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ABSTRACT: Chiral plasmonics is a rapidly developing field where breakthroughs and unsolved
problems coexist. We have recently reported a binary surfactant-assisted seeded growth of chiral
gold nanorods (Au NRs) with high chiroptical activity. Such a seeded-growth process involves the
use of a chiral co-surfactant that induces micellar helicity, in turn driving the transition from achiral
to chiral Au NRs, both from the morphological and from the optical points of view. We report
herein a detailed study on both transitions, which reveals intermediate states that were hidden so
far. The correlation between structure and optical response is carefully analyzed, including the
(linear and CD) spectral evolution over time, electron tomography, the impact of NR dimensions
on their optical response, the variation of absorption-to-scattering ratio during the evolution from
achiral to chiral Au NRs, and the near-field enhancement related to chiral plasmon modes. Our
findings provide further understanding on the growth process of chiral Au NRs and the associated

optical changes, which will facilitate further study and applications of chiral nanomaterials.

KEYWORDS: chirality; chiral plasmonics; seeded growth; circular dichroism; electron
tomography.



INTRODUCTION

Intrinsically chiral plasmonic nanostructures support localized surface plasmon resonances
(LSPRs) that respond differently to left- and right-handed circularly polarized light, while
displaying the usual characteristics of LSPRs, such as local field enhancement, antenna effect, hot-
carrier production, and photothermal effects.!> A combination of chirality and conventional
plasmonic features creates opportunities for the design of more efficient nanophotonic and
optoelectronic devices,> biosensing and biomedical applications,®® photochemistry,” and
surface-enhanced spectroscopies.!’ Therefore, plasmonic nanostructures with strong chiroptical
activity are ideal platforms for studying such phenomena and applications.

The fabrication of 2D or 3D chiral plasmonic nanostructures with strong chiroptical activity and
high throughput has been reported by means of both top-down and bottom-up methods.'#
Although top-down lithography techniques have demonstrated a wide versatility and high
precision, bottom-up approaches usually show advantages related to large-scale production,
straightforward surface functionalization, and flexibility toward their use in both solution-based
and solid-state-based applications.'>!® Until recently, most of the bottom-up methods have relied
on the so-called template-assisted self-assembly, where RNA,!” DNA,!® proteins,’” liquid

crystals, 2

or other scaffolds with helical structures were used as templates to drive the
organization of achiral plasmonic nanoparticles into chiral plasmonic assemblies.?!

The colloidal synthesis of intrinsically chiral plasmonic nanoparticles has recently emerged as a
promising alternative for the preparation of 3D chiral structures with high optical activity.'® These
synthetic methods typically rely on using chiral molecules or chiral co-surfactants to impart

chirality into the nanoparticle morphology during growth. Such a process is more challenging than

it sounds, as indicated by the few examples that have been reported so far. Nam and co-workers



demonstrated seeded chiral growth of Au nanocubes into helicoids with intricate twisted
morphologies and strong chiroptical signals (g-factor ~0.2), using amino acids and peptides as the
shape-directing agents, which were proposed to induce atomic scale chirality.!* As an extension
of this strategy, the same group conducted detailed studies on other types of Au helicoids with
further control over the morphology and chiroptical response.???® An alternative strategy was
reported by our groups, which relied on the use of chiral co-surfactants to obtain quasi-helical
micelles that would in turn serve as templates for the seed-mediated growth of chiral Au nanorods
(NRs). It should be noted that the morphological features leading to chirality are significantly
different in this case, comprising helical wrinkles all around the Au NR surface, and leading to
high optical activities over a wide wavelength range, with g-factors reaching 0.25.!* More recently,
Sun et al. demonstrated the production of chiral Au nanoplates with record high g-factor reaching
0.44, using cysteine-phenylalanine as shape-directing chiral molecules deposited on Au nanoprism
seeds.®?” Although the toolkit of intrinsically chiral plasmonic nanoparticles is thus becoming
more diverse and leading to improved chiroptical performance, there is still a knowledge gap
regarding the growth mechanisms of chiral nanostructures and their connection with the recorded
optical features.

We have therefore carried out a systematic study toward better understanding the micelle-
directed seeded growth, from achiral single-crystal Au NRs into chiral Au NRs (rod-shaped
structures with helical wrinkles). We made extensive use of electron microscopy and electron
tomography, to reveal the morphological and crystallographic evolution during chiral growth on
Au NRs. We additionally monitored the optical response during chiral growth, through both time-
dependent and steady-state UV-visible-near IR (UV-vis-NIR) and circular dichroism (CD) spectral

measurements. To properly distinguish the contributions of absorption and scattering to the overall



optical response, an integrating sphere was used, which revealed an unusual size-dependent
evolution, compared to that of conventional plasmonic nanoparticles. We further carried out
numerical simulations to understand the physical origin of chiral plasmon modes and the observed

absorption-to-scattering ratios.

