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Plasmon-mediated synthesis enables isotropic metal nanocrystal growth with linearly
polarized light. This limited dependence on the polarization of incident light during synthesis
restricts the structural chirality of nanocrystals produced with circularly polarized light (CPL).
Our study here demonstrates that surface engineering of initial achiral silver nanorods
(AgNRs) can enhance the structural chirality of the resulting nanostructures produced with
CPL. Specifically, the surface ligand hexadecyltrimethylammonium bromide (CTAB)
stabilizes the lateral (100) facet-terminated sides of achiral AgNRs and inhibits lateral growth.
This surface engineering with achiral ligands results in increased dissymmetry of the
nanostructures during the early stages of photo-growth and leads to the formation of “hook™
structures, where silver preferentially deposits near the tips of the nanorods. Upon further
CPL illumination, these “hook” structures exhibit a significantly larger dissymmetry in the
local electric field enhancement distribution compared to the initial achiral AgNRs. This
highly dissymmetric electric field enhancement profile influences subsequent growth,
resulting in AgNRs with enhanced structural chirality. Notably, the optical dissymmetry of
these chiral nanostructures with g-factor ~0.05 is an order of magnitude greater than that
reported in previous studies conducted under similar chemical conditions but without surface

engineering.

1. Introduction

Homochirality is considered a signature of life.[!: 2! Circular dichroism (CD) and optical
rotatory dispersion (ORD) are common tools for analyzing materials to quantify their optical
dissymmetry, purity, and enantioselectivity. The size mismatch between small molecules and
light means molecular chiroptical signatures are very small.[*) In contrast, chiral plasmonic
nanocrystals (NCs) have emerged as promising platforms for the ultrasensitive detection of
asymmetric small molecules due to their strong interaction with light.[*-) Moreover,
plasmonic NCs can also be used to conduct enantioselective synthesis.[”! While nature can
easily encode the handedness of small biomolecules, studying and imparting chirality in

macromolecules and inorganic materials, such as plasmonic nanocrystals, is a challenge.

The fabrication of chiral plasmonic NCs requires a symmetry-breaking agent.!®! Early studies
used a chiral molecular precursor to assemble achiral NCs.[12] Recent breakthroughs using
amino acids, peptides!'3! and micelles!'*! enable chiral metal NCs with distinct

morphologies.[!>2%1 Circularly polarized light (CPL) has also been used as a symmetry-
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breaking reagent for NC synthesis.!?!>°1 CPL possesses several advantages: it is traceless and
it can be potentially combined with laser-based nanofabrication technologies for wafer-scale
device fabrication.[*] CPL was first used to synthesize chiral semiconductor NCs over a
decade ago.[?> 231 Recently, Saito et al. have shown that a chiral gold nanorod (AuNR)/PbO2
metal-semiconductor heterostructure can be fabricated by depositing PbO: preferentially at
the optical hot spots of AuNRs under CPL irradiation.!?>: 2] The deposition of PbO2 occurs at
regions of the strongest electric field. The distribution profile of the electric field
enhancement is chiral owing to the incident CPL, resulting in structural chirality.*!-32] The
excitation wavelength is also important in determining the structural chirality and optical
activity of chiral Au bipyramid (AuBP)/PbO2 nanostructures.[?”l We found that the optical
activity of Au/PbO: heterostructures is dictated by the perturbation introduced by PbO:2 on the

dielectric constant in the near-field of the AuBP.

Beyond semiconductor NCs and metal-semiconductor nanostructures, plasmon-mediated
synthesis can produce fully metallic NCs with light. This is an important branch of metal NC
synthesis.[33-461 When metal NCs are excited, hot electrons have been shown to reduce
AgTand AuCl} in the presence of hole scavengers. Recently, NCs showing optical activity
with CPL as the symmetry-breaking agent were demonstrated.[** 28 2] Despite the
encouraging circular dichroism spectra, electron microscopy of these NCs did not show clear
structural handedness. This implied that CPL alone did not create a large dissymmetry in the
hot electron density profile, and hence, spatially selective metal photodeposition was limited.
Furthermore, earlier studies have suggested a very weak dependence of the metal NC growth
on incident light polarization.’* #?! For example, Redmond et al. reported isotropic Ag growth
on immobilized spherical Ag seeds under linearly polarized light.[**] Understanding this weak
polarization dependence is important in achieving greater structural chirality and stronger

optical activity of metal nanostructures.

