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The intriguing role of L-cysteine in the modulation
of chiroplasmonic properties of chiral gold
nano-arrowsti
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Daniele Toffoli, ©2 9 Mauro Stener, (2 ¢ Nicolas Goubet,*® Monica Calatayud () *°
and Caroline Salzemann (2 *@

Developing chiral plasmonic nanostructures represents a significant scientific challenge due to their mul-
tidisciplinary potential. Observations have revealed that the dichroic behavior of metal plasmons changes
when chiral molecules are present in the system, offering promising applications in various fields such as
nano-optics, asymmetric catalysis, polarization-sensitive photochemistry and molecular detection. In this
study, we explored the synthesis of plasmonic gold nanoparticles and the role of cysteine in their chiro-
plasmonic properties. Specifically, we synthesized chiral gold nano-arrows using a seed-mediated-
growth synthesis method, in which gold nanorods are used as seeds while incorporating L-cysteine into
growth solution as a chiral ligand. Our results show clearly that the chiral molecule transfers chirality to
gold nanocrystals and the morphology is controlled through kinetic growth. In addition, we demonstrate
that the chiroplasmonic properties, such as the sign of circular dichroism, can be modulated using only
one enantiomeric form in the growth solution. To understand the origin of such an effect, we conducted
theoretical modelling using density functional theory. Our results point to the intermolecular cysteine
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Introduction

Chirality is defined by an absence of symmetry that causes
objects with this feature to differ from their mirror image. Due
to such a feature, objects with a chiral morphology, called
enantiomorphs (EMs), interact differently in a chiral environ-
ment. In particular, one of the main characteristics of chirality
is the specific optical response to circularly polarized electro-
magnetic radiation (right or left)." Plasmonic nanocrystals

“Sorbonne Université, MONARIS, CNRS-UMR 8233, 4 Place Jussieu, F-75005 Paris,
France. E-mail: nicolas.goubet@sorbonne-universite.fr,
caroline.salzemann@sorbonne-universite.fr

bSorbonne Université, CNRS, Laboratoire de Chimie Théorique, LCT, 4 Place Jussieu,
F-75005 Paris, France. E-mail: monica.calatayud@sorbonne-universite.fr

‘Sorbonne Université, IPCM, CNRS-UMR 8232, 4 Place Jussieu, F-75005 Paris,
France

“Department of Chemical and Pharmaceutical Sciences, University of Trieste, 34127
Trieste, Italy

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr04131c.

i Theoretical calculations available, see DOI: https://doi.org/10.17172/NOMAD/
2024.12.05-2 (datasets.dataset_name = CHIRNATIO - Cluster 92 AMS) DOIL:
https://doi.org/10.17172/NOMAD/2024.12.05-3 (datasets.dataset_name =
CHIRNATIO - Cluster 78 AMS). The experimental data are available in Recherche
Data Gouv (see https://doi.org/10.57745/1ECSSF).

This journal is © The Royal Society of Chemistry 2025

interactions as a key factor in the dichroic properties of surface-molecule chiral systems.

(NCs), due to their increased interaction with light via loca-
lized surface plasmon resonance (LSPR) excitation, exhibit
enhanced chiroptic properties.” In this context, one of the
current challenges in the nanoscience community is the devel-
opment of novel chiral plasmonic nanostructures because of
their multidisciplinary potential in fields such as nano-optics,
asymmetric catalysis, polarization-sensitive photochemistry
and molecular detection."** Plasmonics has been a fertile
ground for discoveries and innovation, because metallic nano-
structures act as nano-antennas, by coupling to incoming elec-
tromagnetic radiation and concentrating its radiant energy,
thereby promoting the conversion of light into other forms of
energy.’ In this context, efforts have been devoted to develop-
ing different strategies for producing chiral plasmonic
nanostructures.*®” So far, systems with high dissymmetry
factors are manufactured using physical routes that created
the field of chiral plasmonics, which aims to control near and
far-field chiroptical responses.® Nevertheless, these techniques
are expensive and have a low output. It is therefore necessary
to develop new ways to fabricate chiral metallic nanoparticles.
Among the alternative synthesis methods, colloidal chem-
istry is a promising way due to its versatility in controlling the
final nanomorphology. The latter is determined by a set of
thermodynamic (reduction potentials, surface passivation,
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temperature, etc.) and kinetic (concentration, mass transport,
temperature, etc.) parameters that are intimately and intrinsi-
cally linked to each other.® One of the great interests in seed
mediated growth synthesis is that nucleation and growth steps
are physically separated which allows tuning both thermo-
dynamic and kinetic parameters.® This provides chemists with
wider possibilities to drive the crystal growth toward a specific
morphology. In the literature, the elaboration of chiral NCs
often employs thiolated molecules such as cysteine as a strong
chirality imprinter, inducing surface modification or for-
mation of a chiral shell.’®** In this context, the asymmetric
shape control in order to obtain metallic enantiomorphs with
an intrinsic chiral morphology remains very challenging. In
2018, Lee et al. obtained for the first time gold helicoidal NCs
by seed mediated growth from cubic and octahedral seeds.*?
Since then, few groups have elaborated on nanoparticles with
a chiral morphology such as gold propellers and octopods.'* ™
Recently, A. Carone et al. have reported the elaboration of
chiral gold nanoparticles from five-fold bipyramids character-
ized by high-index Miller indices.'"® They have shown that
chiral molecules entrapped in the gold bipyramids induce
chiral properties. In 2023, Liz-Marzan et al. obtained chiral
twisted nanorods exhibiting high-index facets."”

