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Abstract

Circular dichroism measures the differential interaction of matter with left-handed and right-
handed circularly polarized light. Circular dichroism spectroscopy is essential for quantifying
protein secondary structure composition, and has more recently been employed to probe chiral
nanomaterials, which can have extraordinary strong circular dichroism effects compared to their
molecular counterparts. Here we investigated the circular differential scattering of a simple chiral
plasmonic system, a twisted side-by-side Au nanorod dimer, using single-particle circular
dichroism spectroscopy complimented with electromagnetic simulations. This approach enabled
us to quantify the effects of structural symmetry breaking, namely size-mismatch between the
constituent Au nanorods and large twist angles, on the resulting circular dichroism scattering
spectrum. Our results demonstrate that, if only scattering is considered as measured by dark-field
spectroscopy, a homo-dimer of Au nanorods with similar sizes produces a circular differential
scattering lineshape that is different from the bisignate response of the corresponding
conventional CD spectrum, which measures extinction for this nanorod dimer sample, i.e. the
sum of scattering and absorption. On the other hand, symmetry breaking in a hetero-dimer with
Au nanorods with different sizes yields a bisignate circular differential scattering lineshape. In
addition, we provide a general method for correcting linear dichroism artifacts arising from
slightly elliptically polarized light in a typical dark-field microscope, as is necessary especially
when measuring highly anisotropic nanostructures, such as side-by-side nanorods. This work
lays the foundation for understanding absorption and scattering contributions to the CD lineshape
of single nanostructures free from ensemble-averaging, especially important for self-assembled

chiral nanostructures that usually exist as both enantiomers.
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Chiral molecules, asymmetric chemical structures possessing non-superimposable mirror
images,® exhibit stereoselectivity in chemical reactions and biological interactions.” * They are
also the building blocks of life, imparting chirality on macrobiological structures of various
conformations.* ° In both natural and synthetic stereoselective reactions, the use of one chiral
molecule rather than its enantiomer can result in very different yields. Similarly, some
enantiomers of proven drugs are poisonous. Therefore it is crucial to accurately determine
molecular chirality, which is usually quantified by circular dichroism (CD), the differential
optical response of a system interacting with a left-handed circularly polarized (LCP) and a right-
handed circularly polarized (RCP) light.” CD spectroscopy is extensively used in the field of
biochemistry as it offers qualitative (folded vs. unfolded) and quantitative (percent compositions
of a-helix, B-sheet, random coils, etc.) insight into protein conformations,® sugar binding,® and
DNA base-base interactions.*®

In typical measurements of chiroptical activity, differential extinction signals are
acquired on ensembles of (macro-)molecules and the resulting CD lineshape is composed of both
positive and negative bands, due to the Cotton effect.'* Energy conservation requires that the

overall integrated extinction CD spectrum is zero.*> However, such energy conservation does not
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apply when absorption and scattering signal are measured separately.** ** This distinction
between scattering and absorption vs. their sum, i.e. extinction, is especially important as the size
of the chiral object increases from a small molecule, for which scattering can often be completely
neglected. However, the scattering cross sections of macromolecules such as proteins can be
comparable to or even larger than their absorption cross sections. Bustamante et al. elegantly
demonstrated in 1983, both theoretically and experimentally, that the scattering contribution to
the CD response is non-negligible when the size of the macromolecule reaches 1/20th the
wavelength of the incident light."® They also reported a dramatic change in the lineshape of the
circular differential scattering (CDS) spectrum, which exhibits only one band of a certain sign,
while the corresponding absorption CD spectrum possesses a bisignate lineshape.’® This
fundamental difference is often neglected due to the overwhelming success in the technically less
demanding extinction-based ensemble CD measurements.

Recently, ensemble CD spectroscopy has been used to characterize chiral

14-36

nanomaterials, which are of interest as negative refraction metamaterials,® miniaturized

26, 27 28, 30

optical elements with giant chiroptical effects, and enhanced (bio-)sensing platforms.

