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Recently, in combination with seed-mediated growth, thiolated chiral molecule-guided growth has
shown great promise in obtaining chiral plasmonic nanostructures. Previously, with the assistance of
chiral cysteines (Cys), we realized helical growth of plasmonic shells on gold nanorod (AuNR) seeds dis-
persed in cetyltrimethylammonium bromide (CTAB) solution. Herein, we further studied the roles of non-
chiral cationic surfactants in tuning the helical growth. Both the counter anion and the hydrocarbon chain
length of the surfactants were found to affect the formation of helical shells greatly. In particular, we
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exhibited surfactant-modulated conversion of the chiral shell deposition mode between layer growth and
island growth. By optimizing growth conditions, an obvious plasmonic circular dichroism (PCD) response
could be achieved for the island helical shell. Our findings demonstrated promising potential of nano-
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Introduction

Plasmonic nanomaterials possess unique surface plasmonic
features that make them highly versatile in several fields,
including optical sensing, imaging, metamaterial-based
devices, and disease theranostics. The controlled chemical syn-
thesis of plasmonic nanoparticles (PNPs) has led to the emer-
gence of chemical nanoplasmonics, a new interdisciplinary
branch of nanoscale chemistry and plasmonics that has gar-
nered significant attention.' In this rapidly advancing field,
nanochemistry-driven chiroplasmonics has achieved exciting
progress.>? Initially, the strong local electromagnetic field of
the PNPs was introduced to enhance the chiroptical activities
of chiral molecules anchored close to or on the surface of the
achiral PNPs. Benefiting from the enhanced chiral molecule-
plasmon interaction, the chiroptical activity of the PNPs at
local plasmons, for instance, plasmonic circular dichroism
(PCD), was also observed. Subsequently, modulating this inter-
action has become a useful way to regulate the chiroptical
responses of the PNPs themselves. The chiroptical activity of
chiral PNPs has been demonstrated across a broad spectral
range, from UV-visible to near-infrared,>” making it highly
attractive and useful for applications such as sensing,®°
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chemical synthesis in fabricating chiral plasmonic nanostructures with small structural sizes.

enantio-differentiation,'" circularly polarized photocatalysis,'?
disease treatment,”*™*® and more. In addition, chiral plasmo-
nic nanomaterials offer new perspectives to the traditional
chirality field.

Despite significant efforts, the chiral molecule-plasmon
interaction has limited the PCD responses of the PNPs. Strong
PCD responses are primarily obtained from chiral assemblies
of achiral PNPs using chiral molecule-guided assembly
methods such as amino acids and peptides,'®° polymers,*'
and DNA.>®° Discrete PNPs with an obvious chiral mor-
phology have been limited to top-down methods with large
structural sizes. Nevertheless, recent advancements in wet-
chemical synthesis have made it possible to chemically
prepare discrete chiral PNPs with smaller structure sizes.>*™*®
Nam and co-workers pioneered the preparation of discrete
chiral PNPs with strong PCD responses by using seed-
mediated growth guided by thiolated chiral amino acids or
peptides to produce novel 432 Au helicoids on Au nanocube
seeds.®® This strategy has led to the development of more
chiral plasmonic nanostructures such as helical plasmonic
shells on gold nanorods (AuNRs),***> Au chiral propellers on
Au nanoplates,*® and chiral plasmonic triangular nanorings,*’
demonstrating the great potential of wet-chemical synthesis in
producing discrete chiral nanostructures. In contrast, Liz-
Marzan and co-workers showed that soft chiral template-
directed overgrowth could also induce chiral growth of plasmo-
nic nanomaterials, using chiral wrinkles formed by weak non-
covalent interactions between chiral co-surfactants and
achiral surfactants to obtain chiral Au nanostructures on
AuNRs.*
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Although significant progress has been made in the field,
controlling chiral growth remains a challenge due to the
complex growth process.**?? It is well-known that surfactants
play a crucial role in the synthesis of noble metal NPs, particu-
larly in seed-mediated growth,”*° where quaternary alkylam-
monium halide surfactants are often used to modulate the
shapes of Au NPs by influencing growth kinetics or selective
binding of specific facets.”"*>

Despite complicated interplay of different mechanisms,
both the hydrophobic chain length®>*® and halide counter
ions of surfactants®’ ® have been found to be useful in the
morphology control of noble metal NPs. However, the for-
mation of a chiral morphology remains an uncharted territory,
and undoubtedly, surfactants will play an important role in
this process.