Until now, the mechanisms of formation of chiral gold
nanocrystals and the origin of their optical activity have not
been well understood and theoretical studies are needed to
complete the experimental observations. Govorov et al. have
described theoretically the chirality transfer from a chiral
molecule to an achiral plasmonic nanoparticle. From their
study, it appears that the chiro-plasmonic response of a hybrid
system can be explained by near-field dipolar interactions for a
nanoparticle size lower than the wavelength excitation. For a
bigger size (larger than 100 nm), the quasi-static approxi-
mation cannot be applied and the circular dichroism (CD)
signal is due to the longrange electrodynamics
mechanism."®*2° More recently, Morales-Vidal et al. proposed
for the first time a description close to the experimental
systems of the chirality transfer in gold nanoparticles by r-cys
considering density functional theory (DFT) simulations.'”*!
In addition to molecule-nanoparticle systems, static DFT and
TD-DFT simulations have been reported to explore the
quantum-mechanical origin of chiroptical properties of pure
gold chiral nanostructures (i.e. without a chiral molecule).*?

In this context, our approach is to elaborate plasmonic gold
enantiomorphs by seed mediated growth. The main challenge
is to break the face cubic centered fcc symmetry of the bulk
gold crystal. To this, we use as seeds single crystalline nano-
rods (NRs) with an aspect ratio of up to 5 characterized by a
reduced symmetry, which are further grown by a favored
kinetic process in the presence of a chiral molecule. In the
present article, we report the synthesis of gold nanoarrows by
the seeding process from gold NRs in the presence of r-cys. We
provide evidence that the chiral morphology can be kinetically
controlled by the concentration of t-cys in the growth solution.
An unexpected modulation of their chiroplasmonic properties
is observed through an inversion in the sign of the CD spectra
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depending on the concentration of the chiral ligand. TD-DFT
simulations support that the intermolecular interaction of the
t-cys molecules at the metallic surface of the nanoparticles
could be the origin of such behavior.

Experimental
Chemical elaboration of chiral gold nano-arrows

The gold nanorods used as seeds are first synthesized in a two-
step process considering a protocol already established.”® First
of all, small 2 nm spherical nanoparticles are obtained by
taking a mixture of 5 mL of CTAB (100 mmol L") and 5 mL of
HAuCl4-3H,0 (1 mmol L") into a 50 mL flask under magnetic
stirring at room temperature. Next, 0.95 mL of NaBH,/NaOH
(10 mmol L") is introduced into the reaction medium. The
solution rapidly changes color from yellow to brown, character-
istic of the formation of 2 nm seeds (Fig. S1At). In the second
step, 20 mL of CTAB (100 mmol L™") and 20 mL of
HAuCl4-3H,0 (1 mmol L") are introduced into a bottle of
50 mL. Then, 0.88 mL of AgNO; (10 mmol L") and 2 mL of
hydroquinone (100 mmol L") are introduced, and in the end,
50 pL of 2 nm seed solution are added. The solution is incu-
bated in a thermostatic bath at 30 °C for 12 h. After the reac-
tion, a dark brown solution is obtained showing the formation
of gold nanorods. Finally, the solution is washed through cen-
trifugation for 5 h at 30 °C with a speed of 5500 rpm to recover
the nanoparticles (Fig. S1A¥).

The chiral gold nano-arrows are obtained by the kinetic
growth of the previously synthesized nanorods (Fig. S1Bt). To
a 20 mL flask, 4.66 mL of CTAC (17 mmol L") and 0.2 mL of
HAuCl,-3H,0 (3 mmol L") are mixed under magnetic stirring.
Next, a volume of 0.088 mmol L™' of AgNO; (3 mmol L) is
introduced into the reaction mixture.