New chiral nanomaterials have been developed through novel top-down fabrication 2% 24 26.31-33

and bottom-up synthesis > 1820 22 23, 3437

methods. These nanomaterials are generally large
enough that scattering cannot be neglected. Especially for plasmonic nanostructures treating
absorption and scattering separately is important as one determines heat generation or hot
electron production * and the other is probes the radiative strength of the surface plasmon.*

The single-particle technique most widely used for plasmonic nanostructures, dark-field

spectroscopy,®® exclusively measures scattering. Other techniques such as spectral interference

microscope,** spatial modulation spectroscopy,** super-continuum white light confocal



microscopy,”® and photothermal imaging*" *°

were developed to probe the extinction or
absorption of single nanoparticle. Single-particle techniques are particularly important for
studying chiral nanostructures prepared by self-assembly techniques that enable the rapid
formation of three-dimensional objects with small interparticle gaps and hence strong plasmonic
coupling,*® but are inherently prone to introduce heterogeneity. Single-particle studies on
heterogeneous samples enable subtle structural features to be directly related to changes in
spectral properties.” However, despite the otherwise successful use of single-particle

spectroscopy very few studies exist on the CD response of chiral plasmonic nanostructures.*® "

24,3498 Among these few reports, elegant CD spectroscopy using non-linear spectroscopy 724
and near-field microscopy 2* did not yield either pure absorption or scattering, while CD spectra
measured in a dark-field scattering microscope *® resulted from achiral nanostructures due to the
geometry created by oblique angle excitation.

Here, we demonstrate on side-by-side twisted Au nanorod (AuNR) dimers, one of the
simplest assembled chiral plasmonic nanostructures, that, similar to proteins, the CDS spectrum
of AuNR dimers is composed of only one band. However, symmetry breaking results in a large
change of the CDS spectrum. Finite-Difference Time Domain (FDTD) simulations reveal that
the appearance of a bisignate lineshape is mainly due to the size mismatch of the two constituent
AuNRs and an increase in twist angle 6.

Results and Discussion

When two identical AuNRs are placed side-by-side, the resulting “homo-dimer” is chiral

if the twist angle 6 between the AuNRs is between 0° and 90° (D, point group, Figure 1a). A

mirror plane exists though in the overall structure for & = 0° or 90° (D2, and D4 point groups,

respectively). Here we always refer to the “AuNR dimer” as the chiral side-by-side twisted



AuUNR dimer. Although the determination of the chirality from the dimer geometry is a simple

‘true-false’ question, the spectroscopic CD response is far more complex.
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Figure 1. Geometries of twisted AuNR dimers. (a) Illustrations of twisted AuNR dimers with 3
representative twist angles 0 resulting in the associated point groups shown. Twist angle 6 is
defined by the angle difference between two AuNRs where the bottom rod is rotated by 6 around
the twist axis which is perpendicular to the long axes of two AuNRs as indicated by the dashed
line. (b) Plasmon hybridization diagram for the side-by-side AuNR dimer system. The plus and
minus signs denote the charge of the plasmon oscillation and the arrows represent the directions
of the overall dipole moment.

Plasmon hybridization theory,® >

the plasmonic analogue of molecular orbital theory,
offers intuitive predictions of the AUNR dimer CD response.*? * By ignoring contributions from
coupling of transverse and higher order modes, each AuNR can be approximated by only
considering its longitudinal mode as a dipole with energy ¢ (Figure 1b). When the AuNRs are
close enough to couple, the degenerate energy levels split into a lower energy bonding mode &.
and a higher energy anti-bonding mode ¢+ (Figure 1b). For the bonding mode, the dipoles are
aligned in an anti-parallel manner, therefore relieving the repulsion of charge and resulting in a
lower energy. Because the dipoles nearly cancel out in this configuration, this lower energy
bonding mode has a small transition dipole moment and is mostly optically dark. On the other
hand, for the anti-bonding mode, the parallel alignment of dipoles gives rise to a higher energy
mode because of charge repulsion. As the dipoles add up constructively in this configuration
though, the anti-bonding mode can be excited optically. It is important to note that the anti-

bonding mode has a handedness that is the same as the handedness of the AuNR dimer structure,
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while the bonding mode has an opposite handedness, resulting in the two modes possessing CD
responses of opposite sign.*

