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Chiral plasmonic nanocrystals with varied symmetries were synthe-
sized by L-glutathione-guided overgrowth from Au tetrahedra,
nanoplates, and octahedra, highlighting the importance of chiral
molecule adsorption at transient kink sites. Large g-factors are
possible and depend on symmetry. Simulations of their chiroptical
properties from tomographically obtained nanocrystal models
further verify their chirality.

Chiral plasmonic nanocrystals are of interest for their
enantiospecific interactions with light," having been achieved
synthetically by colloidal and lithographic methods.'™® One
method toward chiral plasmonic nanocrystals exploits enantio-
selective adsorption of chiral molecules on seed surfaces, where
transfer of molecular chirality to metal nanocrystal systems has
been achieved during seeded overgrowth.”® Lee et al. proposed
that such adsorption occurs predominantly on intrinsically
chiral surfaces with high Miller indices.! That is, transient kink
sites formed at the intersection of thermodynamically favorable
nanocrystal facets, e.g., the {111}, {100}, and {110} facets of
face-centered cubic metals, facilitate enantioselective adsorp-
tion of chiral molecules.”® This handed interaction, in turn,
leads to chiral nanocrystal shapes during overgrowth through
preferential expression of one (R/S)-handed chiral surface over
the other.

This approach has yielded chiral Au helicoids seeded from
Au cubes, octahedra, and rhombic dodecahedra.’”*° The enan-
tiomeric form of the final helicoids has been controlled
through the selection of the chiral molecule (e.g., 1- versus
p-cysteine)." The resulting helicoid nanocrystals exhibit strong
chiroptical behavior, most notably 432 helicoid III which is
formed from a single-step chiral overgrowth of octahedral Au
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seeds and boasts a g-factor of approximately 0.2, defined
here as:

CD

o 2(AL — ARr)
extinction

(AL + A4Rr)

= g-factor (1)

where A;, and Ag are the absorbances of left and right circularly
polarized light, respectively, CD is the circular dichroism, and
g-factor is a dimensionless dissymmetry factor that is used for
chiroptical property comparisons between systems. For exam-
ple, chiral molecules, lithographically-obtained arrays, and
templated assembly systems can be directly compared with
reported g-factors of approximately 5 x 107, 7 x 10", and
3 x 1077, respectively."'""> Bottom-up synthesis of chiral
nanocrystals presents an exciting frontier to obtain scalable
chiroptical activity; however the molecular-templated, face-
directed overgrowth employed in previous works is currently
limited to nanocrystal seeds with octahedral (Oy,) symmetry.

Here, we show this approach can be applied to other nano-
crystal seeds, including those with dihedral (Ds;) and tetra-
hedral (T4) symmetries. We note that the use of point group
notation for different nanocrystal types reflects idealized struc-
tures without consideration of slight imperfections. Considering
the formation of 432 helicoid III, overgrowth from Au octahedra
was mediated with r-glutathione (1-GSH) as a chiral additive,
moving from a system with Oy, symmetry to one with octahedral
rotational (O) symmetry and the loss of mirror symmetry."* Note
that we are specifically referring to the overall nanocrystal
symmetry and not the FCC crystal structure. For comparison,
triangular Au plates and Au tetrahedra with D5, and Ty sym-
metries, respectively, were selected for 1-GSH-mediated over-
growth of additional Au. Notably, both the triangular Au plates
and tetrahedra are terminated with {111} facets, just like the
octahedral Au seeds used in the 432 helicoid III system,
allowing for a direct comparison of symmetry effects during
1-GSH-mediated overgrowth.