It seems important to note that cysteine is characterized by
three acid functions: a carboxylic group (pK, = 1.9), a mercapto
group (pK, = 8.1) and an amino group (pK, = 10.2). Hence, for
the pH range of 1.9-8.1, cysteine presents a zwitterionic form
(NH;* — SH — COO"). In order to lower the aggregation of
nanoparticles stabilized by r-cysteine through electrostatic
interactions, it is necessary to consider a pH lower than 1.9.
However, the redox potential of hydroquinone is pH depen-
dent which means that working at a low pH drastically
increases its redox potential, which is not in favor of kinetic
growth and thus of the breaking symmetry needed for obtain-
ing enantiomorphs.’ It is therefore necessary to consider a
compromise between the redox potential and electrostatic
interactions by fixing the pH to 1.8. Hence, the pH is adjusted
by adding 1 mol L" of HCI to 1.9. 5 pL of r-cysteine solution at
different concentrations of 1, 3 and 10 mmol L™ is further
added. This corresponds to a total concentration of cysteine in
the growth solution of 0.9, 2.7 and 9.1 pmol L™ respectively.
Then, 0.475 mL of a mild reducing agent (hydroquinone) is
added. A change in the color of the solution from yellow to
colorless is observed, which is characteristic of the reduction
of Au*" to Au™. Finally, 0.05 mL of solution containing 1 x 10~°

This journal is © The Royal Society of Chemistry 2025
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mol L™ of the previously synthesized nanorods is added. The
reaction is maintained at 30 °C for 2 h. After the reaction, the
solution is centrifuged for 30 min at 30 °C at a speed of 6000
rpm to recover the nanoparticles. The colorless supernatant is
discarded, and the precipitate is redispersed in 1 mmol L™ to
prevent aggregation.

Characterization

Electron microscopy. We used a Hitachi SU-70 Field
Emission Scanning Electron Microscope at 15 kV for obtaining
SEM-FEG images. The colloidal solution is evaporated on an
immersed silicon wafer.

For conventional transmission electron microscopy, we
used a JEOL 1011 at 100 kV, whereas for high resolution, we
used a JEOL 2100+ at 200 kV. The grids were prepared by drop-
casting a concentrated solution of nanocrystals dispersed in
water.

Circular dichroism spectroscopy. CD spectra were recorded
on a Jasco J-815CD spectrometer with a 1 mm path-length
quartz cell. Measurements were conducted either under syn-
thesis conditions in situ or directly two hours after the reac-
tion. The displayed absorption spectra result from subtraction
of the spectrum of the standard solvent solution (water).
Spectra were recorded in the wavelength range 900-400 nm for
all attempts with a scan speed of 100 nmin™" at 20 °C for two
accumulations.

Raman spectroscopy. 50 pL of a concentrated solution of
nano-arrows solubilized in 1 mmol L™" of CTAB were deposited
on a gold mirror and left until complete evaporation of the
solvent before proceeding with the measurements. Raman
spectroscopy measurements were performed using a HE785
spectrometer from HORIBA Jobin Yvon. The measurement
interface is a SuperHead probe that incorporates an edge filter
for Rayleigh filtering and is coupled to the spectrometer and
the laser source at 785 nm by optical fibres. The measurement
is carried out using a long working distance 40x infrared
microscope objective. The laser power on the sample was
adjusted to approximately 100 mW.

UV visible spectroscopy. UV visible absorption spectra in the
range of 250 and 1200 nm were acquired for all samples with a
VARIAN Cary 5000 spectrometer.

DFT and TD-DFT simulations

DFT calculations. The Vienna Ab initio Simulation Package
(VASP 6.4.0)*"*° was used to conduct calculations at the
density functional theory (DFT) level. A plane-wave basis set
with a cutoff of 450 eV was employed to depict the valence
electrons of Au, S, H, C, O, and N atoms (corresponding to 11,
6, 1, 4, 6, and 5 valence electrons, respectively).”’
Simultaneously, the core electrons were treated using projec-
tor-augmented wave (PAW) pseudopotentials.’® The PBE
exchange-correlation functional was utilized,” and van der
Waals corrections®® were introduced through the Grimme D3
approach.”® For simulating the Au(111) surface, periodic
boundary conditions were employed, involving four atomic
layers. During the DFT optimization, the bottom two layers
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remained fixed to mimic the bulk, while the top two Au layers
were allowed to fully relax. We also applied a dipole correction
along the z-axis and maintained a 15 A vacuum region
between the slabs. The studied Au facet was described as p(4 x
4) slabs, and the Brillouin zone was sampled for all models
using a 3 X 3 x 1 k-point mesh generated via the Monkhorst-
Pack method.?® The creation of cluster models was facilitated
using VESTA (Visualization for Electronic and Structural
Analysis) version 3.5.8.%"

TD-DFT calculations. The CD spectra of the selected clusters
were calculated using the complex-polarizability TDDFT
method,**?? an efficient damped linear response implemen-
tation of the TDDFT equations included in the AMS
package®*”® together with the B3LYP hybrid xc-functional®®=’
treated within the hybrid-diagonal approximation (HDA).*®?°
HDA affords an efficient method to use the hybrid xc-func-
tional within TDDFT when using Slater-type basis functions,
whereby only the diagonal elements of the RPA matrix of
linear response TDDFT include the non-local Hartree-Fock
exchange of the full xc kernel while treating all the non-diag-
onal terms at the simpler adiabatic LDA level. Recent works
have showcased the accuracy and efficiency of the method,
giving results in very good agreement with those corres-
ponding to the full hybrid kernel at a fraction of the compu-
tational cost.*®?? All calculations have been performed at the
scalar relativistic level within the zero-order relativistic approxi-
mation (ZORA)* in order to include relativistic effects, which
are important for heavy elements such as gold. A Slater Type
Orbital (STO) basis set of Triple Zeta plus Polarization (TZP)
quality has been employed for all atomic fragments of
L-cysteine and for all Au atoms of the first layer in close proxi-
mity to the adsorbate, while an STO-DZ basis set was used for
all remaining Au atoms of the finite cluster models.

