-
composites in solution reveal the characteristic resonance
bands associated with the transverse (ca. 520 nm) and
longitudinal (ca. 720 nm) LSPR modes of NRs (Figure 2b).
Furthermore, the UV/Vis spectra also feature the background
contribution from the supramolecular fibers (at ca. 400 nm).
The CD spectra of the nanocomposites consistently present a
strong bisignated Cotton effect® at the position of the
longitudinal LSPR (Figure 2a). Both enantiomeric nano-
composites show mirror-image CD responses, allowing us to
disregard artifacts originating from linear dichroism and/or
linear birefringence (see the Supporting Information),?
which may occur in samples with macroscopic anisotropy.”"
For comparison, we also prepared P and M nanocomposites
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Figure 1. Representative electron micrographs of the anthraquinone-
based oxalamide fibers with chiral morphology and nanocomposites.
a) Chemical structure of the anthraquinone-based oxalamide 1, show-
ing the asymmetric carbon atom. b,c) Scanning electron microscopy
(SEM) graphs of the P and M fibers, respectively, after solvent
evaporation. d) SEM micrograph of the P bulk nanocomposite.

e) Transmission electron microscopy (TEM) image of the M nano-
composite showing twisted fibers with adsorbed nanorods.

with gold nanospheres®™ (average diameter 15nm) and
measured their UV/Vis and CD spectra (Figure 2a,b). No
optical activity was observed at the LSPR wavelength (ca.
520 nm) for gold nanospheres. This result suggested that
plasmon-induced CD mechanisms arising from the interac-
tion between fibers and nanoparticles are not significant
under our experimental conditions.!"”

We propose that the observed SP-CD signal originates
from a 3D chiral arrangement of the NRs. Working with this
hypothesis, we now set out to explain our results with a
coupled-dipole model,”*?! in which each particle is described
as an electric dipole. In this framework, Govorov and co-
workers recently predicted the possibility of inducing SP-CD
in helical arrangements of gold nanospheres.” Nevertheless,
they concluded that small variations of geometry or compo-
sition in the system can greatly diminish the CD signal
(Figure 3a). Accordingly, a sample with a finite amount of
disorder is expected to show only negligible SP-CD. This was
confirmed by our experimental findings for gold nanospheres
(Figure 2 a).

In contrast, we predict a robust SP-CD for a chiral
structure bearing elongated particles that are oriented along a
helix (Figure 3b; the model is fully described in the Support-
ing Information). Notably, a chiral arrangement of nano-

www.angewandte.de

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

200

100 -

CD / mdeg
o
3
==

-100 -
=200 4 T T I T T
300 500 700 900
Alnm
b)
<

0.0~ T T
300 500 700 900

Figure 2. a) Experimental CD and b) UV/Vis spectra in fluid suspen-
sions (0.1 cm path length). Solid lines show the results for gold NRs
(length 45 nm, width 17 nm); dashed lines show the results for gold
nanospheres (average diameter 15 nm). CD spectra are shown for
both P (red) and M nanocomposites (blue). Both enantiomeric nano-
composites show identical UV/Vis response (only the P nanocompo-
site spectrum is shown). The concentration of gold NRs and nano-
spheres in the nanocomposite solutions were 1.7x107° mol L' and
6.3x107° mol L™, respectively.

particles requires at least four nanospheres but only two NRs.
Furthermore, the intensity of the normalized SP-CD rapidly
increases with the number of NRs in the assembly. Surpris-
ingly, even a slight departure from sphericity (aspect ratio
1:1.1) is sufficient to greatly improve the robustness of the CD
lineshape with respect to the number of the particles present
in the system.

A model for our real system that mimics the nano-
composite morphology is shown in Figure 4a. NRs immersed
in a homogeneous medium were positioned on a 100 nm
radius tube, and each nanoparticle was oriented following a
helix with a 3 micrometer pitch. To limit the number of free
variables in the model, we considered the simplest config-
uration of two NRs (Figure 4b), thereby restricting the model
to one-to-one interactions between particles. CD spectra for a
monodisperse sample were simulated by varying the relative
position of the two particles independently along z and 8
(details on the numerical procedure are provided in the
Supporting Information). Summation of all spectra provides
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Figure 3. Simulated CD spectra using a coupled-dipole model. Nano-
particles immersed in a homogeneous medium of refractive index 1.33
are arranged following a helical curve with 12 nm radius and 15 nm
pitch. The nanoparticles are placed every 90 degrees of gyration on the
helix. The simulated spectra are scaled by the number of particles N
(N=2-7). a) Spheres with 5 nm radius, reproducing the results of
Govorov and co-workers.” b) Prolate ellipsoids of semi-axes

4.5 nmx5 nm (aspect ratio 1:1.1) with the major axis tangential to the
helix.