Considering the dihedral symmetry case, triangular Au
plates (edge length: 38 + 3 nm, Fig. 1a) were synthesized
through reduction of HAuCl, with r-ascorbic acid (t-AA) in the
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Fig.1 SEM images of (a) triangular Au plate seeds and (b) overgrowth
product with histograms of nanocrystal edge lengths below. (c—f) SEM
images of a single Au nanocrystal after overgrowth at tilts denoted in upper
right.

presence of Nal and cetyltrimethylammonium chloride (CTAC)."*

Then, these triangular Au plates were used as seeds to which
additional Au was deposited from the reduction of HAuCl, in the
presence of 1-GSH and cetyltrimethylammonium bromide (CTAB).
Full experimental details can be found in the ESL{ The resulting
Au nanocrystals are larger than the seeds, with an average edge
length of 255 & 21 nm (Fig. 1b). There is transfer of dihedral 3-fold
rotational symmetry from seed to product as well; however, Au
protrudes from the face-centers of the triangular Au plates.
Additionally, scanning electron microscopy (SEM) images of the
same nanocrystal at different angles reveal concavities or material
gaps within the protrusions (Fig. 1c—f).

Notably, when the same overgrowth procedure is conducted
without 1-GSH, larger Au nanocrystals are produced, again with
protrusions from the face-centers of the triangular Au plates.
However, concavities or gap indentations are not evident
(Fig. S1, ESIf). This observation indicates that the chiral
additive is required to achieve the 3-fold concave gap features.
As will be discussed shortly, the Au nanocrystals with the 3-fold
concave gaps display a chiroptical response while those without
do not. However, notable chiral features are not immediately
evident, particularly when comparing them to the 432 helicoid
III obtained from overgrowth on Au octahedra (Fig. S2, ESIt),
reproduced from Lee et al." We attribute these observations to
subtle differences in the surface terminations of Au octahedra
and triangular Au plates. Both are encased by {111} facets, but
Au octahedra are single-crystalline whereas triangular Au plates
contain stacking faults enclosed by either {110} or {110}
edges.”® The latter likely does not present all the necessary
intersecting planes to facilitate expression of intrinsically chiral
kink sites during overgrowth until after substantial metal has
deposited.

Considering the Ty symmetry case, Au tetrahedra (edge
length: 80 &+ 3 nm, Fig. 2a) were synthesized by reducing HAuCl,
with 1-AA in the presence of CTAC, CTAB, and preformed Au
spheres.'® These tetrahedra were used as seeds onto which Au
was deposited by reducing HAuCl, with 1-AA in the presence of
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Fig. 2 SEM images of (a) tetrahedral Au seeds and (b) overgrowth product
with histograms of nanocrystal edge lengths below. (c—f) SEM images of a
single Au nanocrystal after overgrowth at tilts denoted in upper right. TEM
images of overgrowth product along the (g) [100] and (i) [110] directions
with representative tomographic reconstruction oriented to align with
projection. Corresponding electron diffraction data in the (h) [100] and (j)
[110] directions.

CTAC, CTAB, and 1-GSH. The surfactant system was modified
from CTAB to a mixture of CTAB and CTAC in a ratio consistent
with the tetrahedral Au seed synthesis to increase nanocrystal
growth rate and promote chiral expression;'”*® otherwise,
nearly cubic Au nanocrystals with a weak g-factor response were
produced with CTAB only (Fig. S3, ESIt). Note that the synthetic
conditions of CTAB-only provided a sufficient growth rate in the
case of .-GSH-guided overgrowth from triangular Au plates as
the CTAB/CTAC system led to achiral dendritic overgrowth
(Fig. S4, ESIf). Returning to the nanocrystals produced by
1-GSH-guided overgrowth from tetrahedra, they appear to have
a roughly cubic profile (edge length: 134 + 6 nm, Fig. 2b) but
actually consists of two flattened ellipsoids with pointed ends
that are stacked on top of each other and offset by 90°. These
ellipsoid-like features become evident from tilting a single
particle (Fig. 2c-f). Notably, at 45° tilt (Fig. 2f), curvature to
the ellipsoid-like features become evident and are a hallmark of
intrinsically chiral nanocrystals. A more extensive SEM tilt study
of this sample is also shown in Fig. S5 (ESIt).