The twisted AuNR dimer system has been investigated theoretically before using a
coupled dipole theory.* We have applied full-wave electromagnetic simulations using the FDTD
method and approximating the AuNRs as cylinders capped with hemispheres instead of
ellipsoids, and have obtained similar results in the limit of large interrod distances. However, for
small AuNR separations of a few nm as is the case in the experiments discussed below, full-
wave electromagnetic simulations are necessary to correctly describe this system (Figure S2).
Calculated absorption cross sections o as a function of wavelength, i.e. absorption spectra, of a
AUNR dimer with a positive twist angle for excitation with LCP and RCP light indeed showed
two resonance maxima at 843 nm and 1049 nm, corresponding to the anti-bonding and the
bonding modes, respectively (Figures 2 and S1). The charge density plots calculated at these two
energies (Figure 2a insets) confirm this mode assignment. At the anti-bonding mode, this AUNR
dimer with a positive twist angle (i.e., the (+)-enantiomer) absorbs RCP light stronger compared
to LCP light because the twist of the AuNR ‘seen’ second in the path of light propagation
matches with the twist direction of the circular polarization, where the k-vector is parallel to the
twist axis. Similarly at the bonding mode, the (+)-enantiomer absorbs stronger under excitation

with LCP light. This differential absorption, Acaps = aps - Gaps

, Is illustrated by the
absorption CD spectrum in Figure 2b. The absorption CD spectrum displays the typical bisignate
lineshape associated with molecular CD spectra: one negative band at the anti-bonding mode and
one positive band at the bonding mode as indicated by the two dotted lines. The CD spectrum of

the same dimer with the opposite twist, i.e. the (-)-enantiomer, is the mirror image of that of the

(+)-enantiomer. At a first glance, plasmon hybridization theory and the calculated absorption CD



spectra suggest a strong analogue of the AUNR dimer to the optical response of chiral molecules
that have been modeled with exciton coupling theory.” ** We demonstrate in the following
paragraph that this analogy is not fully correct though, as scattering also has to be considered,
consistent with what has been reported before based on simulations using the coupled dipole
approximation.*?

In contrast to absorption, the scattering spectra of the (+)-enantiomer calculated with
excitation using LCP and RCP light show only one resonance, which corresponds to the anti-
bonding mode (Figure 2c). The corresponding scattering CDS spectrum, Acsat = scat - Oscat '
also has only one band (Figure 2d). The absence of the bonding mode can be explained within
the electrostatic dipole limit considering that the scattering cross section is proportional to the
square of the polarizability a, i.e. osca=k*/67|a|* where k is the wave vector. For the bonding
mode, the anti-parallel alignment of the two AuNR dipoles results in a small value for the square
of the polarizability, resulting in a negligible contribution to both scattering and CDS spectra.*?
Unlike scattering, absorption has only a linear dependence on the imaginary part of the

polarizability, i.e. oaps=k:Im[a]. Therefore the small residual dipole of the anti-bonding mode

appears in the absorption spectra and especially in the absorption CD spectra.
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Figure 2. Calculated scattering, absorption and their differential spectra of twisted AUNRS
dimers. FDTD simulations of the absorption spectra (a), absorption CD spectra (b), scattering
spectra (c), and CDS spectra (d) of dimers with positive and negative twist angles (for clarity
only scattering spectra of the +0 enantiomer are shown in (a) and (c)). Inset: Charge plots shown
in (a) were calculated at 843 nm and 1049 nm under LCP excitation, revealing the anti-bonding
and bonding nature of these resonances. The color bar is the corresponding relative charge
density scale. The elliptical shape of the top nanorods results from the fact that the plane of the
cross-section contained the bottom nanorods. The width and length of both AuUNRs were 22 and

88 nm, respectively. The gap between the AuNRs was 8 nm with a twist angle of 6 = +16°. See
Methods Section and Figure S1 for further details.