the overall CD spectrum (Figure 4c), which predicts a
bisignated Cotton effect with a more intense low-energy
wing and a zero-crossing point slightly blue-shifted from the
longitudinal LSPR. The bisignated lineshape, which is well
reproduced with this minimal two-rod model, is strongly
reminiscent of the characteristic response of molecules with
coupling between two identical chromophores (exciton cou-
pling theory).”! This analogy is not fortuitous, as both models
are based on dipole-dipole interactions, albeit at a different
scale. The major difference between experimental and
modeling results was found in the width of the CD features.
Polydispersity was therefore introduced in the model using
the distribution of particle sizes obtained from TEM meas-
urements (see the Supporting Information). This resulted in
an inhomogeneous broadening of the LSPR and the SP-CD
(Figure 4 c,d). With this addition our model faithfully repro-
duced the experimental CD spectra (Figure 4e,f). The
discrepancy in absolute SP-CD intensity can be explained
by different factors. The model ignores interactions between
more than two particles. Additionally, interactions between
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Figure 4. Representation of the nanocomposite and corresponding
calculated CD spectra. a) General sketch of the system. NRs are
randomly positioned onto the surface of a cylinder of radius
R=100 nm. The orientation of each particle is defined so that its long
axis is tangential to a helical curve of 3 um pitch. b) Same as in (a),
but with only two particles. The parameters describing the relative
position of the two NRs are the distance z along the cylinder axis and
the rotation angle 8 around the cylinder. c) Modeled CD and d) extinc-
tion spectra ¢ using the coupled-dipole model described in the
Supporting Information. The calculations are presented for monodis-
perse (red) and polydisperse (black) particle size distributions. In (d),
the dashed curves represent the average extinction spectra without
electromagnetic coupling between dipoles (experimentally, this corre-
sponds to a dilute solution of nanoparticles), showing no significant
differences in the LSPR. e) Experimental CD and f) extinction spectra
of the P nanocomposite reproduced from Figure 2 .

particles in direct contact cannot be considered within the
coupled-dipole approximation.'?!
The optical activity of chiral systems is often measured

through the anisotropy factor (g-factor) [Equation (1)]:®¥

g:? (1)

where Ae and ¢ are the molar circular dichroism and molar
extinction, respectively. Figure Sa shows the concomitant
increase in the g-factor with the concentration of NRs in the
nanocomposite, reaching a maximum value of 0.022. At a low
concentration of particles, TEM images show partial coverage
of NRs adsorbed on the surface of the fibers, corresponding to
relatively large interparticle distances and, consequently, to
weak electromagnetic coupling and moderate SP-CD. Upon
increasing the concentration of NRs, the coverage extends
until complete saturation of the fiber surface, yielding the
most intense CD and the maximum g-factor.
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Figure 5. Anisotropy factor (g-factor) of the nanocomposite and com-
parison with other chiral nanoparticle systems. a) Evolution of the g-
factor with the concentration of NRs, maintaining constant the
concentration of P fibers in the nanocomposite. The g-factor reaches a
maximum value of 0.022 upon saturation of the fiber surface with
particles (TEM insets). b) Representative values of chiroptical metal
nanoparticles in fluid media with strong anisotropy factors and the
corresponding typical spectral ranges.

As a comparison with other relevant chiroptical metal
nanoparticles in solution, Figure 5b shows representative
values of the highest reported g-factors and their correspond-
ing spectral ranges. In the UV region, the g-factor of organic
molecules can be enhanced by small metal nanospheres up to
0.005.%! Additionally, small metal nanospheres with SP-CD
only register values below 0.001.°% In the present study, we
obtained outstanding SP-CDs from NRs in fluid suspensions
with g-factors as high as 0.022 covering a wide Vis-NIR
range.’! This value is comparable with the highest g-factors
reported for molecules such as polyaromatic compounds
(0.05),% alleno-acetylenic macrocycles (0.01),5" and protein
complexes (0.06).'¥ The potential of localized plasmons in
generating strong SP-CD signal is expected to be most fully
realized for nanostructures with sizes in the hundred-nano-
meter range (such as a dimer of NRs presented herein), where
the dimensions are commensurate with the intrinsic helicity of
incident light.
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The original combination of NRs with a 3D chiral
structure proposed herein paves the way for a new realm of
applications for circular dichroism. We experimentally dem-
onstrated unprecedented levels of anisotropy factor in the
visible-near infrared region using a versatile and generic self-
assembly strategy. We thus anticipate the use of such
plasmonic nanoantennas as powerful chirality probes upon
attachment to proteins or DNA for in situ structure determi-
nation,**! by selecting the appropriate dimensions, mor-
phology, and functionalization of the metal nanoparticles.
Other particularly promising applications for this new class of
chiroptical metamaterials include non-linear optics,* nega-
tive refraction, and surface-enhanced Raman optical activ-
ity.’) We are currently focusing our effort on the non-trivial
task of preparing new organic precursors to obtain chiral
fibers in which the helix morphology is better defined, and
parameters such as diameter and pitch are controlled, with
the aim of obtaining metal nanoparticle composites with
further enhanced optical activity.
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