Transmission electron microscopy (TEM) images of a single
nanocrystal and corresponding electron diffraction patterns are
shown in Fig. 2g-j, giving the projections from the [100] and
[110] directions, respectively. The electron diffraction patterns
indicate that these nanocrystals are single-crystalline, with the
insets in Fig. 2g and i suggesting orientations that account
for these observations. Taken together, the crystallographic
relationship between the initial tetrahedral seeds and final
nanocrystals can be analyzed as shown in Fig. S6 (ESI{). The
superposition suggests that formation of chiral gap features is

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Tomographical reconstruction of an overgrown Au plate (a—c)
viewed from opposite edges (a and c¢) and top (b). (d) Experimental and
(e) simulated optical properties of chiral nanocrystals from triangular
plates. Tomographical reconstruction of an overgrown Au tetrahedron
(f—h) viewed from [100], [111], and [110] directions, respectively. (i) Experi-
mental and (j) simulated optical properties of chiral nanocrystals seeded by
tetrahedra.

face-directed, consistent with literature."'® Notably, when the
same overgrowth procedure is conducted without L-GSH, nano-
crystals without these gap features are produced as shown in
Fig. S7 (ESIt). This observation indicates again that the chiral
additive is required to achieve concave gap features.

Tomographical reconstructions of individual nanocrystals
were obtained to further understand the 3D morphologies and
verify their nanoscale chirality (see Fig. 3 and Videos S1 and S2
for the overgrown plates and tetrahedra, respectively, ESIT).
Reconstructions of an overgrown plate and tetrahedron are
shown at different orientations in Fig. 3a-c and f-h, respectively.
The 2- and 3-fold rotational axes of the triangular Au plates are
preserved in the overgrown product. The presence (or absence) of
mirror symmetry, however, cannot be determined conclusively
and is likely due to the intensity thresholding being unable to
capture the subtle chiral gaps formed in the protrusions from the
center of the nanoplates. Likewise, the 3- and 2-fold rotational
axes of the tetrahedral seeds are preserved in the overgrown
product. Generation of clockwise-handed features in the tetra-
hedral overgrowth is shown and compared to the 432 helicoid III
system in Fig. S8 (ESIt), indicative of elimination of mirror
symmetry.

Circular dichroism (CD) spectroscopy is well-suited to reveal
chiroptical behavior by measuring the difference in absorbance
of right- and left-circularly polarized light. The product nano-
crystals have red-shifted localized surface plasmon resonances
(LSPRs) compared to their seeds, consistent with their larger
sizes (Fig. S9, ESIT).*°>> While the seeds are not chiroptically
active (Fig. S10, ESI{), both product nanocrystals show chirop-
tical behavior by CD spectroscopy (Fig. 3d and i). The g-factor
response - which is normalized by extinction (see eqn (1)) - is
lower in intensity for nanocrystals originating from the trian-
gular Au plates compared to the overgrown tetrahedral system.

This journal is © The Royal Society of Chemistry 2022
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This difference likely stems from the mechanism of chiral
feature generation, which has been proposed to occur at kink
sites at the intersections of {100}, {110}, and {111} facets." The
triangular Au plates with D3, symmetry express {111} basal
facets and either {100} or {110} facets at the edges due to
stacking faults, leading to a system with few of the hypothesized
intersections that would favor chiral molecule adsorption. In
contrast, the single-crystalline tetrahedral Au seeds are bound
by {111} facets and rounded corners and edges, providing the
hypothesized intersections that would facilitate expression of
intrinsically chiral kink sites and generation of chiral features
upon overgrowth.