One of the characteristics of CD spectra is the sum rule. For molecular CD spectroscopy, it has
been theoretically proven that the integrated CD signal is zero as a result of energy
conservation.*> *2°2 The fact that only one band is observed in the CDS spectra (Figure 2d) does
not imply that this sum rule breaks down though. When the CD signal of the total attenuated
energy - the sum of absorption and scattering - is considered for the AUNR dimer, we find that

for Aoext = Aoscat + Aoaps the sum rule still applies. The drastic difference in the CDS lineshape



has been demonstrated in early work by Bustamante et al. on proteins using ensemble circular
intensity differential scattering techniques.*®* However, little attention has been paid to this effect
for chiral plasmonic nanostructures, mostly because ensemble CD spectra measure generally the
extinction.

We collected single-particle CDS spectra in order to test this theoretical model and also
to understand the role of size mismatch in ‘real” AUNR dimers. We first had to establish a robust
procedure for how to measure the CDS spectra of individual nanostructures free from
polarization artifacts introduced by a traditional dark-field microscope. The incident light in our
transmitted-light microscope was circularly polarized and switchable between LCP and RCP
using a combination of a linear polarizer and a quarter-waveplate (Figure 3a). LCP and RCP
light passed through an oil immersion dark-field condenser with an incident angle of 69° which
was larger than the critical angle at the glass-air interface to generate an evanescent wave (Figure
$3).%% The dark-field condenser furthermore ensured that the excitation light was incident from
all 360° directions (Scheme S1), resulting in an in-plane averaged CDS spectrum. This excitation
geometry avoided contributions from an extrinsic CDS signal of achiral nanoparticles as reported
recently.* These in-plane averaged measurements are not directly comparable to ensemble
measurements which necessarily average over all possible incident directions in three
dimensions, but simulations for this particular AUNR dimer system suggest that the difference
between in-plane averaged and 3D excitation does not change the lineshape of the CDS spectrum

(Figure S4).
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Figure 3. Experimental single-particle CDS setup. (a) Instrument diagram of the inverted, dark-
field microscope adapted to collect scattering CDS spectra of single nanoparticles. (b) A
representative hyperspectral image of single AuNRs with three AuNRs identified by colored
boxes for correlation to their spectra in Figure 4.

The scattered light of the nanoparticles was collected by an objective and directed to a
hyperspectral detection system (Figure 3b and Methods Section) for the rapid collection of
spectra from a large numbers of nanoparticles, particular useful for the correction of linear

dichroism artifacts as discussed below. CDS spectra are reported as a unitless anisotropy factor,

Percent CDS = 100 X (Z(ILCP - IRCP)/(ILCP + IRCP)) y Whel’e ILCP and IRCP are the
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wavelength-dependent intensities of the nanoparticle scattering with incident LCP and RCP light,
respectively. This normalization allows for the direct comparison of CDS measurements from
chiral nanoparticles with significantly different scattering intensities.

We first considered the departure from perfect circular polarized excitation, which is
experimentally unfeasible to achieve with a dark-field condenser over a broad wavelength range.
It is well-established that CDS measurements of oriented anisotropic samples can lead to linear

dichroism artifacts,>* %

if even a small degree of ellipticity exists for the circularly polarized
excitation. To avoid this artifact, we utilized a highly anisotropic achiral control, namely a single
AUNR, to develop a correction procedure. For achiral single AuNRs deposited randomly via spin
coating on a glass substrate, we observed a systematic error in the measured CDS (Figure 4a-c)
signal as a function of their orientation that was determined from the linear polarization
dependence of their scattered light by rotating a polarizer in the detection path (Figure 4d-f).
Linear dichroism artifacts manifest themselves in AUNR CDS spectra because slight ellipticity of
the incident excitation results in LCP and RCP light having major axes offset relative to each
other by 90° (Scheme S2). The spatial distribution of the polarization of elliptical incident light
for the experimental cone excitation is displayed in scheme S1d. The electric field distributions
of LCP and RCP excitations averaged over all incident angles in the sample plane therefore show
slightly elliptical shapes (Figure 4g). This unequal distribution of the excitation field for the two
incident polarization conditions employed in the CDS measurements results in AuNR dipoles of

different orientations interacting more strongly with either LCP or RCP light despite the AUNR