Plasmon-mediated synthesis of metal NCs is hot electron driven. The weak polarization
dependence can be attributed to a low spatial dissymmetry of the hot electron distribution
profile. This hot electron distribution is closely related to electromagnetic field enhancement,
which is dictated by the shape of the NC, and the energy and polarization of the incoming
beam.[?11 Still, it can be very complicated when considering the energetic and temporal
evolution of electron at interfaces.[*7-341 When the reactions are energetically demanding, only

high-energy hot electron or holes are useful, and the reaction yield spatially aligns with the
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electromagnetic field distribution. [49-52 351 This scenario includes the photooxidation of Pb**
to deposit PbO2. However, hot electrons are dynamic and can diffuse away from the optical
hot spot and cool down to become “warm electrons.” Photochemical reactions catalyzed by
“warm electrons” are not localized by field enhancement. Chemical conditions, e.g., pH and
surface passivation, can further modify their spatial distribution. An example is the plasmon-
mediated synthesis of Au NCs, where the surfactant polyvinylpyrrolidone (PVP) relays hot
electrons to reduce AuCl}, dictating the final NC structure.*?! Ag (1) and Au (III) reduction
potentials suggest their reduction is not energetically demanding. (AgCl/Ag : 0.80 V vs. SHE
and AuCl; /Au: 0.99 V vs. SHE).[%] Hence, they can be accessed by “warm electrons” far
from the hot spots. For the polarization of light to dictate the spatial distribution of non-
energy demanding reactions on the NC surface, the dissymmetry of the hot electron-mediated
reaction spatial distribution must be enhanced. This can be achieved by biasing the reaction
location with chemical conditions or amplifying dissymmetry in the electromagnetic field

distribution with anisotropic particles.

Here, we report the fabrication of chiral AgNRs with well-defined structural chirality using
CPL. We engineer the spatial dissymmetry of Ag" reduction by chemically passivating the
surface of the achiral NRs. We control the surface density of CTAB, the achiral ligand on the
AgNRs, to direct Ag growth on the tips of the nanorod at early stages. AgNRs with plasmon-
mediated Ag tip deposits seed subsequent Ag growth based on an enhanced dissymmetry of
the electric field enhancement distribution courtesy of particle anisotropy. The polarization-
dependent field distribution dominates the subsequent growth of the NCs, generating NCs
with well-defined structural chirality. The optical dissymmetry factor (g-factor) of our chiral
AgNRs is an order of magnitude larger than chiral Ag nanostructures obtained with similar
reaction conditions,?*! resulting from the improved structural chirality. The g-factor we obtain

is more than double that of previous studies of chiral AuBP/PbO2 nanostructures at ~0.02.[27]

2. Results and Discussion

To synthesize all-plasmonic chiral NCs using CPL, we first immobilized our AgNRs from a
colloidal solution onto ITO glass substrates. (Figure 1a) By fixing the NCs on a substrate,
CPL excitation is unidirectional on the nanorod, generating a larger dissymmetry in the
electric field enhancement distribution compared to free NCs in solution.[*!- 32 57- 58] These

achiral, pentagonal AgNRs served as the seeds for chiral AgNRs. The high-quality precursor
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AgNRs were synthesized via AuBP-directed seeded growth developed by Zhuo et al.[3% 60
The AuBPs were synthesized following the report by Sanchez-Iglesias et al.[®!l The details
can be found in the Experimental Section. The average length of the AgNRs is 223 nm + 18
nm with a width of 30 nm £ 2 nm and an aspect ratio of ~7.4. The extinction spectrum of
AgNRs demonstrates a longitudinal localized surface plasmon resonance (L-LSPR) at ~1230
nm, a transversal LSPR (T-LSPR) at ~ 400 nm, and higher order L-LSPR at ~680 nm and
~550 nm. (Figure 1b) The transmission electron microscopy (TEM) images of the achiral
AuBPs and AgNRs are presented in Figure S1. Previous studies have shown that the
contribution of the AuBP core to the optical properties of the AuBP@AgNR NC is
negligible.!%! Therefore, we will use AgNRs to denote our NCs throughout the paper for
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Figure 1. (a) Schematic of the plasmon-mediated growth of chiral AgNRs from achiral NCs
using CPL. (b) Normalized extinction spectra of AuBPs and AgNRs in water and chiral
AgNRs on ITO glass after 60 min 200 mW ¢m 532 nm LCPL.

To synthesize chiral AgNRs with CPL, we conducted the plasmon-mediated synthesis by
immersing the ITO/AgNRs substrate in a cuvette containing 1 mM AgNO3 and 1 mM sodium
citrate. Citrate, the hole scavenger,33! was oxidized to CO2 and 1,3-acetonedicarboxylate
following Equation 1.137-38 441 We illuminated the substrate with 200 mW c¢m 532 nm CPL
from the back side of the ITO glass. Since ITO has a high work function, its impact on the
photochemical reactions here is negligible.[?] It is important to point out that we conducted
all photochemical reactions oxygen-free, with the solutions prepared in a glovebox and the