RESULTS AND DISCUSSION

The growth of chiral plasmonic objects can be in principle correlated to the observation of optical
activity within the vis-NIR range. Therefore, time-dependent extinction and CD measurements can
be used to monitor in situ any spectral changes occurring during the transition from achiral to chiral
Au NRs, as reported in Figure 1. We initially relied on the optimized growth conditions reported
in ref. 14. The starting Au NRs were prepared according to a previously reported seeded growth
method, using cetyltrimethylammonium bromide (CTAB) and n-decanol as binary surfactants.?8
The obtained Au NRs are achiral, single-crystalline, and highly monodisperse, with the usual
(rounded) octagonal cross-section and rounded tips (Figure 1A). For this experiment, the average
length and diameter were 112 + 10 nm and 15 + 1 nm, respectively. The as-prepared Au NRs were
carefully washed and subsequently incubated in an aqueous solution of cetyltrimethylammonium
chloride (CTAC, 25 mM) and 1,1’-binaphthyl-2,2’-diamine (BINAMINE, 0.625 mM). We
propose that incubation of Au NRs with the BINAMINE-CTAC surfactant mixture leads to the
adsorption of worm-like micelles with axial chirality around the NR lateral surface. These NRs
were then used as seeds in an additional step of surfactant-assisted seeded growth, to produce chiral
Au NRs, as described in our previous work.'* In the presence of the micellar template, additional
reduction of Au atoms should follow the quasi-helical morphology of the worm-like micelles,

giving rise to larger Au NRs with wrinkles on their surface (Figure 1B), which resemble the



structures that were previously shown to be quasi-helical by three-dimensional (3D) electron
tomography reconstructions and fast Fourier transformations.!* Under these conditions and with
the relatively high concentration of reducing agent (ascorbic acid, ~0.16 M) used to induce seeded-
growth, the achiral-to-chiral transition was found to be completed within 10 minutes, as revealed
by the temporal evolution of both extinction and CD spectra (Figures 1C,D and S1). For
completeness, both (R)- and (§)-BINAMINE enantiomers were used as co-surfactants in the
templating micelles, which indeed resulted in the formation of chiral Au NRs with opposite
handedness (specular features in the CD spectra). In both cases, the real-time extinction spectra
revealed a longitudinal LSPR band gradually shifting from above 1100 nm toward 900 nm during
the first 1 minute, but then fading away. After complete damping of the longitudinal LSPR band,
only an extinction band remains around 550 nm, which is usually associated to a transverse LSPR
mode in Au NRs. Both this band and a long tail toward longer wavelengths keep increasing in
intensity, which is likely related to a gradual increase in particle size during chiral overgrowth.
Although the final products retain an overall rod-like shape, it is worth noting that the longitudinal
LSPR band seems to disappear after the achiral-to-chiral transition, which will be further discussed
below. Although the growth of (R)- and (S)-type chiral Au NRs appears to be basically identical
from the perspective of real-time extinction spectra, circular dichroism (and the corresponding g-
factor) spectra (Figures 1C, S1) exhibit CD bands with opposite signs and high symmetry, likely
arising from the formation of Au wrinkles coiling in opposite directions on the surface of chiral
Au NRs. It is interesting to note that, in both cases, three CD bands are appreciated after the first
minute of the reaction, followed by a gradual red-shift and increase in chiroptical intensity until a
steady state is eventually reached. It thus appears that a crucial event is needed to start the achiral-

to-chiral transition, which in this case occurs around minute 1 of the seeded-growth reaction.



However, due to the fast reaction rate, it is challenging to monitor the growth process by detaining
the reaction instantaneously at different stages and studying the corresponding morphological

changes.
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Figure 1. Growth of chiral Au NRs. (A) TEM image of single-crystalline Au NRs (length, 112 +
10 nm; diameter, 15 + 1 nm) used as seeds for chiral overgrowth. (B) Representative HAADF-
STEM image of the resulting chiral Au NRs (length, 193 + 11 nm; diameter, 106 + 4 nm). (C)
Time-dependent extinction (upper panel), circular dichroism (middle panel), and g-factor (bottom

panel) spectra of chiral Au NRs during the first 10 minutes of the overgrowth process, using (R)-



BINAMINE-CTAC (left-hand column) and (S)-BINAMINE-CTAC (right-hand column)
surfactant mixtures. (D) Time-dependent extinction spectra with smaller time steps, using (R)-
BINAMINE-CTAC surfactant mixture in the chiral overgrowth (see also Figure S1 for time-

dependent CD and g-factor spectra with both enantiomers).