Circular dichroism is defined as the difference between the
absorbance of left and right circularly polarized light. For an
electronic transition from the ground state |0) to the n-th
excited state |n) and assuming a random orientation of the
sample, as is usual for experiments in solution, it can be
expressed as:

CD = Sy m((oluln) - (ml0)) = 7Roy &)
where y is a constant factor and g and m are the electric dipole
and the magnetic dipole moment, respectively. Ry, is the rota-
tory strength (in units of 107*° esu® cm?), which enters in the
following sum-over-states expression for the diagonal elements
of the optical rotation tensor f:

_1 2¢ Ron
ﬁ—ggﬂuu—ggm (2)
where the sum is over the complete set of excited electronic
states of the system, w is the photon energy and w,, is the exci-
tation energy corresponding to the |0) — |n) electronic tran-
sition. Within polTDDFT, the CD spectrum is obtained from
the imaginary part of f (see ref. 32 and 33 for a detailed deri-
vation of the relevant equations). CD spectra are calculated for

Nanoscale, 2025,17, 3973-3982 | 3975


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04131c

Open Access Article. Published on 03 January 2025. Downloaded on 4/17/2026 12:38:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

photon energies with an imaginary part of w; = 0.060 eV,
which leads to a Lorentian broadening of the profiles with the
same half-width at half-maximum (HWHM).

Results and discussion

The main difficulty in the elaboration of gold nanoparticles
with a chiral morphology is the high symmetry related to the
fce structure. Hence, it is necessary to find strategies to signifi-
cantly decrease or break the symmetry.

Since 2018, several publications have demonstrated that the
growth of gold nanocrystals in the presence of r-cys induces
both a dichroism signal and a change in morphology. This is
due to its selective adsorption on certain facets, which can
grow in such a way to induce asymmetrical geometries.'>*'
The choice of such amino acid is motivated by the presence of
a thiol function, which is well known to have strong affinity to
the gold surface and can then assure its anchoring at the seed
surface.

In our study, we considered the seeding growth from nano-
rods used as seeds in a growth solution containing different
concentrations of r-cys (Fig. S17). The synthesis of single crys-
talline gold NRs has been intensely reported in the
literature.*>*” Their synthesis and characterization studies are
detailed in the Experimental section and in Fig. S2.t

In the absence of r-cys, the SEM-FEG image shows the for-
mation of gold nano-arrows (Fig. 1a). These objects can be

View Article Online
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described by two square pyramidal heads and four extruded
facets forming a cross-body with a concave shape. They have
an average length of 69 + 6 nm and a width of 30 + 3 nm that
corresponds to an aspect ratio of almost 2.3 + 0.4 which is sig-
nificantly lower compared to that of initial seeds which is 6.
This is clearly confirmed by UV-visible spectroscopy (Fig. S3t).
Indeed, the optical spectrum obtained after the growth exhi-
bits both a red-shift of the T-LSPR transverse band from 506 to
575 nm and a blue-shift of the 1-LSPR longitudinal band from
930 to 731 nm. In order to obtain chiral nanoparticles, the
same growth was performed for different concentrations of
1-cys from 0 to 9.1 pmol L™ (Fig. S41). At a low concentration
of 0.9 pmol L', we observed the formation of nano-arrows
similar in size and shape to those obtained without r-cys
(Fig. 1b). As the concentration was increased to 2.7 pmol L™*
and 9.1 pmol L™, crystal enantiomorphs were obtained. For
these higher concentrations, some morphological evolutions
of the nano-arrows were progressively observed (Fig. 1c and d).

The chiroptical characterization of each sample was per-
formed by circular dichroism and is displayed in Fig. 2 and
Fig. S4.1 As expected, in the absence of 1-cys, no CD signal is
observed (black curve). For 0.9 umol L™, even though no mor-
phological changes are observed, the corresponding CD spec-
trum exhibits a negative Cotton effect around 600 nm, giving
evidence of a chiral behavior (red curve). Surprisingly, by
increasing the concentration to 2.7 pmol L' and 9.1 pmol
L7, the CD spectra exhibit a positive Cotton effect (blue and
green curves). Fig. S4dt shows the plot of the intensity of the

Fig. 1 SEM-FEG images of gold nano-arrows obtained from seed mediated growth at different concentrations of cysteine for (a) 0 pmol L2, (b)

0.9 pmol L™ (c) 2.7 pmol L™  and (d) 9.1 pmol L™ of cysteine.
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Fig. 2 Circular dichroism spectra corresponding to nano-arrows
obtained in the absence (black) and in the presence of 0.9 ymol L™t
(red), 2.7 pmol L™ (blue) and 9.1 pmol L™ (green) of L-cysteine.