Recently, we synthesized helical plasmonic nanorods using
AuNR-mediated growth with the assistance of chiral
cysteines.®* Herein, we delved deeper into the roles of non-
chiral surfactants in the formation of chiral shells and the
possible tuning mechanisms by varying the counter ions and
hydrocarbon chain lengths of cationic surfactants. Apart from
previously employed cetyltrimethylammonium bromide
(CTAB), an additional three other surfactants, cetyltrimethyl-
ammonium chloride (CTAC), octadecyltrimethylammonium
bromide (OTAB) and octadecyltrimethylammonium chloride
(OTAC), were employed. It was found that both the alkyl chain
length and the halide ion affected the growth of the chiral
shell, with the shell deposition mode primarily controlled by
the counter anions. When bromide ions are used as counter
ions, such as in the case of CTAB or OTAB, the shell growth

53,54
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mainly occurs via a layer growth mode. In contrast, when
changed to chloride ions, such as in the case of CTAC and
OTAC, the island growth mode is dominant for the shell
growth. Both counter ions and hydrocarbon chain length influ-
ence chiral growth via affecting Cys coverage on the metal
surface. By tuning the growth conditions, the shell growth
mode can be switched between the two growth modes.

Results and discussion

AuNR@Cys50-Agy 35AU, 5 Nanostructures mediated by
different surfactants

To explore the effect of non-chiral surfactants, we first
employed the optimized growth conditions for the helical
AuAg shell obtained in CTAB-mediated growth.®* AuNRs
(93 nm x 15 nm) with an LSPR maximum at ~1000 nm were
used as seeds (Fig. S1t). After the shell growth, the obtained
extinction spectra can be roughly divided into two groups as
shown in Fig. 1A. CTAB- and OTAB-mediated growth belonged
to one group, and the obtained plasmonic nanostructures
showed well-separated transverse and longitudinal SPR bands.
For the CTAB-mediated growth, the plasmonic nanostructures
had the TSPR and LSPR maximized at 545 nm and 726 nm,
respectively. The LSPR/TSPR intensity ratio was ~0.93. In the
case of OTAB, these two bands blue-shifted to 535 nm and
695 nm, respectively, with a slightly increased LSPR/TSPR
intensity ratio of ~1.05. CTAC- and OTAC-mediated growth fell
into the other group, where the obtained plasmonic nano-
structures exhibited greatly reduced and broadened LSPR
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Fig. 1 Achiral surfactant-mediated chiral growth of AUNR@AUAg nanostructures. (A) Extinction spectra, (B) CD spectra, (C) gmax values at the
plasmon band and 370 nm band, and TEM images (D and E) of AuNR(30)@Cys(50)-Sur(15)-Agg 35AU0 ¢5(0.2) nanostructures mediated by four surfac-
tants. AuAg alloy shell growth conditions: [AuNR] = 30 pM, [Sur] = 15 mM, [Cys] = 50 uM, [Ag*] = 0.03 mM, [Au®*] = 0.17 mM, [AAl/[Au®* + Ag*] = 1.6