Therefore, we used an alternative method to mimic the reaction progress around minute 1, by
carrying out a series of syntheses in which we varied the seed concentration for chiral overgrowth,
let the reaction proceed to a steady state, and analyzed the spectral and morphological features of
the obtained products (Figures 2, S2, and S3). Assuming an equivalent growth mechanism for
(R)- and (S)-type chiral Au NRs,!* we focus in what follows on R-type NRs for simplicity. The
seed concentration is defined through the [Au’]/[Au'] ratio, between the achiral Au NR seed
solution ([Au’], i.e., Au atom concentration) and the chiral overgrowth solution ([Au’], i.e. [Au™?]
after partial reduction by ascorbic acid). When low seed concentrations were used, a relatively
high amount of Au" ions were available for overgrowth onto each achiral Au NR, thus leading to
the formation of helical wrinkles and chiral Au NRs, similar to those shown in Figure 1B. When
the seed concentration was increased, the relative amount of Au” ions that could be reduced onto
each Au NR would decrease accordingly. At the highest seed concentrations, Au” ions in the
growth solution might be depleted even prior to the formation of wrinkles, which we expect to
mimic the initial stages of the achiral-to-chiral transition.

To investigate the intricate morphological evolution expected for this process, the different
samples were analyzed by electron tomography based on high-angle annular dark-field scanning

transmission electron microscopy (HAADF-STEM) (see Methods). We applied this technique to

the achiral Au NR seeds and representative Au NRs overgrown at different [Au®]/[Au*] ratios, to



reconstruct their 3D morphologies (Figure 2A—D and Supplementary Movies S1-S12). As shown
in Figure 2A, the seeding Au NRs are single-crystalline with a rounded octagonal cross-section,
which has been reported to comprise alternating {100}, {520} and {110} facets.? Upon
overgrowth with an [Au’]/[Au] ratio of 0.31 (Figures 2B and S4), we observed a transition into
a four-fold symmetric shape with square cross-section and pyramidal tips, i.e., an elongated
octahedral shape. According to previous studies, four-fold symmetric Au NRs may exist as
different geometrically allowed structures, comprising lateral sides enclosed by {100}, {110}, or
{111} facets.>*3? We carried out electron diffraction measurements along different directions,
which revealed four lateral {110} facets (Figure S4A). According to the 3D reconstruction and
orthoslices, the square cross-section shows a rotation of 45° from one end to the center along the
Au NR longitudinal axis (Figure S4B). Moreover, the angle between an end facet and a lateral
edge was measured to be 135°, whereas the tip angle at different views was measured as either
109° or 90° (Figure S4C), all of which are characteristic angles of fcc crystals with adjacent {110}
facets. Combined together, we can conclude that the four-fold symmetric Au NR is enclosed by
twelve {110} facets, including the four lateral sides and four smaller facets at each end (Figure
S4D). It is also worth noting that all facets are slightly concave, which likely indicates a precursor
state to the subsequently emerging wrinkles. When the seed concentration ([Au’]/[Au’] ratio) was
reduced to 0.13, the obtained Au NRs already displayed helical wrinkles on the surface, albeit
short and rather disordered (Figure 2C). Well-defined chiral Au NRs with rich helical wrinkles
were obtained with a significantly lower [Au’]/[Au*] ratio of 0.03 (Figure 2D). Interestingly, both
of the orthoslices in Figures 2C and 2D also display a quasi-square cross-section, similar to that in
Figure 2B, but with additional protrusions at edges and corners. With the aim of better

understanding the morphology of the different samples, we applied a recently developed



methodology to quantify the helical morphology of NRs, which is based on the analysis of 3D
tomography reconstructions.*®> Our results indicate an increase in left-handed total helicity during
the gradual formation of helical wrinkles (Figure S5). Although both left- and right-handed local
helical features can be recognized in all of the overgrown Au NRs, the relative amount of left-
handed features increases as helical wrinkles are more clearly distinguished, in agreement with an
achiral-to-chiral transition. It is interesting to note that the inclination angles of early-stage helical
wrinkles (75°-90°, Figure S5A,B) are steeper than those for well-defined helical structures (<45°,
Figure S5C). This is in agreement with our earlier observation that the inclination angles of helical

wrinkles depend on the thickness of the helical shell.*
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Figure 2. Morphological and spectral characterization of Au NRs obtained by varying seed
concentration in chiral overgrowth. (A) HAADF-STEM image, tomography reconstruction and
selected orthoslices of single-crystalline seed Au NRs. (B—D) Morphology of Au NRs grown with
decreasing seed concentration, i.e., decreasing [Au’]/[Au’] ratio between seed and growth solution
(B: 0.31; C: 0.13; D: 0.03). The morphological characterization for each sample includes (i)
orthoslices perpendicular to the longitudinal and transverse axes at the center of the NRs. Animated
3D reconstructions and orthoslices are provided as Supplementary Movies S1-S12. (E-G)
Extinction (E), CD (F), and g-factor (G) spectra of samples prepared with varying seed NR
concentrations. The colored curves correspond to the 4 samples shown in (A—D). Dashed arrows
indicate increasing chiral shell thickness, corresponding to decreasing concentration of Au NR
seeds in the syntheses. Extinction spectra were normalized to the absorbance at 400 nm (OD4o0 =

1). CD spectra were scaled equally, according to the corresponding extinction spectra.