cuvettes sealed. When the reaction was conducted in the air, very complex NC morphologies
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without clear structural chirality were obtained. (Figure S2b). In the presence of Oz, many
NCs nucleated independently from the AgNRs on the substrate. The CD of these samples
exposed to oxygen had low signals compared to oxygen-free synthesis. (Figure S2a) Early
studies on plasmon-mediated synthesis outlined the photo-oxidative etching of Ag following
Equations 2 and 3.140- 44 This highly efficient reaction provides Ag* for the growth of
triangular nanoprisms. In our experiments, we suspect this process complicated the growth
pathway toward chiral AgNRs. We postulate that oxygen is easily reduced by the hot
electrons from the AgNR, providing hydroxide ions that accelerate the citrate oxidation,
creating long-lived electrons that diffuse over the ITO, which then reduce silver ions to
metallic silver. In our synthesis, eliminating oxygen led to better control of the distribution of
hot electrons for photochemistry.

C(OH)(COO™)(CH,007),+0H™ - CO(CH,C007),+CO, + H,0 + 2e™ (1)

Agt +e” - Ag (2)

0, + 2H,0 + 4e~ - 40H™ (3)

To understand how the well-defined structural chirality of the AgNRs developed, we tracked
the evolution of the particle morphology. We utilized the Gaussian profile of the laser beam to
identify AgNRs at different growth stages. The achiral AgNRs located at the center of the
beam received more photons than the ones at the edge and are thus at a more advanced stage
of growth. The distance from the center of the laser beam is inversely proportional to the
amount of silver deposited. As shown in Figure 2a, under the illumination of 532 nm left
circularly polarized light (LCPL), Ag growth first occurred at one end of the AgNRs. Then,
subsequent growth was guided by this initial tip deposition, forming a hook on one end of the
AgNR. As more silver was deposited, the hook developed a helical twist and propagated
along the length of the nanorod. Eventually, silver grew on the opposite tip of the AgNRs,
creating an overhang. Similar observations were made with right circularly polarized light
(RCPL) as the chiral directing agent, with the final optically active structure also evolving
from an initial deposit on one tip of the AgNRs. (Figure 2b) At each stage, the structures
obtained under LCPL and RCPL exhibit opposite handedness. Broader view images showing

a few of the final chiral structures are shown in Figure 2d and 2e.
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Figure 2. Structural evolution of chiral AgNRs enabled by 532 nm CPL. (a) SEM images of
the structural evolution of chiral AgNRs under a 532 nm (a) LCPL and (b) RCPL excitation.
(c) Ensemble CD spectra of AgNRs after 60 min of 532 nm CPL illumination. SEM images

showing the morphology of chiral AgNRs after 60 min of 532 nm (d) LCPL and (e) RCPL

illumination. All scale bars are 200 nm.

Figure S3 has additional broad-view SEM images of chiral AgNRs at different growth stages,
showing that most AgNRs follow the growth process presented in Figure 2. We cannot
unambiguously assign a handedness to 50~60% of the NCs at the final stage. For the ones
showing clear dissymmetry, the proportion of one-handedness is double the other. (Table S1)
Ensemble CD spectra of the chiral AgNRs are shown in Figure 2c¢, illustrating the chiroptical
properties of these NCs. Some structural inhomogeneity is visible in these images, with chiral
AgNRs in the same view in different growth stages, showing slight variations in the shape and
size of new Ag deposits. Several factors contribute to this structural inhomogeneity. The first
one is the inhomogeneity in the morphology of the achiral AgNR precursors, which can cause
small variations in individual NC’s light-matter interactions. Second, the rough ITO surface
can lead to variation in AgNR adhesion to the substrate and orientation relative to the incident
light. The surface chemistry of the NCs can also affect the final structures of NCs, discussed
in detail below. These three sources of inhomogeneity may also lead to preferential Ag
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growth on one tip rather than both. Table S2 and Figure S4 further show that the preferential
growth on one tip of the achiral AgNRs is independent of the achiral AgNR aspect ratio or the
polarization of the light. Similar observations were made on chiral AuBP/PbO2

nanostructures, where many AuBPs had PbO: deposited on one side at the early growth stage

but subsequently evolved to have PbO2 deposited opposite the initial site.?”]
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Figure 3. Longitudinal electric field enhancement profile for 488, 532, and 561 nm
excitation. (a) LCPL illumination and RCPL illumination (along z-axis) on the achiral
AgNRs. (b) Normalized differences in electric field amplitude distributions for LCPL and
RCPL illumination at 488, 532, and 561 nm incident wavelength (from top to bottom); AgNR
dimensions: Length ~ 223 nm, Width ~ 30 nm. Scale bars: 50 nm.