at the growth temperature of 60 °C for 1 h. Scale bar: 50 nm. Inset: lines
clarity.
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responses without obvious peaks. For the CTAC-mediated
growth, a broad plasmonic band centered at ~545 nm domi-
nated the extinction spectrum. In the case of OTAC, the TSPR
maximum blue-shifted to ~515 nm and was separated from
the broad LSPR response. In addition, an absorption band
centered at ~370 nm appeared, which came from small Au
nanoclusters, formed via the reduction of the Au(i)-Cys
complex by AA.** Correspondingly, the plasmonic CD
responses were also divided into two groups with strong PCD
responses for the CTAB/OTAB group and very weak PCD
responses for the CTAC/OTAC group (Fig. 1B). The g factor
value of the PCD,,,, followed the order of CTAB > OTAB >>
OTAC > CTAC. The gmax value was —0.012 at 604 nm for CTAB,
—0.0066 at 600 nm for OTAB, —6.8 x 10~* at 685 nm for OTAC,
and —7.6 x 107> at 665 nm for CTAC, respectively (see Fig. 1C
and Fig. S21 for g factor spectra). The 370 nm band also
showed a CD signal, indicating the formation of chiral Au
nanoclusters.

In order to gain more insight into the PCD responses, we
checked the morphologies of the obtained plasmonic nano-
structures using TEM (Fig. 1D). Two different shell growth
modes could be visualized. For CTAB- or OTAB-mediated
growth, the plasmonic shell mainly exhibited the layer growth
mode, showing regular shell shapes. For the OTAB-mediated
growth, the overall morphology was similar to that of the
CTAB-mediated growth®® with more pitches. The mean rod
length and width were 97 nm and 49 nm, respectively, for the
CTAB-mediated growth, which became 103 nm x 45 nm for the
OTAB-mediated growth. For both surfactants, more metal de-
posited on rod sides, which led to an obvious reduction in the
aspect ratio. The blue-shifted LSPR band with enhanced inten-
sity agreed with shallower helical grooves observed for OTAB-
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mediated growth, compared to their counterparts mediated by
CTAB. The measured pitch depth was roughly 9.0 + 2.0 nm
and 3.9 + 1.2 nm for CTAB- and OTAB-mediated growth,
respectively. In contrast, for CTAC- or OTAC-mediated growth,
the island growth was obvious. In the case of CTAC, the island
growth was inhomogeneous. Large particles composed of
small particles were found to distribute at different sites
(endcaps, middle parts) of the AuNR seed. On some rods,
helical arrangements of the particles on the rod can be visual-
ized (Fig. 1E inset). Such structural features agreed with the
observed extinction features. The dominant plasmon band at
545 nm can be ascribed to the large particles. Therefore, the
counter ions of surfactants played a vital role in tuning shell
growth mode. In the case of OTAC-mediated growth, the
helical shells were composed of homogeneously distributed
NPs. This indicated that the chain length can be used to
improve shell deposition. Taken together, both the carbon
chain length and the counter ion of the surfactants affect the
growth of plasmonic shells and PCD responses of the obtained
plasmonic nanostructures. The effect of the counter ion is
stronger than that of the carbon chain length.

Improving PCD responses in OTAC-mediated chiral growth

As shown above, the OTAC-mediated growth could lead to
homogeneous island growth of the shell with discernable
helical nanostructures. It is therefore interesting to know
whether the island growth mode can induce the strong PCD
response. We first investigated the effect of Cys amount on the
formation of the helical shell by fixing other growth para-
meters (Fig. 2 and Fig. S31). In the absence of Cys, the
obtained nanostructures showed typical plasmonic features of
a rod-like morphology with the TSPR band and LSPR band