The spectral evolution of this series of synthetic samples (Figure 2E-G, S3) also resembles
closely the one measured during an extended synthesis (Figure 1C,D), including a gradual blue-
shift and eventual disappearance of the longitudinal LSPR band as the chiral morphology becomes
more pronounced (lower seed concentration), a red-shift and increasing intensity of all bands in
the CD spectra, as well as a highest g-factor of the positive CD band at 700-800 nm (higher g-
factors were recorded further into the NIR, in agreement with our previous report).'* When
comparing the data between Figures 1 and 2, it should be noted that, in Figure 1C,D, the spectra
were directly measured from the growth solutions, i.e., the particle concentration was constant in
each reaction step, whereas the concentration of reduced Au atoms increased with time. In Figure

2EF, it was challenging to normalize the spectra of different samples to a fixed particle
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concentration, and thus extinction spectra were normalized to the intensity at 400 nm, as an
approximation to a fixed total Au® concentration. Each CD spectrum was accordingly adjusted in
equal proportion to the intensity change of the corresponding extinction spectrum. The g-factor
spectra (Figure 2G) are independent, by definition, of both particle concentration and Au
concentration and can thus be compared directly to those in Figure 1C. Overall, despite some
differences in peak intensities, the spectral evolution in Figure 2E—G agrees well with those shown
in Figure 1, thereby confirming the feasibility of this approach to mimic the different stages during
chiral overgrowth, and allowing for a case-by-case comparison between morphological and
spectral changes. As shown in Figure S2, both the length and diameter of Au NRs increase during
chiral overgrowth, resulting in an overall decrease in aspect ratio (length-to-diameter ratio), in
agreement with the initial blue-shift of the longitudinal plasmon band as the seed concentration
decreases. The reason behind the broadening and eventual disappearance of the longitudinal
plasmon band is less obvious, we propose that it is related to a combined effect: (i) the decay of
charge oscillations within helical wrinkles, which become well-defined at an [Au®]/[Au*] ratio
lower than 0.13 (Figure 2C); and (ii) broader size and shape distributions after overgrowth.
Assuming that this analysis reflects the behavior during direct chiral overgrowth, we propose
the existence of two main stages: first, preferential Au deposition on high-index {520} facets until
the formation of slightly twisted elongated octahedra, followed by the formation of helical
wrinkles, which are likely directed by adsorbed BINAMINE-CTAC micelles. We therefore
attempted to artificially separate both stages by using the elongated octahedra as seeds in a separate
chiral overgrowth reaction, where helical wrinkles would be formed directly on the quasi-square
lateral sides, producing helical Au NRs with chiroptical response (Figure S6). We again observed

a flattening of the longitudinal plasmon band and a continuous red-shift of CD bands, similar to
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those shown in Figures 1 and 2. Relatively low g-factors were obtained in this case, likely due to
the multiple cleaning steps involved in this process, which would hinder the alignment of
BINAMINE-CTAC micelles. These results suggest that the formation of a quasi-square cross-
section may play a crucial role in the achiral-to-chiral transition of Au NRs.

As an additional evidence to verify this point, we prepared achiral Au NRs with a quasi-square
cross-section, according to a previously reported method.** Such Au quasi-cuboids (QCBs) were
reported to display well-defined {100} facets, which could be coated by a thin layer of Pd (Figures
3A,B and S7A,B). The synthesized Au@Pd QCBs were used as seeds under the conditions
previously identified to generate chiral Au NRs, i.e. following the same incubation and chiral
overgrowth procedures. It should be noted that Au QCBs were prepared in the absence of any
chiral molecules that might influence the early growth transition. As a result, chiral wrinkles were
grown on non-chiral Au QCB, which also displayed chiroptical response (Figure 3C,D). Although
the g-factors of these samples are relatively low, which may be related to the presence of the Pd
intermediate layer and less uniform wrinkles, the overall profile and variation trend of the CD
bands are similar to those described above. Most interestingly, the Pd layer can be used to identify
the boundary between the achiral QCB cores and the chiral features in the final Au NRs (Figure
3E).*® The thin Pd layer can be distinguished from the contrast difference in the orthoslices of the
HAADF-STEM tomography reconstruction (Figure 3E, iii and iv and Figure S7C,D), showing
that helical wrinkles can grow directly on the Pd-covered surface of achiral QCBs, and thereby
confirming the role of the quasi-square intermediate morphology in the achiral-to-chiral transition.
It should be noted that, although both these QCBs and the elongated octahedra identified as
intermediates display a quasi-square cross-section, their structure differs in the crystallographic

index of their facets ({100} vs. {110}) and their tip morphologies (flat vs. pointed). We therefore
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conclude that the crystalline nature of lateral facets does not play a major role in chiral growth,

again supporting the micelle-templating hypothesis.
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Figure 3. Chiral overgrowth using Au@Pd quasi-cuboids (QCBs) as seeds. (A) HAADF-STEM
image of Au@Pd QCBs (length: 66 = 5 nm; diameter: 22 + 2 nm). (B) Elemental mapping of
Au@Pd QCBs (red, Au; blue, Pd) showing a Pd thin layer coating the surface of Au QCBs. (C) g-
factor spectra of chiral Au NRs using different concentrations of QCB seeds. (D) HAADF-STEM
image of the QCB-directed chiral Au NRs ([Au’]/[Au‘] = 0.16). (E) Tomography reconstruction
of a QCB-seeded chiral Au NR. (i) 3D visualization of the external Au surface; (i) 3D
visualization of the Pd-Au interface; (ii1,iv) Orthoslice perpendicular to the transverse axis, where
the Pd layer can be seen as a thin, darker line surrounding the core, as indicated by the yellow
arrows in (ii1) and white outline in (iv). Scale bars: 10 nm. An orthoslice perpendicular to the
longitudinal axis of the QCB-directed chiral Au NR is shown in Figure S7C,D. See also

Supplementary Movies S13-S15.