CD signal at a lower wavelength, we see that the inversion
occurs for concentrations between 0.91 and 2.7 pmol L™, This
result is somehow unexpected as t-cys is used in both synth-
eses and all experimental parameters are the same except for
the concentration of the molecule.

Considering that t-cys alone has a CD signal in the UV
region, around 180 nm, the CD signal around 600 nm is attrib-
uted to the adsorbed r-cys at the metallic surface. Indeed, such
a hybrid system defined by a chiral molecule at the surface of
achiral plasmonic nanoparticles has been described and
studied by Govorov et al.'®*?° They showed that for a hybrid
molecule-nanoparticle system, both an enhancement of the
chiral molecule’s signal and a modification of the structure of
its spectrum are observed. This is explained by the presence of
the chiral molecule that generates a chiral dissipative electric
current within the nanoparticle, due to coulombic interactions
between the molecule and the metallic nanoparticle. This
leads to the appearance of an induced plasmon at the LSPR
wavelength. In other words, the plasmon becomes chiral.

Experimentally, the anchoring of 1-cys was confirmed by
Raman spectroscopy. The spectrum obtained in the absence of
the chiral molecule (Fig. S5at) exhibits an intense band at
160 cm™" corresponding to the metallic atom Au-Au vibrations
and others between 800 and 1500 cm™" that are related to the
amine and ammonium functions of the surfactant (CTA",
cation from CTAB and CTAC). In the presence of r-cys
(Fig. S5b-df), even at low concentrations, we can observe an
additional band at 270 cm™" which is characteristic of the Au-
S vibration. We can note that on the one hand, the intensity of
the Au-S band increases with the increase in the concen-
tration. On the other hand, the bands between 800 and
1500 cm ™" are better defined for higher concentrations of the
molecule, which could be related to a SERS effect of the
cysteine at the surface.

This journal is © The Royal Society of Chemistry 2025
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The intriguing point concerning our results is that r-cys,
used for all samples, can induce different chiroptical signa-
tures. This observation is not an artifact. Indeed, the same be-
havior is observed for growth performed considering
p-cysteine, an enantiomer of r-cysteine (Fig. S6,T dashed line).
For all concentrations, the CD signals are inverted compara-
tively to those obtained with r-cys. In this case, an inversion
from a positive Cotton effect to a negative one by increasing
the concentration can be noticed. This observation confirms
that 1(p)-cysteine is responsible for the chiral behavior but
cannot explain the inversion observed by increasing the
concentration.

At this point, we have gold nanoparticles surrounded by
1-cys that have different chiroptical properties. A possible
effect of chiral morphology on the dichroism signal inversion
cannot be excluded. According to the high-resolution SEM
images (Fig. 1), a double-arrow morphology is always obtained
whatever the concentration of i-cys introduced. However, the
morphology evolves.

To understand the morphological evolution of gold nano-
crystals, high-resolution TEM was performed (Fig. 3). At a low
amount of r-cys (0.9 pmol L"), the nanoarrows are identical in
size and shape to those obtained in the absence of cysteine
(Fig. S71). The HRTEM image confirms that arrows are single
crystalline (Fig. 3a). Indeed, the crystallographic planes
extended on the overall crystal. The heads are composed of

Fig. 3 Structural characterization of gold nano-arrows obtained with
(@) 0.9 pmol L™, (b) 2.7 pmol L™ and (c) 9.1 pmol L™ of L-cysteine.
HRTEM images and the corresponding calculated FFT on the overall
HRTEM image.

Nanoscale, 2025,17, 3973-3982 | 3977
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four {111} facets truncated at the tip by the {100} facets and
the lateral extruded facets are {110}, leading to the formation
of four symmetrical lateral wings (Fig. S7at).*® They are charac-
terized by a ratio S/V around 0.27. The {110} and {111} facets
represent almost 41% and 59% of the total surface, respect-
ively (Fig. S8t). As we can see on the calculated Fast Fourier
Transform, arrows lie on the substrate on the {110} facets as it
corresponds to an [0-11] orientation (Fig. S7af). Our obser-
vations are consistent with similar arrows already reported and
described by Wang et al.*

At this concentration, r-cys does not affect the growth.
Hence, the CD signal is directly related to r-cys at the gold
surface and not to the morphology. When the concentration is
increased to 2.7 pmol L7', the morphology is different
(Fig. 3b). The lateral concave facets gradually disappear by
being filled up. Hence the {110} facets are less and less
present while the {111} facets appear at the base of the tips. At
a higher concentration (9.1 pmol L"), we see that the {110}
facets have completely disappeared, while those of {111} have
continued to grow. We observe a “zig-zag” morphology with
mostly {111} facets (Fig. 3c). We can clearly see that the
additional planes grow asymmetrically from the vertices of the
square base of the tips.