10 uM

20 uM

Fig. 2 Effect of Cys concentration on the formation of island helical shells mediated by OTAC (15 mM). (A) Extinction and (B) CD spectra. Inset: gmax
vs. Cys concentration. (C) Typical TEM images of AuNR(30)@Cys(X)-OTAC(15)-Ago 35AU0 ¢5(0.2) nanostructures obtained at different Cys concen-

trations. Scale bar: 100 nm.
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centered at 497 nm and 750 nm, respectively (Fig. 2A). The
obtained nanostructures exhibited a very weak M-type PCD
signal (~5 mdeg at 580 nm), which was opposite in sign to the
Cys-mediated PCD signal (Fig. 2B). The gmax factor value at
580 nm was 5.3 x 10~*. The TEM image indicated a shallow
sawtooth-like shell structure (Fig. 2C). In the zoomed image,
helical features were visible, suggesting the formation of local
chiral structures (Fig. 2C inset). In the presence of Cys, the
plasmonic features changed greatly. At 10 uM Cys,
the TSPR band red-shifted to 510 nm, whereas the LSPR band
red-shifted to 923 nm with significant damping in intensity.
The obtained nanostructures showed a weak P-type PCD
signal.

TEM images exhibited the shell composed of compact
nanoislands. On further increasing the Cys amount from
20 pM to 75 pM, the extinction spectra showed continuous
damping and broadening of both LSPR (around 980 nm) and
TSPR bands (around 520 nm). The shell deposition amount
also decreased with Cys concentration. At the fixed AuNR con-
centration, the change in the extinction value in the
350-450 nm spectral range can be used to indicate the depo-
sition amount of the shell.”® Considering that the 370 nm
band might interfere with the absorbance at 400 nm, we used
the extinction value at 420 nm (Extss nm)- The deposition
amount of the shell at 75 pM Cys was nearly half of that in the
absence of Cys. A 370 nm absorbance band began to appear at
20 pM Cys and gradually enhanced with the Cys amount. At all
employed Cys concentrations, the PCD responses were weak
(Fig. 2B). On increasing the Cys concentration, the gp,.x value
gradually increased, verifying the key role of Cys in guiding the
helical growth of the shell (Fig. 2B inset). TEM images
(Fig. 2C) exhibited more obvious helical twisting of the shell
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around the AuNR seed by increasing the Cys amount. For
instance, at 75 pM Cys, the obtained nanostructure could be
considered as the AuNR wound by a helical coil. However,
strongly damped SPR bands posed a limit to improving PCD
responses by increasing the Cys amount.

In order to mitigate the damping of local plasmons at high
[Cys], we investigated the effect of OTAC amount at a moderate
Cys concentration of 40 pM. Increasing the OTAC amount from
15 mM to 100 mM led to the enhancement of the LSPR
response and the decline of the shell deposition amount. In
particular, with 100 mM OTAC, the intensity of the LSPR band
centered at ~900 nm was stronger than that of the TSPR band
centered at ~520 nm (Fig. 3A). With 100 mM OTAC, the depo-
sition amount of the shell was 57% of that with 1 mM OTAC.
On increasing the OTAC concentration, the 370 nm band
gradually decreased, indicating decreased complexing of Cys
with Au(1). The gnax value vs. OTAC concentration showed a
volcano-like shape (Fig. 3B inset and Fig. S41), with the
highest PCD response at an OTAC concentration of around
45 mM. With 1 mM OTAC, despite a high [Cys]/[OTAC] molar
ratio of 4 x 1072, the obtained nanostructure exhibited no
obvious PCD response. TEM images demonstrated that on
increasing the OTAC amount, the shell structure changed from
compact islands and loose coils to specific facet-exposed
shells, indicating the conversion of the shell growth from the
island growth mode to the layer growth mode. In comparison
with Fig. 2, changing the OTAC amount was a feasible way to
control local SPR features. Overall, changing the OTAC amount
can be used to modulate shell deposition mode and it
improves the PCD responses for island-like shells, which may
benefit applications related to narrow plasmonic gaps and
small NP sizes.