being achiral (Figure 4h).
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Figure 4. Correction procedure to account for imperfect circular polarization of the excitation
light. (a — c) Scattering spectra of single AUNRs were recorded with incident LCP and RCP light
(blue and brown lines, respectively) and yielded the single-particle CDS spectra given by the
green lines. (d — f) Polarization dependence of the scattering intensity at the peak resonance
wavelength, collected separately for these individual AUNRSs by changing the angle of a polarizer
placed in the detection path. This scattering intensity modulation was fit (red line) to determine
the AuNR orientation. (g) Schematic representation of the electric field for elliptically polarized
light with the dipole orientations of the highlighted AuNRs in (a — c) overlaid. (h) Percent CDS
collected from 99 single AuNRs as a function of their orientation before (red) and after a
correction factor was applied (blue). Calibration measurements from several days were included
in (h). Dashed lines at £5% and +£10% CDS are included as guides for the eye. The data points
marked with the colored boxes correspond to the AuNRs highlighted in Figures 3b and 4a-c.

Based on the ‘false’ CDS spectra of a total of 99 randomly orientated AuNRs, we were
able to calculate a correction factor that, when applied to the measured CDS spectra of chiral
nanostructures, account for the ellipticity in the incident excitation source. Figure 4h plots the
measured Percent CDS determined at the plasmon peaks, chosen to fall in the same wavelength
range as the AuNR dimers, as a function of AuNR orientation. The phase dependence of the

systematic deviation from no CDS signal reflects the orthogonal major axes of elliptical LCP and
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RCP light that preferentially excite AuNRs that are aligned parallel to these axes (Figure 4Q).
Based on the data in Figure 4h, we developed a wavelength-independent correction factor to
account for ‘false’ CDS signals of achiral nanostructures caused by linear dichroism. Further
details regarding this correction procedure are presented in the Supplemental Information (SI).
This model reproduces the trend in Figure 4g well (Scheme S3), therefore validating our
approach. After application of the correction factor, the CDS signal for single AuNRs was
reduced to within 10% of the scattering intensity with no apparent orientation dependence of
CDS signal (Figure 4h), justifying our assumption that single AuNR are achiral even though
imperfections at the atomic level especially at the AUNR ends could lead to a minor degree of
chirality. Accordingly, we used 10% as our detection limit for the CDS spectra of chiral
nanostructures. We furthermore performed FDTD calculations of the CDS for single AuNRs in
the presence of a substrate to ensure that symmetry breaking due to a substrate did not induce an
artificial CDS signal in our experimental geometry (Figure S5). We stress that this correction
factor was not specific to AuNR dimers or even plasmonic nanoparticles, but represents a
general procedure that can be applied to single-particle CDS spectroscopy and other excitation
geometries. Less anisotropic scatterers can be accounted for by reducing the magnitude of the
correction factor according to their anisotropy (Sl eq. 22-24). A completely isotropic scatterer
requires no application of a correction factor. Measurement of spherical Au nanoparticles which
are achiral and approximately isotropic scatterers possessed no CDS signal without the
application of a correction factor (Figure S6), supporting our linear dichroism correction method
and ensuring systematic errors were not the origin of the CDS artifacts.

We successfully applied our single-particle CDS spectroscopy to individual chiral AUNR

dimers. Figure 5a shows the scattering spectra under LCP and RCP light excitation for a single
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dimer of AuNRs with similar lengths (termed as the experimental homo-dimer) as confirmed by
the scanning electron microscope (SEM) image shown in the inset. In agreement with the model
AUNR dimer discussed in Figure 1, the resulting CDS spectrum (Figure 5b) clearly showed only

one negative CDS band above the detection limit, indicating that this homo-dimer had a positive