The structural evolution of the chiral AgNRs in Figure 2 is unexpected according to the
electric field distribution at these excitation wavelengths, as explained below. Using a FEM
solver (COMSOL), we simulated an AgNR in an aqueous medium similar to that of the

experimental conditions to understand the electric field enhancement distribution under CPL
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illumination. Figure S5 displays the numerically calculated extinction spectra of AgNR,
which clearly shows that the excitation wavelengths are near the higher order LSPR, which is
spectrally separate from the Ag plasmonic resonance. This is important since the excitation
wavelength is spectrally near the higher-order LSPR, resulting in the electric field distribution
observed in Figure 3. To better understand the enhanced electric field’s spatial distribution on
the AgNR, we also plot the electric field enhancement on an arc starting from one tip to the
other through the top surface of the AgNR in Figure S6. We observe that electric field
enhancement is distributed over the tips and the waist for all excitation wavelengths, with the
distribution moving preferentially towards the tips for longer excitation wavelengths. The
electric field enhancement distribution shows the characteristic chiral distribution of hotspots,
resulting from interference of the T-LSPR and L-LSPR modes that can be excited by CPL
illumination.[3! 63 641 Further, the electric field amplitude profile dissymmetry, which is the
normalized difference in electric field amplitude distributions for LCPL and RCPL
illumination is given in Figure 3b. Normalization helps us compare the spatial distribution
across all illumination wavelengths and restricts the values between -1 and 1. This provides a
visual tool to observe the difference between the spatial distribution of the electric field
amplitude during CPL illumination and comment on the chirality of the electric field
amplitude profile only. This also allows us to locate the regions primed for hook growth on
the AgNR according to CPL illumination, e.g., photoreduction at the top-right tip area of the
AgNR is favored during RCPL illumination, which is clearly observed experimentally in

Figure 2b.

We can clearly observe that there are electric field hotspots on the waist, too, but we do not
observe substantial growth in these regions until the tip growth spreads to these areas, as
observed in Figure 2a, b. That is, if the photochemical reduction is solely dictated by electric
field enhancement distribution, Ag growth is expected to grow on the sides and tips of the
achiral AgNRs simultaneously. Furthermore, the electric field distribution suggests equal Ag
deposition on both sides of the achiral AgNRs. This contrasts with the experimental
observation of hook structure formation initially, indicating that CPL alone cannot cause

preferential Ag deposition at one tip.

The discrepancy between the observed experimental results from simulations suggests Ag
growth on both lateral sides of the achiral AgNRs was suppressed. This observation inspired

us to explore the chemical origin of the spatial distribution of Ag deposition dictating the final
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chiral structure. During the growth of the AgNRs, hexadecyltrimethylammonium chloride
(CTAC) was employed. The as-synthesized AgNRs were precipitated by centrifugation and
purified by depletion interaction-induced self-separation in a concentrated
hexadecyltrimethylammonium bromide (CTAB) solution (50 mM).[>1 The ligands of the
AgNRs are thus primarily CTAB with a small amount of CTAC; both bind to the surface of
AgNRs in a similar manner.[®] Previous studies illustrated that the achiral AgNRs retain the
pentagonal symmetry from the AuBPs.[%% 671 These AgNRs consist of 5 (100) lateral facets
and 10 (111) facets at the tips.[®8] A detailed mechanistic study has shown that halide
stabilizes the (100) facets and leads to preferential growth on the (111) tip facets. This limits
growth along the short transversal axis and encourages growth along the ends of the AuBPs,
resulting in the NR morphology.[®] When we conducted the plasmon-mediated synthesis on
these achiral NR seeds, this ligand-directed growth likely dominated the early stage, resulting
in preferential Ag deposition at the tips.

1.0 4 (a) 80—(b)
——— CTAB-passivate
ethanol-rinsed 1
g 0.8 1 plasma-cleaned 40
% 06 -
i 2 04
s a
% 0.4 (3]
g -40
G | ——— CTAB-passivated
Z 02 1 ethanol-rinsed
-804 plasma-cleaned
oo 4p oo pp (@ i i piiiior——— ——————————
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
Wavelength (nm) Wavelength (nm)

CTAB-passivated ethanol-rinsed plasma-cleaned
Figure 4. The effect of NC surface passivation on AgNRs structural chirality. (a) Normalized
extinction spectra showing the blue shift of the CTAB passivated achiral AgNRs (adsorbed on
substrate) LSPR (black) after ethanol rinse (green) or plasma cleaning (blue). (b) The
corresponding CD spectra of chiral AgNRs synthesized from CTAB passivated (black),
ethanol rinsed (green), and plasma-cleaned achiral AgNRs (blue). Morphology of chiral
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AgNRs developed from (c) CTAB passivated-, (d) ethanol rinsed- and (¢) plasma cleaned-
achiral AgNRs. All scale bars are 200 nm.