1mM 30 mM

—

Fig. 3 Effect of OTAC concentration on the growth of the helical shell for AuNR(30)@Cys(40)-OTAC(X)-Ago.35AU0 ¢5(0.2). (A) Extinction and (B) CD
spectra. Inset in B: gmax vs. OTAC concentration. (C) TEM images. Scale bar: 100 nm.
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Tuning the growth temperature (7) is a simple way to
modulate shell deposition kinetics. By altering growth 7, both
the shell deposition amount and the PCD response were
affected (Fig. 4A and Fig. S5%). On raising growth T from 30 °C
to 60 °C, the Ext;y, nm value increased, suggesting enhanced
metal ion reduction at elevated growth temperature. PCD
responses were also raised by increasing growth T. The gp,ax
value increased roughly in a linear manner with T from 30 °C
to 70 °C (Fig. S5Ct). The gmax value obtained at the growth T of
30 °C was —0.0019 at ~790 nm, whereas it increased to
—0.0062 at ~660 nm at the growth T of 70 °C. The 370 nm
band was also mediated by the growth 7, which was weak at
30 °C and at 70 °C. From TEM images, we observed a more
regular helical shell upon elevating growth T.

At fixed concentration of total metal ions, changing AuNR
concentration can vary the metal deposition amount per rod
and thus provide a flexible way to tune shell thickness (Fig. 4B
and Fig. S61). By increasing AuNR seed concentration, the
LSPR band was gradually enhanced. The PCD response
showed a volcano-like dependence on rod concentration with
optimal AuNR concentrations ranging from 45 pM to 75 pM.
At the lowest rod concentration of 15 pM, the smallest gax
value was obtained (—0.0027 at 735 nm). The maximum gy
value of —0.0068 at 620 nm was obtained at 60 pM AuNRs. At
the highest rod concentration of 150 pM, the gy value was
reduced to —0.004 at 550 nm. The valley peak of the PCD band
could be continuously tuned from 735 nm to 520 nm by
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increasing AuNR concentration. The TEM images exhibited
a gradual conversion of the growth mode from the island
growth to the layer growth mode upon increasing rod
concentration.

At the fixed AuNR concentration, varying the concentration
of added metal ions ([M] = [Au®"] + [Ag']) creates a more
straightforward way to control shell thickness. Under the given
growth conditions, varying the total amount of metal ions
from 0.05 mM to 0.3 mM led to a linear increase in the value
of Extss0 nm, SUggesting a quantitative deposition of the metal
(Fig. S71). The gmax value first rapidly increased with [M],
reached the maximum at 0.2 mM and 0.25 mM, and then
slightly decreased upon further increasing [M] to 0.25 mM
(Fig. 4C and Fig. S71). From the TEM images, we observed a
transition of the shell growth mode from the layer mode at low
[M] to the island mode at high [M], which agreed with the
changes in plasmonic features from strong and narrow LSPR
bands at the thin shell to broadened and damped ones at the
thick shell.

In CTAB-mediated helical growth, we observed the positive
effect of adding achiral thiols, such as 4-ATP, on improving
chiral growth.®* In OTAC-mediated growth, a small amount of
4-ATP could also improve the PCD response (Fig. S8t). For
instance, a 1.5-fold enhancement in the gn.x value was
observed upon adding 2 pM 4-ATP. The TEM images indicated
that a small amount of 4-ATP improved the helical structure.
Owing to the competitive adsorption of Cys and 4-ATP, a
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Fig. 4 Effects of other reaction parameters on the growth of the helical shell. (A) Effect of growth temperature: g factor spectra obtained at
different growth temperatures and TEM images at growth temperatures of 30 °C and 70 °C, respectively. (B) Effect of AUNR seed concentration: g
factor spectra at different AUNR concentrations and TEM images at the AuNR concentration of 15 pM and 60 pM, respectively. (C) Effect of shell
thickness: g factor spectra obtained at different [Au®** + Ag*] concentrations and TEM images at concentrations of 0.05 mM and 0.2 mM, respect-

ively. TEM image scale bar: 100 nm.
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higher concentration of 4-ATP decreased Cys adsorption and
thus affected the chiral growth of the shell.