14



We additionally studied the effect of seed dimensions on the chiroptical activity, specifically
focusing on the g-factor. Two series of Au NR samples were prepared for comparison:?® a first
series with a fixed average diameter of ~30 nm and aspect ratios ranging from 2.7 to 5.0 (Figure
4A-C); a second series with a smaller diameter of ~15 nm and aspect ratios ranging from 3.1 to
7.5 (Figure 4D-F). We therefore covered a wide range of linear LSPR wavelengths, dictated by
the varied aspect ratios (Figure 4G). Each of these Au NR samples was incubated in (R)-
BINAMINE-CTAC solution and then a set of chiral overgrowth experiments were carried out by
varying Au NR seed concentration. Regardless of the seed dimensions, the achiral-to-chiral
transition was invariably found to follow the same morphological and spectral trends as those
described in Figures 2 and S8-S10. However, the aspect ratio of the seed Au NRs has a significant
impact on both the peak positions and the intensities of the measured CD bands. The g-factor of
the positive CD band was observed to achieve a maximum value at a certain optimal seed
concentration, regardless of seed dimensions, as labeled with pink bars in Figure 4A—F. The chiral
Au NR samples corresponding to the maximum g-factor were thus identified as the optimal
samples of each series. For each optimal sample, we plotted the wavelength of positive CD band
against the average aspect ratio of corresponding Au NR seeds (Figure 4H). Interestingly, there is
a scaling relationship between the CD band wavelength and the seed aspect ratio. Similarly, we
plotted the g-factors (|gmax|) of the positive and negative CD bands vs. the average aspect ratio of
the Au NR seeds (Figure 4I), showing that Au NR seeds with higher aspect ratios consistently
yielded chiral Au NRs with higher g-factors. Notably, the seed concentrations used for producing
optimal samples are ~8% for the thicker seeding Au NRs (dseed ~30 nm) and ~3% for the thinner

ones (dseed ~15 nm), regardless of their aspect ratio (Figure S11). Although we do not have at
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present clear evidence of why the aspect ratio and seed concentration play such important roles,

we propose that this may be related to the organization of helical micelles around the Au NR seeds.

These results provide useful hints for the preparation of chiral Au NRs with different sizes, CD

band wavelengths, and g-factors.
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Figure 4. Effect of seed dimensions on g-factor. (A—F) TEM images of Au NR seeds with different
sizes (left-hand panels) and g-factor spectra of the resulting chiral NRs (right-hand panels). The
average lengths and diameters of the Au NR seeds are indicated below each TEM image. The
samples are sorted into two sets with different diameters (blue, dsced = 30 = 2 nm; red, dseed = 15 +
2 nm). The trend from darker to lighter colors represent chiral Au NRs with increasing chiral shell
thickness. The positive CD band with maximum g-factor is labeled by a pink bar, as a guide to the
eye. All chiral Au NRs were grown in the presence of (R)-BINAMINE-CTAC surfactant mixtures.
(G) Normalized extinction spectra of the Au NR seed samples in (A—F). (H) Peak wavelength of
the positive CD band with maximum g-factor vs. average aspect ratio of Au NR seeds. (I)
Dependence of maximum g-factor on the average aspect ratio of Au NR seeds. Solid and hollow

dots correspond to positive and negative CD bands, respectively.

When trying to understand the origin of optical activity in plasmonic nanostructures, it has been
common practice (as we have done above) to evaluate the circular dichroism and corresponding
g-factor in terms of extinction, i.e., the combined effects of absorption and scattering of light by
the plasmonic nanoparticles. However, absorption and scattering have different origins and play
different roles in significant plasmonic phenomena and applications. For example, plasmonic NPs
with high absorption are usually employed as light absorbers and heaters, whereas those with a
high scattering component are more promising for imaging and color display.*® Therefore, it is
essential to distinguish their relative contributions to plasmonic extinction. The absorption-to-
scattering ratio is considered to be an important figure of merit.*® In this context, we selected one
of our series of chiral Au NRs to investigate the contributions of scattering and absorption to their

extinction spectra, as well as the corresponding trend during the achiral-to-chiral transition. We
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measured Au NRs dispersed in water, using a UV-vis-NIR spectrometer equipped with an
integrating sphere, where absorption and diffuse reflectance can be recorded with and without a
standard diffuse reflector mounted at the transmission port, respectively (Figure SA,B). The
absorption, scattering, and extinction spectra can be subsequently calculated according to a

previously reported protocol.’’