To test our hypothesis, we removed the surface ligands from the achiral AgNRs and tracked
their structural evolution under 532 nm LCPL irradiation for 60 minutes. The removal of the
surface ligands by ethanol rinsing and plasma cleaning was corroborated by the blue shift of
the LSPR of the NRs, as in Figure 4a, due to the smaller refractive index surrounding the
AgNRs when exposed to air. The ethanol-rinsed NR seeds grew into NCs with decreased
structural chirality (Figure 4d), as reflected in the significantly compromised CD (Figure
4b), where the maximum CD intensity compared to the CTAB-coated precursors decreased
by ~75%. Plasma-cleaned achiral NRs[”% 7!l resulted in nanostructures with little to no CD, as
shown in Figure 4e. The CD intensity of this sample is even lower than the ethanol-rinsed
one, consistent with the symmetric pentagons shown in SEM. Broad-view SEM images in
Figure S7 demonstrated that the Ag was deposited on the lateral sides even at the early
growth stage of the surface-cleaned seeds. Without CTAB, silver deposition was initially
distributed relatively uniformly on the nanocrystal surface. Over time, this uniform growth
persisted, and the AgNRs grew in their width. Consequently, low CD intensity was observed
in these nanostructures due to their low structural dissymmetry. This shows that the reduced
structural chirality of the NCs after 60 min of CPL illumination is not due to faster Ag growth
but to diminished spatial selectivity of Ag growth on the surface-cleaned seeds. The “hook”
structure formation is also absent in the early stage due to removal of the CTAB surface

ligand.

Although lateral Ag growth was observed, the relatively isotropic Ag deposition of the ligand-
free achiral AgNRs does not fully align with the simulations in Figure 3; however, it is more
consistent with the weak polarization dependence of the plasmon-mediated Ag growth in
earlier studies.l*! Additionally, the photothermal effect could facilitate the isotropic Ag
deposition on NRs.[7?] Although the interband transition threshold in Ag has been reported to
be >3 eV,[”3 which is beyond the highest energy of excitation used in this study (2.5 V), hot
electrons generated by interband transitions that lead to isotropic Ag deposition’ cannot be
ruled out without detailed simulation of the hot carrier generation rate of AgNRs. A
molecular-level mechanistic study on the plasmon-mediated synthesis of Ag nanocrystals in
the future could enhance our understanding of how the energetics and temporal evolution of
hot electrons and nanocrystal surface temperature influence nanoparticle growth patterns.
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Nonetheless, the significance of surface ligand passivation in enhancing the spatial selectivity

of plasmon-mediated chemical reactions is demonstrated.

Previous studies also observed the significant impact of ligand passivation on plasmonic NC
surface chemistry. For example, Al-Zubeidi et al. have shown that Au facets can be
selectively dissolved depending on surface passivation.!”>] They observed isotropic dissolution
of Au by halide on AuNRs cleaned by plasma. Conversely, AuNRs with the original CTAB
bilayer showed preferential dissolution from the tips, where CTAB packing density was
lower. The plasmon-mediated synthesis of Au NCs also showed the key role of PVP in
dictating the NC growth pattern!*?! where the Au only grew on the PVP passivated sites.

A=561 nm

|E| |ELcel 1Ercel

|Eo| |ELcp|+|Ercel

Figure 5. Longitudinal electric field enhancement profile for 488, 532, and 561 nm excitation.
(a) LCPL illumination and RCPL illumination (along z-axis) on the hooked AgNRs. (b)
Normalized differences in electric field amplitude distributions for LCPL and RCPL
illumination at 488, 532, and 561 nm incident wavelength (from top to bottom); AgNR

dimensions: Length ~ 223 nm, Width ~ 30 nm, Hook height ~ 50 nm. Scale bars: 50 nm.
12
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We further simulated tip-deposited AgNRs designed to represent a typical hook structure
generated under RCPL, as shown in Figure 5. Our results indicated a substantial enhancement
of the local electric field enhancement (i.e., 20x of the incident electric field amplitude) at the
hooks. This suggests that once the hooks appear due to the ligand-directed deposition, the
electric field amplitude plays a more dominant role in Ag growth, and subsequent
illumination increases the hook growth, as observed in Figure 2. Another interesting
observation is that large electric field enhancement at the hook is observed for both LCPL and
RCPL illumination, even though the location of the initial growth is preferential to one type of
CPL illumination. Moreover, the electric field amplitude also turns out to be the largest at the
tips and not the waist, which results in more Ag growth on the existing hook. Figure S8
shows the calculated extinction spectra of this structure, clearly showing the influence of the
hooks with the introduction of sharp extinction spectra peaks in 400 nm — 800 nm
wavelength, which could be a cause of the broad bandwidth in the experimental extinction
spectra in the same wavelength range. Simulations also show these four peaks have an
asymmetric response to CPL illumination, which results in slightly perturbed extinction
spectra (refer to Figure S8 a, b) and large CD values, consistent with the experimental

observations.