To better understand the impact of t-cys on the morpho-
logical distortion of gold NCs and its role in modulating chir-
optical properties, a functionalization experiment of achiral
nanoarrows was carried out. We synthesized gold nanoarrows
using hydroquinone in the absence of the chiral ligand
(Fig. S7t). After synthesis, different concentrations of
L-cysteine were introduced into the nanoarrows redispersed in
1 mmol L™" of CTAB. The mixture was left for 12 h. From the
TEM images (Fig. S91), contrary to previous observations, we
can clearly see that the morphology did not evolve. CD spectra
show a nearly zero signal at 9.1 pmol L™, which vanishes
upon decreasing the cysteine concentration. Raman spec-
troscopy was performed, and the spectra confirmed the
absence of the Au-S signal for 0.9 pmol L™ while a shoulder,
which could correspond to Au-S, is observed at a higher con-
centration (Fig. S9et). This observation supports the fact that
-cys does not bind to the surface after the growth. In fact, the
post-functionalization of achiral arrows by cysteine seems
extremely limited by the presence of both CTAB and CTAC at
the surface. Hence, to obtain an intense chiroptical signal, it is
necessary to bring both gold and t-cys to the surface of the
seeds. This is consistent with the observations of Carone
et al.'® as well as with Govorov’s et al. predictions, which show
by calculation that the most intense system signal would be
one made up of a chiral dielectric core and a plasmonic
shell.* It is also important to note that the morphology is
related to the r-cys concentration at the surface. Both cysteine
concentration and  morphology are interdependent
parameters.

The main question remains about the relationship of chir-
optical inversion and the morphology. Are these inversions
related to the difference in the morphology, and in such a
case, do we have a transition between arrows and “zig-zag” par-
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ticles during the growth by increasing the concentration? In
2022, Sun et al.*® studied the chiroptical behavior of bichiral
plasmonic nanoparticles obtained with cysteine-phenylalanine
that have two stereogenic centers. A reversible CD signal can
be observed depending on the reducing agent, capping surfac-
tant and Au precursor concentrations. In this study, an evol-
ution of the chiral morphology is observed during the growth
leading to a CD signal inversion. More recently, in 2024, Chen
et al. have performed single-particle circular differential scat-
tering on chiral gold nanocubes (CGNCs). They have investi-
gated the chiroptical responses of the individual CGNCs sup-
ported by different substrates (Au, SiO, and Au/Al,O;) under
the excitation of circularly polarized light. They gave evidence
that the optical chirality of CGNCs having the same mor-
phology and handedness is inverted and enhanced when the
substrate is changed from SiO, to Au. This is explained by the
modulation of the dielectric properties of the substrate.>

In order to understand the evolution of our system, we
carried out kinetic monitoring by both UV-visible spectroscopy
(Fig. S10t) and CD (Fig. 4) at low and high concentrations of
t-cysteine. The nanocrystal growth has been monitored for
240 min. The acquisition time for one spectrum is about
4.5 min, and a spectrum has been recorded every 8 min. We
reported in Fig. 4a the evolution with time of the extremum of
intensity (mdeg) corresponding to the CD peak at a higher
wavelength. In addition, the full spectra are shown in Fig. 4b
and ¢ for 9.1 pmol L™ and 0.9 pmol L™, respectively. The
arrows illustrate the evolution in time of the intensity, which is
consistent with the UV-Visible evolution (Fig. S10%).

Initially, the CD spectrum of the growth solution in the
absence of nanorods is flat in the visible range corresponding
to a 0 in intensity. As soon as we introduced the nanorods,
directly into the quartz cuvette containing the previous growth
solution, a first spectrum is recorded at ¢, (arrows in 4a). The
evolution of intensity is then reported for 9.1 pmol L™ (black)
and 0.9 umol L™ (red) of r-cys. We can clearly see that as soon
as the nanorods were added into the solution, a low-intensity,
non-zero dichroism signal appeared. Its position corresponds
to the RPSL-transverse of the nanoparticles that indicates the
adsorption of cysteine at the metallic surface to form a hybrid
system at the origin of the CD signal. A progressive increase in
signal intensity is observed with time. The most interesting
feature is that the CD signal at ¢, presents a positive or nega-
tive Cotton-effect for high and low concentrations of r-cys
respectively as soon as we add the nanorods.

To characterize a possible shape evolution during the reac-
tion, TEM has been performed on nanoparticles extracted
from the growth solution at different reaction times corres-
ponding to 10 min, 30 min, 60 min and 120 min after the seed
addition (Fig. S117). At low concentrations, as soon as the
seeds are added, the solution turns light pink. The extracted
nanoparticles obtained after 10 min exhibit the same nano-
arrow morphology similar to those in the absence of r-cys. The
morphology does not change over time (Fig. S11a,T). This is
consistent with the absence of evolution of the intensity and
position of the absorption and CD bands after 10 min (Fig. 4c

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Kinetics of the growth followed by circular dichroism. (a) Evolution of the maximum of intensity of the Cotton effect at a higher wavelength
with time from the seed addition (to, marked by arrows) to t; = 240 min in the presence of 9.1 ymol L™ (black) and 0.9 pmol L™ (red) of cysteine and

(b) and (c) the corresponding spectral evolution.

and Fig. S10ct). Conversely, at higher concentration, the kine-
tics is slower. The solution turns pink 30 min after the seed
addition and a blue shift is observed on the UV-Visible and CD
spectra, which indicates an evolution in the aspect ratio
(Fig. 4b and S10dt). After 40 min, there is no more evolution.
From TEM images, 10 min after the seed addition thin nanoar-
rows with some spikes on their lateral side are observed
(Fig. S11b,1). The evolution toward the zig-zag particles occurs
in time leading to a decrease of the aspect ratio (Fig. S11b,7).