As a general rule, the extinction of large nanoparticles is known to
be dominated by scattering because the absorption cross-section scales with a®, whereas the
scattering cross-section scales with a®, where a represents the nanoparticle radius.*®

Our Au NR seeds with relatively large sizes of (150 + 9 nm) x (32 + 3 nm), exhibit almost equal
scattering and absorption intensities near the longitudinal plasmon band, whereas absorption is
dominant around the transverse plasmon band (Figures SC, S12). Shown in Figure 5D are the
spectra of overgrown Au NRs with elongated octahedral shape and dimensions of (188 £+ 10 nm)
x (50 £ 2 nm), for which the contribution of scattering is found to increase throughout the whole
spectral range, as expected for a significant increase in particle size. However, as the overgrown
shells on Au NRs become more wrinkled, despite the additional increase in particle size, we
recorded higher contributions of absorption compared to scattering, especially at longer
wavelengths (Figures SE,F, S12). We calculated the absorption/scattering ratios for these Au NRs
by integrating the spectral intensities in two regions (Figure 5G), 500-700 nm and 700—1300 nm,
which would correspond to the transverse and longitudinal plasmon bands, respectively. The x-
axis in Figure 5G, from left to right, denotes increasing Au NR sizes. On one hand, the blue curve,
corresponding to the result from integrating at the 500-700 nm wavelength range, shows a
decreasing absorption/scattering ratio for increasing particle size, in agreement with the general
rule that larger plasmonic nanoparticles display greater scattering. On the other hand, the red curve

corresponding to the 700—1300 nm wavelength range displays a maximum absorption/scattering
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ratio, at which absorption is 2—3 times higher than scattering, which is unusual for plasmonic
nanoparticles with such large dimensions above 200 nm (Figure S13). For comparison, we
simulated the absorption, scattering, and extinction spectra of conventional Au NRs
(spherocylinders) by setting the same sizes as those in our experimental chiral Au NR samples.®
As shown in Figure S14, the simulated spectra are dominated by scattering, except for the two
smallest models, in good agreement with our experimental results measured from achiral Au NRs.
The absorption/scattering ratios of these simulation models are close to zero in both wavelength
regions (Figure S15). The abnormally high absorption by chiral Au NRs is therefore expected to
be related to the chiral wrinkled features because the most intense CD bands are located within the

integrating wavelength range at 700—1300 nm, as shown by a color map in Figure 5G.
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Figure 5. Diffuse reflectance UV-vis-NIR spectroscopy. (A) Schematic illustration of the
integrating sphere with a standard diffuse reflector mounted at the transmission port. A cuvette
containing the nanoparticle colloid is positioned at the center of the integrating sphere. The
detected signal is a sum of scattered and transmitted light. (B) Schematic illustration of the

integrating sphere with a light trap to absorb all of the transmitted light, so only scattered light can

20



reach the detector. (C—F) Representative spectra showing the absorption and scattering
contributions to total extinction for Au NR seeds (C) and overgrown Au NRs using different
[Au®)/[Au] ratios (D: 0.42; E: 0.13; F: 0.05). (G) Absorption-to-scattering ratios measured from
different samples. In both integration wavelength regions (blue: 500-700 nm; red: 700—1300 nm),
the measured signals were summed up to calculate the total absorption, total scattering, and
therefrom the absorption-to-scattering ratio. The x-axis, from left to right, represents an overall
increase in nanoparticle size, both in diameter and length. The numbers in the x-axis denote the
[Au’]/[Au’] ratios used in the syntheses. The underlying color map represents the g-factor spectra

measured from these samples, corresponding to the y-axis and color scale bar on the right.

Finally, we carried out electromagnetic simulations (see details in Methods), to further
understand the origin of chiral plasmon modes and the abnormally high absorption of chiral Au
NRs. We applied a 3D computer-aided design model by creating helical grooves carved on a larger
rod. Even though this model may seem too perfect as compared to our irregular chiral Au NRs, it
was previously shown appropriate to confirm the optical activity of chiral Au NRs.!* Indeed, the
simulation results do not coincide perfectly with our experimental spectra, as can be seen in Figure
6A, where both the longitudinal and transverse plasmon bands are visible in the simulated spectra
(these differences can be attributed to the different morphology and the lack of polydispersity of
the simulated NRs with respect to the real sample). It should be noted that, in both cases, absorption
clearly dominates over scattering at the longitudinal plasmon band, whereas at the transverse
plasmon band absorption and scattering show similar intensities, which is consistent with our
experimental measurements. The chiroptical response is calculated from the difference in