The effect of shell alloy composition revealed the impor-
tance of metal atom surface migration in the formation of the
helical shell (Fig. S9). At a total M of 0.2 mM, by varying the
alloy composition from Ag 10% to 100%, the PCD response
first increased, reached maximal responses at Ag contents
ranging from 35% to 50%, and then reduced upon further
increasing the Ag percentage. TEM characterization indicated
that the helical shell structure was first enhanced and then
reduced with the Ag percentage. This volcano dependence on
the Ag percentage can be understood from the surface
migration capability of the deposited metal. Au atoms diffuse
slowly compared to Ag atoms. At a lower Ag percentage, prop-
erly enhanced atom migration may promote the formation of a
more continuous helical shell. However, if the atom migration
is too fast, before Cys adsorption, the deposited metal atoms
tend to form a smooth surface driven by decreasing surface
energy, as shown in the case of a pure Ag shell.

Tuning shell deposition mode by changing growth parameters

As shown in Fig. 1, the counter ions of the surfactants had a
significant impact on the shell growth mode. With Br~ as the
counter ion, the Cys-guided helical growth was dominated by
the layer growth mode, as shown in CTAB- or OTAB-mediated
growth. In contrast, with CI~ as the counter ion, the island
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growth mode was predominant, as observed in CTAC- and
OTAC-mediated growth.

TEM characterization provided more information on the
island-shell. The STEM image (Fig. 5A) showed that the AuNR
seed was surrounded by the island-like shell. Element
mapping exhibited homogeneous distribution of Au and Ag in
the shell. The helical coil-like shell structure winding the
AuNR was seen more clearly from the shape and contrast dis-
tribution of the TEM image for a typical core-shell nano-
structure (Fig. 5B). The particle features of the helical shell
were visualized from zoom-in HRTEM images (Fig. 5C and D),
showing different orientations of nanodots around the AuNR
seed. The appearance of Moiré patterns and differently
oriented nanodots on the shell structure supported the island
growth mode of the shell. Still, the AuNR seed and shell were
dominated by a monocrystalline feature, as evidenced by their
selected-area electron diffraction (SAED) pattern in the Fig. 5B
inset and FFT patterns in Fig. 5E and F. This suggested that
the alloy shell grew on the AuNR seed via the S-K mode. Some
small dots (blue circle) in Fig. 5B indicated the existence of
self-nucleation growth, such as the formation of Au nano-
clusters or their aggregates. In contrast, the OTAB-mediated
shell growth produced a good epitaxial shell via the layer
growth mode (Fig. S107).

The conversion of the shell growth mode can be understood
from the effect of Cys adsorption on gold surface energy. The

Fig. 5 TEM characterization of AuNR(60)@Cys(40)-OTAC(45)-Ago.35AUp.65(0.2). (A) STEM image and corresponding Au and Ag element mapping
picture. (B) TEM image of one helical nanostructure. Inset: SAED pattern. (C and D) Zoom-in HRTEM images indicated in (B). (E) FFT patterns of

marked regions in (C). (F) FFT patterns of marked regions in (D).
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Cys covered gold surface shows reduced adhesion energy for
Au atom deposition and thus can induce island growth mode.
According to previous studies,®® owing to the strong adsorp-
tion propensity of Br~ to the Au surface, the CTAB adlayer on
the Au surface is more compact than its CTAC counterpart.
Hence, a high Cys coverage is more easily obtained on the
CTAC-coated gold surface compared to that on its CTAB
counterpart. On the other hand, compared to Br ions, weaker
binding of gold ions with Cl ions leads to more easy Au depo-
sition in the CTAC-mediated growth. The two effects were
demonstrated by the shell growth in the absence of Cys
(Fig. S11AY). Compared to CTAB- or OTAB-mediated growth,
more metal deposition (Extyonm) Was observed for CTAC- or
OTAC-mediated growth after 60 °C for 1 h, and the diameter
(d) of the nanostructures obtained in four surfactants followed
the order of dcrac > dorac 2 deras > doras. Upon increasing
the hydrocarbon chain length (such as OTAC and OTAB), the
shell growth was slowed down due to the increased adlayer
packing order and enhanced metal ion binding by the micelle.
In the absence of Cys, the shell deposition exhibited the layer
growth mode in all four surfactants (Fig. S11B}), supporting
the inhibition of metal deposition on the Cys-covered surface.
Hence, the high Cys coverage on the CTAC-modified AuNR
tends to induce the island growth mode. On changing to the
OTAC-modified AuNR, benefiting from the improved packing
order of the OTAC adlayer and reduced metal deposition, the
controlled shell growth was achieved. The enhanced island
growth was achieved by pre-incubation of AuNR seeds with Cys
before the shell deposition. The sample with Cys pre-incu-
bation exhibited more obvious island growth mode compared
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with the sample without Cys pre-incubation and stronger PCD
signals as well (Fig. S127).