From the kinetics, we clearly see that for both concen-
trations, there is no signal inversion during the growth.
Furthermore, the kinetics of growth and then the morphology
of the nanoparticles in the first 10 min are clearly induced by
the 1-cys concentration. Both parameters (concentration and
morphology) are interdependent.

So, considering that the nanorods are strictly the same
(same batch) and that the growth solutions differ only by the
L-cys concentration, it is reasonable to assume that this inver-
sion of chiroptic properties depends on 1-cys binding and/or
its conformation to the surface of the nanorods depending on
its concentration. Indeed, relying once again on the study by
Govorov, which shows that depending on the orientation of
the dipole moments of chiral molecules on the surface, a
signal inversion can be observed, we considered the eventual-
ity of 1-cys modifications at low and high concentrations. Note
that at the working pH, pH = 1.9 = pK, ;, we have around 50%
of the zwitterionic form, HSCH,CH(NH;')(COO~) in our
medium. In addition, increasing the concentration may
increase intra-molecular interactions.

This journal is © The Royal Society of Chemistry 2025

To emphasize the effect of the concentration in the signal
inversion, the same growth has been performed considering
at 0.91, 2.7 and
0.91 pmol L™". As we can see in Fig. $12,T conversely to 1-cys,

another chiral molecule, glutathione,

the morphology of the nano-arrows does not change with the
concentration. However, a signal inversion is still observed
between the lower and higher concentrations. From the CD
spectra, 2.7 pmol L™" of glutathione seems to correspond to
the transition with a nearly zero signal. These observations
confirmed the effect of concentration on the signal inversion
conversely to the morphology.

Given the intriguing nature of our experimental findings, a
necessity arose for a theoretical exploration aimed at elucidat-
ing the underlying factors behind the observed signal inver-
sion. Our primary focus was on investigating the impact of
inter-molecular interactions on the resultant CD spectrum
observed for increasing the surface coverage of r-cys. To
address this, we conducted ab initio DFT calculations of the
CD spectra of representative models of r-cys adsorbed on the
Au(111) surface. Our objective is not to replicate the experi-
mental observations but rather to explore the hypothesis that a
switch in the CD signal can simply result from the introduc-
tion of intermolecular interactions as the concentration of
t-cys on the surface of the nanoparticle increases. For this
purpose, we employed a simple model. First, periodic models
of 1-cys adsorbed on gold (111) terminated slabs were con-
structed to simulate low and high coverage. Then, the geome-
trically optimized systems were cut into cluster models in
order to perform the CD calculations.

Nanoscale, 2025, 17, 3973-3982 | 3979
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To mimic the experimental conditions, we considered a (4 x
4) supercell 3-layer thick slab representing the (111) termin-
ation. Low coverage, corresponding to an experimental concen-
tration of 0.9 pmol L™, included one L-cys molecule, whereas
high coverage, corresponding to a concentration of 2.7 pmol
L™" and higher, included 2 molecules. We used the geometries
reported by Lopez et al,”* who extensively investigated the
adsorption behavior of 1-cys on various gold surfaces.
According to their work, the adsorption of a single r-cys mole-
cule on the (111) gold surface reveals a preference for the
zwitterionic form where 1-cys exhibits both [NH;]" and [COOH]
fragments. At higher concentrations, inter-molecular inter-
actions became apparent, characterized by the formation of a
hydrogen bond of length 1.603 A between two 1-cys molecules.

Fig. 5 displays the periodic slab models optimized, together
with the cluster models cut from them; the cluster structures
were not subsequently re-optimized and are achiral as
Fig. S131 shows a non-significant CD signal arising from the
bare cluster. The cluster substrate has a composition of Aug,
and is also 3 atomic layers thick. Low coverage was modelled
by one molecule and high coverage by 2 molecules in the inter-
action, named Augy(L-cys) and Augg(L-cys),, respectively. Special
attention was paid to the positioning of r-cys to sit in the
center of the metallic surface so as to not encounter side
effects that could be a source of error in the CD calculations.