twist angle.
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Figure 5. Experimental and calculated scattering and CDS spectra of two AuNR dimers. (a)
Scattering spectra recorded with incident LCP and RCP light and the corresponding CDS
spectrum (b) of a twisted dimer comprised of two AuNRs with similar widths and lengths (i.e.
homo-dimer) as determined by correlated SEM imaging (inset in (a)). The red region in (b)
denotes the 10% detection limit determined from CDS measurements of single AuNRs (Figure
4). Panels (c) and (d) show the corresponding calculated spectra for a dimer comprised of
AUNRs with width x length dimensions of 20 nm x 54 nm and 20 nm x 54 nm. The interparticle
distance was set to 2 nm with a twist angle of 6 = 12°. The surface charge distribution calculated
at 651 nm shows that this resonance corresponds to the anti-bonding mode. (e) Scattering
spectra recorded with incident LCP and RCP light and the corresponding CDS spectrum (f) of a
dimer comprised of two AuNRs with distinctively different widths and lengths (i.e. hetero-
dimer). Guided by the SEM image, simulations for this hetero-dimer shown (g) and (h) were
based on AuNRs with width x length dimensions of 28 nm x 56 nm and 12 nm x 35 nm. Best
agreement with experiments was achieved with an interparticle distance of 2 nm and a twist
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angle of @ = - 45°. These parameters are not directly accessible through the SEM images that
only provide two-dimensional projections of the nanostructures. Surface charge distributions
calculated with the incident k-vector along the dimer twist axis at the two CDS peaks, 619 nm
and 757 nm, indicate that these two resonances correspond to the anti-bonding and bonding
modes, respectively. The simulated CDS spectra were obtained by averaging all in-plane
excitation directions (Figure S7). A substrate with a refractive index of n = 1.5 was included in
these calculations. See Methods Section and Figure S8 for further details.

FDTD calculations reproduce the single-particle spectra. To simulate the experimental
geometry of the condenser and evanescent wave excitation, the k-vector of the excitation light
was assumed to be parallel to the substrate and the CDS spectrum was averaged over two
orthogonal k-vectors directions.”® The intensity of the in-plane averaged CDS spectrum <CD>j,.
plane Was half the magnitude of the simulated CDS for the k-vector parallel to the dimer twist axis
(Figure S7), as the orthogonal in-plane direction did not interact strongly with the coupled AuNR
dimer modes. The AuNR dimensions were determined from the correlated SEM image, and a
glass substrate to support the dimers was included (Figure S8). The calculated spectra agree well
with the experiment for a twist angle of 12° (Figure 5c-d). A twist angle of 8° was reported by
ensemble measurements.® The surface charge plot in Figure 5d indicates that the CDS peak at
651 nm indeed corresponds to the bright anti-bonding mode. The small disagreement for the
resonance maxima, which were blue-shifted in the calculations, could have resulted from the
limited structural and orientation information of the SEM image.

Significant changes to the predicted single band CDS spectrum were observed when
instead a single hetero-dimer with significant size-mismatched AuNRs was investigated (Figure
5e-f). The single-particle scattering spectra recorded with LCP and RCP light (Figure 5e) as well
as the resulting CDS spectrum (Figure 5f) clearly reveal the presence of the lower energy

bonding mode that is no longer dark, likely due to symmetry breaking as will be discussed in

more detail below. Such symmetry breaking results in a bisignate CD lineshape, and based on
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the sign of the two peaks we conclude that this hetero-dimer is a (-)-enantiomer with a negative
twist angle 4. This type of heterogeneity, different enantiomers and homo- vs. hetero-dimers, is
inaccessible by traditional ensemble CD spectroscopy.®*

Calculated scattering and CDS spectra of this hetero-dimer (Figure 5g-h) based on the
correlated SEM image agreed with the major spectral features observed in the single-particle
experiment despite some noticeable discrepancies at shorter wavelengths where the optical
components start to fail. A negative twist angle was required to match the sign of the
experimental bisignate lineshape confirming that this hetero-dimer is indeed a (-)-enantiomer.
The charge plots in Figure 5h furthermore confirm the anti-bonding and bonding nature of the
higher and lower energy peaks, respectively. However, some disagreement is noted between the
measured and calculated spectra. In particular, in the calculated spectra the bonding mode was
not as pronounced and the relative intensity difference in the scattering spectra for LCP and RCP
excitation was significantly less. Although we have included the glass substrate, ligand capping
layers, in-plane averaged excitations, used an excessively large twist angle 0 = - 45° and have
explored many combinations of the structural dimensions of the AuNRs, no exact match to the
experimental spectra could be achieved. A minor contribution from out-of-plane excitation with
the k-vector normal to the substrate plane was likely in the experiments due to the nature of the
total internal reflection excitation.”” Further FDTD simulations of an ideal homo-dimer
comparing in- and out-of-plane excitations (Figure S9) revealed that the CDS contribution from
out-of-plane excitation is less than 10% compared to the CDS generated by excitation along the
dimer twist axis and thus has only little effect on the CDS lineshape. In addition to limitations
arising from extracting three-dimensional structure from two-dimensional SEM images, the