From the discussions above, we can conclude that the hot electron distribution that dictates
chiral AgNR growth is regulated by two parameters: polarization-dependent field distribution
and surface chemistry. The surface passivation by CTAB facilitates the early dissymmetric
NC growth. We hypothesize that the denser halide packing on (100) facets, compared to (111)
facets, makes Ag deposition sites more available on (111) facets. [®°ISince the achiral AgNR
tips are enclosed by (111) facets, the deposition of Ag through Ag™ reduction by hot electrons
is preferred near the tips of the achiral AgNRs. The dissymmetry of hot electron-mediated Ag
deposition spatial distribution is thus enhanced by CTAB binding to the NR surface during
the early stage of CPL illumination, generating the hook structure. The early dissymmetric
“hook” structures are critical in seeding the later growth stage because they provide enhanced
dissymmetry of the hot electron distribution. This enhancement occurs because the shape of
the nanocrystal, the polarization, and the energy of the incoming beam dictate the spatial
distribution of the local electric field enhancement.l’8! Consequently, the spatial dissymmetry
of the hot electron distribution improves with increasing nanocrystal shape dissymmetry
during the growth process in the presence of CTAB. This is seen by comparing the simulation
results in Figure 3 and Figure 5, where the formation of “hook” structures results in a higher

13
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maximum enhancement of incident beam electric field amplitude (20x vs. 8x) and a larger
contrast between LCPL and RCPL illumination (0.8 vs. 0.3). We note that because the
temperature on the plasmonic NC is typically spatially uniform, photothermal effects are

likely not the primary reason for dissymmetric growth.[””- 78]
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Figure 6. Effect of CPL excitation wavelength on the optical and structural chirality of
AgNRs. (a) CD and (b) g-factor spectra of chiral AgNRs synthesized by illumination with
488 nm, 532 nm and 561 nm CPL. (c) Energy diagram depicting the possible mechanism of
plasmon-mediated synthesis by citrate oxidation. SEM images of the chiral AgNRs
synthesized with (d) 488, (e) 532 and (f) 561 nm CPL. All scale bars are 200 nm.

We further examined the impact of the excitation wavelength on the chiral structures. We
illuminated the achiral AgNRs with 488 and 561 nm CPL at the same photon irradiance and

compared them to 532 nm CPL. The detailed excitation conditions are in Table S3. The chiral
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morphologies obtained are similar, with 488 nm CPL leading to slightly more irregularities.
The broad-view SEM images of these chiral AgNRs can be found in Figure S9. The small
variations of their CD spectra suggest different structural chirality but might be challenging to
resolve using SEM. The relationship between optical activity and excitation wavelength
highlights the importance of the electric field enhancement distribution in growth patterns.

This significance could be considerably diminished without CTAB passivation.

We calculated Kuhn’s dissymmetry factor (g-factor) of the chiral AgNRs using Equation 4
and the extinction spectra shown in Figure S10. (Figure 6b) At ~1400 nm, a g-factor > 0.1
was obtained for chiral AgNRs grown under 488 nm CPL. However, the g-factor at this
wavelength is not practically meaningful as the chiral AgNRs interact with light very weakly.
At ~ 800 nm where the chiral AgNRs interact with light strongly, g-factor ~ 0.05 was
obtained. This number is double the g-factor of the AuBP/PbO2 nanostructures, benefiting
from the all-plasmonic nanostructures here. The g-factor of our chiral AgNRs is an order of
magnitude bigger than that reported in reference 29, where similar reaction conditions were
employed. We noticed that no ligand participated in the reaction in reference 29, and
relatively weak structural chirality was observed. A table comparing the g-factor and
synthetic conditions of chiral nanostructures in this study and in reference 29, along with
relevant previous studies,>* 28 57-381 can be found in the Supporting Information Table S4.
Our simulations also show higher g-factor values as large as ~ 0.5 near the wavelengths of the
four extinction cross-section peaks, (Figure S11) as expected from the large CD values, even
though the experiment did not observe such values due to the AgNR ensemble effect

explained in the AgNR simulations part of the Experimental Section.

CD
32980XExtinction

g — factor = 2 X 4)

3. Conclusion

In conclusion, we have shown that surface passivation of achiral metal nanostructures is
essential for creating structural chirality with CPL. Without surface passivation, we observed
isotropic growth of Ag, resulting in achiral AgNRs. However, when CTAB was used to
passivate the achiral seeds, the spatial selectivity of Ag deposition improved, leading to the
formation of chiral "hook" structures during the early growth stage. The emergence of these
"hook" structures facilitated subsequent nanocrystal growth, which was dominated by an
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enhanced dissymmetry in the local electric field enhancement distribution compared to that of
the initial achiral AgNRs. Our results provide valuable insight into the synthesis of chiral
metal nanostructures using CPL. This will expand the library of available chiral
nanostructures and enable the production of nanostructures with improved structural chirality
and optical activity. Furthermore, understanding the role of surface passivation in influencing
nanocrystal photo growth can be applied in modern nanofabrication technologies to create

metal flat optics or heterogeneous catalysts for enantioselective chemical reactions.