intensities of optical cross-sections under quasi-axial left-handed circularly polarized (LHCP) and
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right-handed circularly polarized (RHCP) excitation (Figure 7), and under transversal LHCP and
RHCP excitation (Figure S16), all of which exhibit local field enhancement inside the helical
grooves, especially those under transversal excitation at 1475 nm (Figure S16C). Such strong
charge oscillations near these tiny structures generate a great amount of heat losses, leading to high
absorption of light. In other words, although the overall size of the chiral Au NR is relatively large,
the abundance of tiny structural features appears to be the key to enhanced light absorption. To
shield the impact of chirality, we also calculated the optical cross-sections of Au NRs of the same
dimensions but with parallel wrinkles, which are thus achiral. The results confirmed that the high
absorption of light indeed originates from the outer structural features (Figure S17). We
additionally observed that the near-field response differs significantly for both polarizations,
especially at 725 nm (within the band of highest CD), revealing that the origin of the strong
plasmonic chiroptical activity is associated with the pattern of sharp wrinkles and grooves on the
NR surface. The response is higher under LHCP excitation, which correlates well with the positive

CD values.
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Figure 6. Simulations of chiral Au NRs. (A) Calculated absorption, scattering, and extinction
cross-sections of a colloidal distribution of chiral Au NRs under left- and right-handed excitation.
(B) Calculated CD spectrum. The inset on the right shows the model of chiral Au NRs used for

these calculations (length: 130 nm; diameter: 70 nm; wrinkle width: 3.5 nm).
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Conclusions

In summary, we have established a clear understanding of the morphological and spectral
evolution during micelle-directed seed-mediated growth, from achiral to chiral Au NRs. A key
turning point of the achiral-to-chiral transition has been found to be an intermediate elongated

octahedral structure, which might be most efficient at accommodating helical micelle adsorption.
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We additionally explored the roles of seed concentration, crystalline facets, and seed dimensions
on the chiral overgrowth process, thereby providing a synthesis guide for tailored dimensions and
optical activity. Moreover, we revealed an abnormally high absorption cross-section in wrinkled
chiral Au NRs, which shows an exceptional size dependence, opposite to that of typical plasmonic
nanoparticles. Last but not least, electromagnetic simulations allowed us to understand the high
absorption and optical activity of chiral Au NRs, through simulated optical cross-sections and
near-field profiles. These findings are of fundamental importance toward exploring the growth
mechanism and optical properties of chiral plasmonic nanoparticles, as well as facilitating further

application of chiral plasmonics.

METHODS:

Chemicals. Tetrachloroauric acid trihydrate (HAuCls-3H20, >99%), sodium borohydride
(NaBHs, 99%), L-ascorbic acid (=299%), silver nitrate (AgNOs3,  >99%),
hexadecyltrimethylammonium bromide (CTAB, >99%), n-decanol (98%), (R)-(+)-1,1’-
binaphthyl-2,2’-diamine (R-BINAMINE, 99%), and (S)-(-)-1,1’-binaphthyl-2,2’-diamine (S-
BINAMINE, 99%) were purchased from Sigma-Aldrich. Hexadecyltrimethylammonium chloride
(CTAC, 299%) was purchased from ACROS. Hydrochloric acid solution (37 wt%) was purchased
from Fisher Chemical. All chemicals were used without further purification. Milli-Q water
(resistivity 18.2 MQ-cm at 25 °C) was used in all experiments. All glassware was washed with
aqua regia, rinsed with Milli-Q water, and dried prior to use.

Synthesis of Au NRs. Au NRs were prepared using a modified seeded growth method, using

t.28

CTAB and n-decanol as binary surfactants according to a previous report.”® Growth solutions A

(CTAB 50 mM, n-decanol 13.5 mM) and B (CTAB 50 mM, n-decanol 11 mM) were prepared by
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dissolving 9.111 g of CTAB together with 1.068 g and 870.5 mg of n-decanol in 500 mL of warm
water, respectively. Both growth solutions were stirred at 50 °C for 1 h and then cooled down to
room temperature. A typical synthesis involves three steps. First, for the synthesis of 1-2 nm Au
seeds, a freshly prepared ascorbic acid solution (0.1 M, 0.025 mL) and a freshly prepared NaBH4
solution (0.02 M, 0.2 mL) were successively added to a mixture composed of growth solution A
(CTAB 50 mM, n-decanol 13.5 mM, 5 mL) and HAuCls (0.05 M, 0.05 mL). The resulting seed
solution was aged in a water bath at 25 °C for 30 min under mild stirring. Second, for the synthesis
of small Au NRs (21 nm x 7.5 nm), the aged seed solution (0.6 mL) was injected into an aqueous
solution containing growth solution A (CTAB 50 mM, r-decanol 13.5 mM, 10 mL), HAuCl4 (0.05
M, 0.1 mL), AgNOs (0.01 M, 0.08 mL), HCI (1 M, 0.7 mL) and ascorbic acid (0.1 M, 0.13 mL),
under vigorous stirring. The reaction solution was kept in a water bath at 25 °C for at least 4 h
under stirring. The as-prepared small Au NR solution was centrifuged at 14000 rpm (~ 13000 g)
for 45 min in 2 mL tubes. The precipitate was redispersed in CTAB solution (10 mM, 10 mL) and
subjected to centrifugation under the same conditions, twice. For the growth of Au NRs (33 nm x
102 nm), the small Au NR solution (0.1 mL, OD4o = 9) was injected into an aqueous solution
containing growth solution B (CTAB 50 mM, n-decanol 11 mM, 80 mL), HAuCls (0.05 M, 0.8
mL), AgNOs (0.01 M, 1.6 mL), HCI (1 M, 3 mL) and ascorbic acid (0.1 M, 0.64 mL), under
vigorous stirring. The reaction solution was kept in a water bath at 28 °C for more than 4 h under
stirring. As-prepared Au NRs were centrifuged at 4000 rpm for 20 min twice and redispersed in
water.