correction factor described in Figure 4 represents a wavelength-averaged value over the 610 —
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850 nm working range of the quarter-waveplate. In the 580 — 610 nm spectral range significant
deviations from the simulations are observed in Figure 5f as to the quarter-wave length failed to
produce circularly polarized light, resulting in increased artificial CDS due to linear dichroism.
The bisignate CDS lineshapes observed for the hetero-dimer sample (Figure 5f and 5h)
were largely the result of symmetry breaking caused by size mismatch and an increased twist
angle. To quantify these two factors, we again consider the ideal homo-dimer discussed in Figure
2 and first introduce size mismatch by increasing both the width and length of one AuNR by
20% so that the aspect ratio and hence resonance wavelength remain constant. The simulated
homo-dimer and hetero-dimer absorption CD and CDS spectra (Figures 6a and 6b) reveal that,
compared to the homo-dimer, the absorption CD increases for the bonding mode of the hetero-
dimer and the previously unobserved CDS signal at this resonance is now visible. The mode
assignment for both the homo- and hetero-dimers is given in Figure S10, which shows the
corresponding absorption and scattering spectra and surface charge plots. The CDS intensity at
the bonding mode originates from the fact that the two anti-parallel dipoles no longer completely
cancel each other due to the size mismatch of the two AuNRs.”! We additionally performed
simulations of a size-mismatched hetero-dimer with one AuNR 20% smaller and observed the

same bisignate CDS spectrum (Figure S11).
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Figure 6. FDTD simulations showing the effects of symmetry-breaking on the CD and CDS
spectrum of AuNR dimers. Calculated absorption CD (a) and CDS (b) spectra of a twisted AUNR
homo-dimer (green line) vs. a hetero-dimer (red line). The homo-dimer dimensions were the
same as in Figure 1, while a size mismatch was introduced by increasing both width and length
of the second AuNR by 20%. Varying width and length equally ensured that the aspect ratio was
kept constant and therefore the resonance energy did not change. The corresponding linear
absorption and scattering spectra as well as surface charge distributions are given in Figure S10.
Calculated absorption (c) and scattering (d) spectra of homo-dimers with three distinct twist
angles of 15° (green line), 45° (blue line) and 75° (maroon line). Apart from the twist angle the
simulation parameters were the same as in Figure 2.

A significantly larger twist angle of the AUNR dimer results in a bisignate lineshape of
the CDS. Figures 6¢ and 6d illustrate the absorption CD and CDS spectra of an ideal homo-
dimer for twist angles of & = 15°, 45°, and 75°. As the twist angle is increased the bonding mode
gains strength in both the absorption CD and CDS spectra. With significant excitation of the
bonding mode at large twist angles, the CDS spectrum now shows a bisignate lineshape.
Symmetry breaking due to the presence of the substrate appears to have a minor effect for this
particular system (Figure S12). The simulations in Figure 6 considering simplified AUNR dimer

geometries confirm that both a size mismatch and an increased twist angle contribute to the

experimentally observed CDS lineshape of the hetero-dimer (Figure 5f).