4. Experimental Section

Chemicals: Chemical reagents were purchased from Aldrich Chemical Co or MP Biomedicals
and were used as received. Ultrapure water (resistivity > 18.2 MQ cm at 20 °C) was acquired
from an Elga water purification system and was used in all experiments.

Instrumentation: Extinction spectra were recorded on a Cary 5000 UV-Vis absorption
spectrophotometer. Circular dichroism (CD) spectra were recorded on a Jasco J-1500 CD
spectrometer. The 300-800 nm CD spectra were obtained with a Xenon lamp and an EXPM-
531 PMT detector. The 800-1600 nm CD spectra were obtained with a Tungsten lamp and an
EXIG-542 InGaAs detector. All CD spectra were recorded with 2s D.I.T and 50 nm min!
scan rate with a single scan. CD signal from a circular area with a 4 mm diameter was
recorded for all samples. Scanning electron microscopy (SEM) images were obtained on a
Helios Nanolab 650 microscope. Transmission electron microscopy (TEM) images were
obtained on a JEOL JEM 2800 microscope. A Harrick PDC-32G Basic Plasma Cleaner was
used to remove the surfactants on the nanostructures before photodeposition for selected
samples.

Notes on linear anisotropy contribution to CD spectra: Samples that exhibit linear anisotropy
can generate false CD signals, which may lead to misinterpretation of experimental data when
analyzed using commercial CD spectrometers.!”® 8] Research has indicated that the effects of
linear dichroism (LD) and linear birefringence (LB) can be averaged out when CD spectra are
obtained from four different sample orientations.®!l In this study, the glass/ITO substrates do
not produce any CD artifacts, as illustrated in Figure S12a. When AgNRs are deposited, they
are randomly oriented and do not exhibit ensemble linear anisotropy, as seen in the SEM images
in Figures S3, S7, and S9. In an extreme case, where seed AgNRs were exposed to 200 mW
cm? of 532 nm linearly polarized light for 60 min to induce linear anisotropy in the film, less

than 10 mdeg of CD signals were detected, as shown in Figure S12b, which is less than 10%
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of CD intensity detected for the chiral AgNRs. This indicated that the possibility of linear

anisotropy introducing false CD signals in this study is minimal.

Synthesis of achiral silver nanorods (AgNRs): AuBP nanocrystals were synthesized following
methods reported by Sanchez-Iglesias et al. ') All the compounds were mixed in ultrapure
water. In a 20 mL scintillation vial placed in an aluminum reaction block, 4 mL of 0.1 M
hexadecyltrimethylammonium chloride (CTAC) was brought to 80 °C. 2 mL of 1 mM
HAuCls and 2 mL of 20 mM citric acid were then added under gentle stirring (200 rpm).
While vigorously stirring (1700 rpm), 0.25 mL of 25 mM NaBH4 was freshly prepared with
cold water and rapidly injected into the vial. The vial was left uncapped for 2 minutes, then
capped, and the seed solution temperature was maintained at 80 °C for 90 minutes with gentle
stirring (200 rpm). The final seed solution was stored at room temperature. The growth
solution for AuBPs was prepared by combining 40 mL of 0.1 M
hexadecyltrimethylammonium bromide (CTAB), 2 mL of 10 mM HAuCl4, 0.4 mL of 10 mM
AgNO3, 0.8 mL of 1 M HCI, and 0.32 mL of 0.1 M ascorbic acid in an Erlenmeyer flask in a
water bath at 30 °C. Subsequently, 1 mL of seed solution was added to the growth solution to
synthesize AuBPs. The mixture was maintained at 30 °C for 3 hours. After centrifugation at
7000 rpm for 20 minutes, the AuBPs were collected as the precipitate and then stored in the
refrigerator in the dark.

AgNRs were synthesized based on the methods reported by Zhuo et al. [® with slight
modifications. The AuBPs obtained were centrifuged at 7000 rpm for 10 minutes. The
precipitate was then redispersed in 30 mL of CTAC (0.08 M) in an Erlenmeyer flask. The
flask was heated in a water bath at 60 °C. After that, 6 mL of AgNO3 (10 mM) and 3 mL of
ascorbic acid (0.1 M) were added to the flask. The mixture was stirred at 400 rpm for 4 hours
to complete the reaction. The product was collected by centrifugation at 7000 rpm for 10
minutes. The precipitate was further purified through re-dispersion in 30 mL of CTAB (0.05
M) overnight.5) After depletion purification, the AgNRs were dispersed in 1.5 mL of CTAC
(1 mM) and stored in a fridge.