As shown above, surfactants affected the chiral shell growth
mode via tuning Cys adsorption and metal deposition. During
the metal deposition process, a proper Cys coverage on the
shell surface is crucial to the formation of ordered helical
structures. At low Cys coverage, the layer growth mode could
be maintained. At high Cys coverage, the island growth mode
is predominant. For the rational design of the helical growth,
the proper match of Cys adsorption and metal deposition is
needed. In general, slowing down the shell growth rate
benefits the deposition of metal atoms under the guide of
adsorbed Cys. For instance, increasing surfactant amount
slows down metal deposition and reduces Cys adsorption,
both of which promote the layer growth mode. On elevating
the growth temperature, enhanced atom mobility may assist in
the formation of the more ordered helical structures. Both
strategies generate better helical shells via different ways.
Owing to the complex interplay of different growth parameters,
there is a non-trivial relationship between the growth para-
meters and PCD responses.

Volcano dependence of PCD responses on growth parameters

We observed a volcano-like relationship between the PCD
response and some growth parameters, such as OTAC concen-
tration, M amount, AuNR concentration, and AuAg alloy com-
position. This volcano relationship could be understood from
the conversion of the shell growth mode and the structural
ordering of the obtained helical shell. Taking OTAC amount as
an example, increasing the OTAC concentration induced a
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S$1: AUNR @ Cys(40)- OTAC(45) $2: AUNR @ Cys(50)- CTAB(15) 0.06F I NaA oxidation
1.2 P4\ NaA 0.054
12 |-
- s 5 R o
R« . L Reaction time
3 0.8 330'010’:':'"5 8 0 min -E
P 5 min ; 0.8 5 min £
e 10 e i 10 min L
= 15 min i 15 min 50
20 min o 20 min >z
04 |-
04
[ 1 2 1 " ’l’l L L 2 1 1 n 1 i ,I'l i 1 L L
240 280 600 800 240 280 600 800 0.00
Wavelength / nm Wavelength / nm Ctrl S1 S2
50k
D 1086 ———$1 + 50 uM 4-ATP E
ok — 52+ 50 uM 4-ATP 4-ATP
S, 40k [ 1086 cm™
= N 1603 cm!
]
c
S 30k
38
£
) 20k
14
A A a LIJ
E= I B U 9 0k
1 1 1 " 1 L 1
1000 1200 1400 1600 0

Wavenumber / cm”