Conclusions

We have demonstrated a detailed description of the CDS lineshape of AuUNR dimers with
emphasis on various forms of symmetry breaking, which naturally occurs in assembled chiral
nanostructures. Single-particle CDS spectra were measured using a conventional dark-field
microscope, made possible through a correction procedure for linear dichroism artifacts arising
from imperfections in the incident circular polarization. Our experiments were complimented
with simulations to disentangle, separately for absorption and scattering, the effects of symmetry

breaking on the scattering and CDS spectra of twisted AuNR dimers. We found that the bisignate

19



CDS lineshape reported based on ensemble extinction spectroscopy for AUNR dimers with the

dimensions and geometries in this and previous studies **

is only observed for strongly
asymmetric hetero-dimers. Our single-particle CDS method can be readily adapted to numerous
other chiral nanoparticle systems, exemplified by twisted nanoribbons,*® as the field of chiral
nanomaterials continues to rapidly expand and requires a detailed understanding between

structural parameters and chiroptical activity in chiral nanoscale assemblies™® 33 81 33, 5815, 33, 5815,

33, 5815, 33,58

Methods
Nanoparticle Synthesis and Dimer Preparation

Single AuNRs were purchased from NanoPartz with nominal dimensions of 22x86 nm.
AuNR dimers were prepared as described in Ma et al. using a citrate linker molecule.>* Briefly,
AuNRs with an aspect ratio of 2.1 (average lengths and diameters of 63.6 nm and 22.0 nm), as
verified by transmission electron microscopy (TEM), were prepared by a standard seeded growth
method. The dimer formation was initiated through the addition of sodium citrate solution to the
nanoparticle dispersion causing the AuNRs to oligomerize. The reaction was halted by drop
casting the solution onto a substrate approximately five minutes after the reaction was initiated,
followed by drying with ultra-pure N, gas. The glass substrates were indexed for correlated SEM
imaging *° with a FEI Quanta 400 ESEM FEG using an electron beam energy of 15 keV. SEM
characterization revealed that no dimers with their twist axis perpendicular to the substrate were
observed. Previous characterization of the same AuNR dimer samples using TEM tomography
revealed an interparticle gap of 7.1 nm and a twist angle of 11°.*

Dark-Field Spectroscopy
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The single-particle scattering experiments were performed using a typical dark-field
microscope setup. As shown in Figure 3a an inverted microscope (Zeiss AxioObserver m1) was
used to measure the CDS of single nanoparticles. Unpolarized light from a tungsten-halogen
lamp was passed through a linear polarizer (ThorLabs, LPVIS100) followed by a quarter-wave
plate (Edmund Optics, #65-919, working range 600 nm — 800 nm) with axes oriented +45°
relative to one another to generate LCP or RCP light. An oil immersion condenser (Zeiss, NA =
1.4) was used to pass high angle incident light to the sample interface where total internal
reflection occurred generating an evanescent wave which excited the nanoparticles. Scattered
light was collected with a 50X objective (Zeiss NA = 0.8) and passed through a slit aperture
towards a hyperspectral detection system, described previously.®® For each measurement day,
the polarizer and waveplate orientations were adjusted by optimizing the circular polarized
incident light using the bright-field microscope option while monitoring the lamp spectrum. This
procedure yielded the same functional form of the correction factor (Scheme S3), but magnitude
and phase varied slightly.

Simulations

A commercial simulator, Lumerical, based on the FDTD method was used to perform the
calculations. The AuNRs were modeled as hemispherically-capped cylinders with the bulk metal
dielectric function adopted from Johnson and Christy.®* The minimum mesh size was set to 0.5
nm to ensure convergence. An additional 4-nm-thick dielectric layer with a refractive index njayer
= 2.2 was included in the model to account for the surfactants surrounding the chemically-
synthesized AuNRs used in the experiments.®? The schematic diagrams of the FDTD model with
and without a glass substrate as well as additional details are provided in Figures S1 and S4. To

approximate total internal reflection excitation, where evanescent waves propagate along the
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substrate, the k-vector of the simulated excitation was assumed to be parallel to the substrate. An
orthogonal k-vector for possibly minor out-of-plane excitation resulted in a negligible CDS
response (Figure S9).

Supporting Information

An analytical model describing the excitation polarization, the resulting CDS artifacts, our
implemented correction procedure for said artifacts, and further details regarding simulated
results are contained in the supporting information. The Supporting Information is available free
of charge on the ACS Publications website at DOI: 10.1021/acsphotonics. XX XXXXX.
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