Plasmon-mediated growth of chiral AgNRs: The glass substrates coated with indium tin oxide
(ITO) were cleaned in a plasma cleaner for 10 seconds at 250 mTorr. Then, 2.7 mL of ethanol
was slowly added to 5 mL of AgNRs solution (with extinction of approximately 4 at 350 nm)
while stirring. After that, the clean ITO substrates were submerged in the solution for

approximately 4 hours to allow the AgNRs to be adsorbed.
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Inside a glovebox, the ITO/AgNRs substrates were immersed in an aqueous solution of silver
nitrate (1 mM) and sodium citrate (1 mM) in a cuvette. The cuvette was then sealed to avoid
the involvement of oxygen in the subsequent reactions. The substrate was illuminated from
the backside with LCPL or RCPL for the desired duration. To reduce the CTAB passivation
on achiral AgNRs adsorbed on ITO substrates, the substrates were either rinsed ten times with
ethanol or cleaned in a plasma cleaner for 40 s (200 mTorr N2) immediately before
photogrowth.

To generate CPL, 488, 532, and 561 nm lasers (OBIS) were passed through Glan laser
polarizers (Thorlabs GL10) and quarter waveplates (Newport 10RP54-1B and 10RP54-1).
The fast axis of the quarter waveplate was aligned at 45 ° to the polarization plane of the
lasers. The handedness of the light was defined from the receivers' point of view following the
IUPAC standard.[3?! All laser beams were expanded by a set of lenses to at least 4 mm in
diameter. The size of the beam was obtained by imaging the beam profile using a CMOS
camera (Imaging Source DMK 33UX273) and then fitting the beam profile with Gaussian
functions. The irradiance of the lasers can be found in Table S3.

AgNR Simulations: COMSOL Multiphysics was used as a FEM solver to understand the
electromagnetic response of the Ag nanorod (placed on the ITO glass substrate) to chiral light
placed in an aqueous (H20) environment. From TEM images, the dimensions of the structure
were chosen to represent an ensemble average of AgNR particles with length =223 nm and

width = 30 nm.

The main plasmonic peak undergoes a notable spectral shift due to changes in the dielectric
environment of the AgNR, moving from water to air and ITO. Generally, a lower refractive
index of the surrounding medium leads to a blueshift of plasmonic peaks. Therefore,
transitioning from water (nwater ~ 1.33) to air (nair ~ 1) results in a blueshift, as shown in
Figure 4a. A similar blueshift occurs when AgNR is positioned on a higher refractive index
substrate (nito ~ 2.56) but exposed in air compared to being dispersed in water. Additionally,
in our updated Figure S5 and Figure S8, we observe the expected global redshift of all the
plasmonic peaks when immersing ITO/AgNR in a solution due to the addition of a relatively

higher refractive index substrate from below it, compared to AgNRs dispersed in water.

AgNR is placed longitudinally on the ITO substrate, and CPL light is illuminated from the
bottom. We numerically calculate the extinction cross-section by adding the absorption and

scattering cross-section for wavelengths. We observe three sharp resonances at 450 nm, 576
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nm and ~1360 nm attributed to the traverse (T-), higher order and longitudinal (L-) localized
surface plasmon resonance (LSPR), respectively. The slight mismatch with the experimental
spectra compared to the simulation is due to the fact that the former has a large variability in
the dimensions of the nanorods, while the latter is an ensemble-averaged result.

We designed a prototypical hooked structure of Ag hook of ~50 nm height on one side of the
AgNR. Next, we excite the structures with both CPL illumination and measure the extinction

cross-section (c_ext) to calculate the CD spectrum and Kuhn’s dissymmetry factor as shown

below:

CD = Oext,LcpL — Oext,RCPL (5)
Oext,LCPL—Oext,RCPL

g — factor = 2 x == = (6)
Oext,LCPLTOext,RCPL

Figure S8 shows the extinction cross-section of the hooked structure (grown under RCPL) for
CPL illumination, and we can observe new peaks in the 600 nm — 800 nm CD introduced due
to the hook. Moreover, Figure S11 shows the calculated CD and g-factor values are
substantially large in the 400 nm-800 nm, similar to the trends observed in the experimental
results. We also observe large g-factor values for longer wavelengths, as observed
experimentally in Figure 6. However, AgNRs do not interact with light strongly as there are
no plasmonic resonances in these spectral regimes and hence are not practically meaningful.
Again, the absence of sharp features in the experimental data is due to an ensemble-average

effect.
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Surface ligands increased the spatial selectivity of silver deposition on achiral silver nanorods
under circularly polarized light, leading to nanostructures with enhanced structural chirality.
With a g-factor ~ of 0.05, the optical dissymmetry of these chiral nanostructures is one order

of magnitude larger than those grown from achiral silver nanorods without surface ligands

engineering.

Increasing the Structural Chirality of Metal Nanocrystals Created by Circularly

Polarized Light via Surface Ligand Engineering
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