$1 S2

Fig. 6 Comparison of catalysis and SERS activity of chiral PNPs obtained from different growth modes. (A and B) Evolution of absorption spectra
during NaA oxidation by H,O, catalyzed by S1 and S2. (C) Catalytic rate comparison. (D) SERS spectra of 4-ATP on S1 and S2. (E) SERS intensity com-
parison. S1: AuNR(60)@Cys(40)-OTAC(45)-Agp.35AUp 65(0.2) and S2: AuNR(30)@Cys(50)-CTAB(15)-Ago 35AUp 65(0.2).
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growth mode transition from the island growth to the layer
growth mode. With 1 mM OTAC, a high [Cys]/[OTAC] ratio led
to island growth. However, the fast metal deposition affected
Cys adsorption and resulted in poor ordering of the helical
island shell, which gave a weak PCD response. An appropriate
increase of the OTAC amount slowed down metal deposition.
Controlled Cys adsorption was achieved for good chiral
growth. It led to the formation of a more ordered helical island
shell for the large PCD response. On further increasing the
OTAC concentration, the island growth mode was switched to
the layer growth mode due to the decreased [Cys]/[OTAC] ratio.
In this growth mode, the pitch depth is the key factor for the
PCD response. A deeper pitch depth produced a larger PCD
signal.®* The obtained shallow pitch depth limited the chirop-
tical responses. Increasing the AuNR concentration also led to
the evolution of the growth mode from the island mode at low
AuNR concentration to the layer mode at high AuNR concen-
tration. The small island sizes at low [AuNR] restricted the
PCD response. The shallow pitch depth at high [AuNR] hin-
dered the realization of high PCD. Similar trends were
observed on varying the concentration of metal ions and alloy
composition.

Due to different structural features, layer helical shells and
island helical shells may find different application scenarios.
Herein, the peroxidase-like activity of PNPs was evaluated
using NaA oxidation by H,0,. In Fig. 6A, the absorbance of
NaA at 264 nm reduced rapidly in the presence of S1 with the
island shell. All of the added NaA was almost oxidized within
20 minutes. In contrast, for S2 with the layer shell at the same
particle concentration, a large amount of added NaA remained
unoxidized at 20 min (Fig. 6B). The oxidation rate of NaA
(Vnaa) Was 0.054 min~, 0.024 min~?, and 0.014 min™" for S1,
S2, and the control (without PNPs), respectively (Fig. 6C).
Hence, S1 with the island shell exhibited better catalytic
activity than S2 with the layer shell, agreeing with more active
sites on the surface of small dots.

For the SERS activity measurement, 4-aminothiophenol
(4-ATP) was used as the Raman probe. Upon 785 nm laser exci-
tation, the observed Raman signals of 4-ATP from S1 were
much weaker than those from S2 (Fig. 6D). For instance, at the
two Raman characteristic bands of 4-ATP centered at
1086 cm ™' and 1603 cm™*, the Raman intensities from S2 were
much stronger than those from S1 (Fig. 6E). The large SERS
activity of S2 can be ascribed to its deep pitch depth (see
Fig. 1D for a TEM image with CTAB), which produced strong
local field enhancement.

Conclusions

Herein, the roles of achiral surfactants on the chiral growth of
AgAu alloy shells on AuNR seeds were studied. Both the
counter anion and the hydrocarbon chain length of the surfac-
tants are found to affect the formation of helical shells greatly.
With CI™ as the counter ion, CTAC- and OTAC-mediated growth
resulted in the island growth mode for the helical shell depo-
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sition. Owing to strong island-island coupling, the obtained
plasmonic nanostructures with the island shell are character-
ized with obviously damped local SPR features. Their counter-
parts with Br~ as the counter ion mainly induce the layer
growth mode. During the shell growth, dynamic Cys coverage
on the exposed metal surface determines the shell deposition
mode. Generally, a high Cys coverage promotes the island
growth mode, whereas the layer growth is maintained at a low
Cys coverage. Based on this, we can intentionally tune the
growth mode by controlling the adsorption of Cys via modulat-
ing various growth parameters, as demonstrated herein. For
the rational design of the helical growth, during the metal
deposition process, a proper Cys coverage is required to guide
chiral growth, which can be achieved via the control of metal
deposition and Cys adsorption. In the end, our findings
demonstrate the important role of non-chiral surfactants in
tuning helical growth, and give new insights for designing and
synthesizing chiral nanostructures with expected optical pro-
perties using wet chemical synthesis. Considering the narrow
gaps and small dot sizes, the core-shell plasmonic nano-
structures with the helical island shell may find applications
in enantiomeric discrimination and asymmetric catalysis.
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