The calculated theoretical CD spectra reveal the presence of
several peaks in the range of 500 and 700 nm. The peaks of the
low concentration model are of lower intensity than those of the
high concentration model, in line with the observations. More
interestingly, a notable inversion in polarizability between 500
and 625 nm is observed (Fig. 6): whereas the low coverage model
exhibits a positive Cotton effect around 525 and 580 nm, the high
coverage spectrum exhibits the opposite behaviour. The same
feature is clearly observed at the regions around 500 and 545 nm
with a negative Cotton effect for the low concentration model and
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Fig. 6 Theoretical circular dichroism spectra of L-cys on Au surfaces
for different coverages.

the opposite for the high coverage model. In the region higher
than 625 nm, the correlation is less clear as the peaks for the two
models do not appear in the same range.

Overall, both the calculated and the obtained CD spectra
display an inversion of the signal associated with the concen-
tration of t-cys. This finding suggests that the incorporation of
intermolecular interactions may play a crucial role in the
observed chiroptical response of gold twisted nanoarrows. The
physics behind the chiral behaviour of nanoparticles is
complex and not fully understood. The CD signal depends
both on the electric and magnetic dipoles (see eqn (1)). It
seems thus reasonable to assume that the adsorption of a
single molecule may induce a different electromagnetic
response from the adsorption of neighboring molecules in

Cluster models

Atomic legend

O Gold

() Sulfur

© Oxygen

0,
High coverage ©

~

() Hydrogen
© Carbon

(© Nitrogen

Augy(L-cys)o

Fig. 5 Models used for the calculation of CD spectra: (a) most stable low- and high-coverage slab structures extracted from ref. 21; top view with
the unit cell in dashed lines, and (b) different side views of the corresponding cluster models used for the calculation of circular dichroism spectra.
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interaction, as the electronic rearrangement between the sub-
strate and molecule(s) will be modified. This is in line with
Govorov’s theoretical work?® and is also consistent with the
observations of CD sign inversion when using different sub-
strates.”® Our results point to the intermolecular interactions
between adsorbed chiral molecules as a plausible cause for the
inversion in the dichroic response observed for r-cysteine and
glutathione on gold twisted nanoarrows.

This outcome represents a step forward in understanding
the chirality transfer mechanism during the fabrication of
chiral gold NCs. Subsequent investigations are underway to
provide a systematic and comprehensive physical/chemical
explanation for this observed change in the CD sign.

Conclusion

In summary, we report a synthetic route to obtain chiral plas-
monic gold nanoarrows via a seed mediated route. We carried
out a detailed investigation on how the morphology of the
system changes with varying concentrations of i-cysteine in
growth solution. Our results show clearly its important role in
both the morphological distortion and the modulation of chir-
oplasmonic properties of gold nanocrystals. We observed that
L-cysteine adsorbs preferentially on the (110) facets and that
these facets progressively disappear leading to the (111) facets,
by increasing the 1-cysteine concentration in the growth solu-
tion. Spectroscopy measurements (circular dichroism and
Raman) confirm that cysteine adsorption on gold surfaces is at
the origin of the chirality transfer. Interestingly, we have also
observed that the same enantiomer can cause an inversion of
the signal of dichroism by the change in its concentration
during the synthesis.

Ab initio (TD)-DFT calculations demonstrated that the
adsorption of r-cysteine on gold (111) at different coverages
results in the opposite behaviour of CD spectra, in line with
the experimental observations. The differences in chiroplas-
monic properties can be explained by intermolecular inter-
actions between cysteine molecules on the gold surface.
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representation of the seed-mediated growth of nanorods and
nano-arrows. Fig. S2: Structural characterization of single crys-
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talline gold nanorods obtained by the seeding process with
CTAB and hydroquinone. Fig. S3: UV-visible spectra of the
elongated seeds and nanoarrows in the absence of cysteine.
Fig. S4: TEM images and UV-visible and CD spectra of nanoar-
rows obtained at different concentrations of cysteine from 0 to
9.1 umol L. Fig. S5: Raman spectra of nano-arrows obtained
in the absence and in the presence of cysteine at different con-
centrations. Fig. S6: Circular dichroism spectra obtained with
L/p-cysteine. Fig. S7: Structural characterization of nanoarrows
obtained in the absence of cysteine. Fig. S8: Determination of
the size, volume and surface of nanorods and nanoarrows
from TEM images. Fig. S9: TEM and CD spectra of nanoarrows
functionalized after synthesis from r-cysteine. Raman spectra
before and after functionalization for low and high concen-
trations. Fig. S10: Kinetic UV-Visible spectra obtained during
240 min for low and high concentrations. Fig. S11: TEM
images of extracted nanoparticles after 10, 30, 60 and
120 minutes of growth in the presence of 0.9 and 9.1 pmol L™*
of cysteine. Fig. S12: CD and TEM images of nano-arrows
obtained by seed-mediated growth in the presence of 0.9, 2.7
and 9.1 pmol L™" of glutathione. Fig. S13: Theoretical CD spec-
trum of the bare Aue, cluster. The following theoretical calcu-
lations are available in the NOMAD repository
(upload_name=CHIRNATIO - Cluster AMS): input and output
files of the computed CD spectra for the two cluster models, as
well as the optimized geometries of the periodic calculations.
The experimental data are available in Recherche Data Gouvf.
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