Synthesis of chiral Au NRs. Chiral NRs were prepared by a co-surfactant-assisted seeded
growth, using single-crystalline Au NRs ([Au(0)] ~ 1 mM) as seeds.'* Prior to the growth of chiral

NRs, a co-surfactant solution was prepared by dissolving 24.9 mg of S-BINAMINE and 1.12 g of
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CTAC in 35 mL of warm water at ~50 °C. The BINAMINE-CTAC solution was then cooled down
to room temperature and stored in the dark. Single-crystalline Au NRs of different sizes were
centrifuged (40009000 rpm, 15 min) and washed 3 times with CTAC solution (10 mM) and 2
more times with the BINAMINE-CTAC solution, followed by overnight incubation in the
BINAMINE-CTAC solution at room temperature. The growth solution of chiral NRs was prepared
by mixing 200 uL of the BINAMINE-CTAC solution, 600 puL of water, and 10 uL of HAuCly
solution (50 mM) in a 2 mL Eppendorf tube. After shaking and rest for 5 minutes, the growth
solution color changed from pale yellow to brown, indicating the complexation of Au(Ill) with
CTAC. Subsequently, 2—140 uL of the incubated single-crystalline Au NRs was quickly mixed
with the growth solution, followed by a fast addition of 200 uL of L-ascorbic acid (0.8 M). The
mixture was shaken vigorously and then kept undisturbed for 15 minutes, during which chiral NRs
were formed. The solution was then centrifuged at 1500—4500 rpm for 10 min and redispersed in
CTAC (1 mM).

NOTE: In all the steps mentioned above, using highly pure of CTAC (=99%) was found crucial
for the production of chiral Au NRs with high optical activity.

Characterization. TEM images were obtained on a JEOL JEM-1400PLUS TEM operating at
an acceleration voltage of 120 kV. Elemental maps were performed on a JEOL JEM-2100F UHR
TEM operating at an acceleration voltage of 200 kV and equipped with an Oxford INCA EDX
system. HRSTEM and electron tomography experiments were performed using a “cubed” Thermo
Fisher Scientific Themis Z electron microscope operated at 300 kV in HAADF-STEM mode.
Tomography series were acquired over £75° with tilt increments of 2°, reconstructions of tilt series
were performed using the Astra Toolbox 1.8 for MATLAB 2018a.*’ Visualization of 3D

reconstructions was performed using the Amira 5.4.0 software. Extinction, absorption, and
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scattering spectra were measured using a UV/vis spectrophotometer Cary 5000 (Agilent
Technologies Deutschland GmbH) equipped with an external diffuse reflectance accessory 2500
(integrating sphere). CD measurements were performed with a JASCO J-1500 CD spectrometer.
Electromagnetic modeling. The optical properties of chiral Au NRs were simulated using the
M3 solver,*' ¢ which implements a full-wave frequency-domain methodology based on
boundary-element parametrizations (surface integral equation-method of moments, SIE-MoM).
With this methodology, only the material boundaries (i.e., two dimensional surfaces) must be
parametrized, while no absorbing boundary conditions are required to close the problem,
drastically reducing the size of the resulting algebraic problem, compared with conventional
volumetric approaches. By applying Love’s equivalence theorem, plasmonic nanorods can be
substituted by equivalent surface electric and magnetic currents placed at the surface boundaries
radiating in unbounded media, according to the Stratton-Chu expressions. The boundary
conditions for the electric and magnetic fields are enforced in a variational sense with the help of
functionals (specifically, we are applying the Galerkin formulation). This methodology offers great
accuracy for solving unbounded scattering problems, particularly when dealing with resonant
plasmonic response, as the singular behavior of fields is analytically handled by the Green’s
function and its derivatives. Gold was described through its dispersive complex permittivity,
obtained from optical measurements.*’** All simulations were carried out on a workstation with

two 256-core AMD EPYC 7H12 processors and 2 TB RAM.

ASSOCIATED CONTENT

Supporting Information. Additional results about the sample preparation, characterization, and

simulations. Supporting Movies S1-S15: electron tomography reconstructions and related
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orthoslices for selected Au NRs during chiral growth; Supporting Movies S16-S21: Simulated
electric field enhancement profiles for a chiral Au NR, under different CPL, wavelength and

orientation.
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