Thus, the reconstructed nanocrystals were used as structural
models in finite difference time domain (FDTD) simulations to
verify the relationship between structure and chiroptical
response.>® A background index of 1.333 with circularly polarized
light was used. As nanocrystals are randomly oriented in solution,
the model orientation was rotated in the x- and y-directions (from
0°-180° in steps of 15°) relative to the injection axis of light
(z-direction), consistent with previous methodology.! Fig. 3e and j
shows the resulting averaged spectra of scattering and g-factor
versus wavelength for the overgrown plates and tetrahedra, respec-
tively. The complete simulated scattering spectra for all rotations
are presented in Fig. S11 and S12 (ESIY) for the overgrown plates
and tetrahedra, respectively. The experimental and simulated
scattering spectra for both samples are in reasonably good agree-
ment, showing a similar number of features reflective of the
nanocrystals’ symmetries.”* Small spectral shifts and broadening
for the experimental samples are evident and consistent with
there being slight variations in structure from one nanocrystal to
the next in a given sample.”’®*® CD signals are observed from
simulations of the tomographically obtained models, indicating
that the experimental-observed CD signals are not due to near-
field enhancements of chiral molecules and rather the intrinsi-
cally chiral features of the nanocrystal. The negative g-factor
feature present around 520 nm in Fig. 3i is likely due to
byproducts in solution rather than an absorbance of the nano-
crystals. This claim is further supported when comparing the
simulated scattering and total extinction g-factor spectra (Fig. S13,
ESIt), neither of which exhibit this negative response. Again, there
is good agreement between experimental and simulated spectra,
with slight variations likely due to the atomically imprecise nature
of nanocrystals and the mesh size used in the simulations.

The larger g-factor achieved with the overgrown tetrahedral
sample motivated further study into how its structure could be
modified synthetically to achieve a larger response. Toward this
effort, the concentrations of HAuCl, and 1-GSH were system-
atically varied while keeping the total reaction volume and seed
concentration constant, as the concentrations of overgrowth
metal and chiral additive have been shown to influence chiral
gap formation.'® Increasing [HAuCl,] led to larger particles with
modest increases in g-factor (column 3) that levels off or
declines with further increasing [HAuCl,] (column 4). Increas-
ing [1-GSH] leads to an increase in g-factor regardless of
[HAuCl,]. At the highest [L-GSH], randomly segmented metal
domains are evident in the nanocrystals (Fig. 4, row ¢, columns
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Fig. 4 SEM images from parameter sweep of L-GSH and Au precursor
concentrations with measured g-factor. [L-GSH] is 4.6, 6.8, and 9.1 uM in
rows (a—c), respectively. [HAUCl,] is 182.5, 365.0, 547.4, and 730.0 uM in
columns 1-4, respectively. Scale bars: 100 nm.

3 and 4), making structural determination challenging. The
highest g-factor was associated with the sample in Fig. 4, row c,
column 3 (see Fig. S14 for a SEM tilt study of single nanocrystal
from this sample, ESIt), with the data suggesting that there is
an optimal ratio of [HAuCl,] to [.-GSH] to achieve nanocrystals
with strong chiroptical response (i.e., the diagonal) as is
consistent with existing literature."® The variance in g-factor
highlights the importance of optimizing the overgrowth condi-
tions. Unfortunately, the exact structural origin of such changes
in g-factor are unknown at this time given its high sensitivity to
chiral gap dimensions, with systematic studies into the effects
of chiral nanocrystal symmetry underway by simulation.

Taken together, intrinsically chiral nanocrystals with new
symmetries are possible by selecting shape-controlled seeds of
different symmetries, moving the community beyond the well-
studied O, case. While traditional seed-mediated syntheses
typically result in symmetry transfer,® addition of chiral addi-
tives facilitates formation of chiroptically active nanocrystals. A
prerequisite for chiral feature generation is the generation of
transient kink sites that form at the junction of {100}, {110},
and {111} faces. Notably, this work outlines a general colloidal
pathway for chiral nanocrystals with different symmetries by
pairing molecular templates with shape-controlled seeds.

S.E. S. and ]. S. G. designed experiments. J. S. G. developed
syntheses of chiral nanocrystals and conducted SEM, opto-
electronic characterization and simulations. Z. J. W. acquired
tilt SEM images. E. R. and G. R. L. acquired electron tomogra-
phy data, which G. R. L. analysed with supervision of E. R. This
manuscript was written through contributions of all authors
and all approved the final version.
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