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Chiral inorganic nanostructures have attracted a lot of attention over the last few years. Here we report
the first observation of chirality in indium sulfide nanoparticles, which have been produced by a co-pre-
cipitation reaction in the presence of cysteine as a chiral agent. The process resulted in the production of
spherical nanoparticles with an average diameter of around 3.6 nm. Circular dichroism spectroscopy of
the nanoparticles showed an intense chiroptical signal corresponding to the indium sulfide excitonic tran-
sition, confirming the successful transfer of chirality to the In,Sz inorganic matrix. Nuclear magnetic reso-
nance analysis of a colloidal solution of the nanoparticles demonstrated critical evidence of chemisorp-
tion of the chiral ligand on the surface of the nanoparticles and revealed a characteristic fast chemical
exchange between the ligand chemisorbed on the surface of the nanoparticles and the free ligand in
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solution. Finally, the effect of the chiral ligand's structure on the transfer of chirality was investigated, with
consideration of other amino acid ligands, and the critical role of the thiolate group in the optimisation of
the chiral transfer was observed. This research is expected to stimulate further development and appli-
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Introduction

Chiral inorganic nanostructures have recently attracted a
great deal of attention due to their promising potential
applications'™® and extensive investigation of the introduction
of chirality in several inorganic systems.””® Due to the intrinsic
complexity of these systems, the origin of chirality in inorganic
nanostructures can be attributed to multiple sources. In
general, it is possible to distinguish between the chirality orig-
inating from: (i) structure, solids that crystallise in non-centro-
symmetric space groups can present a chiral arrangement of
atoms;” ! (ii) morphology, opportune control of the nano-
particle growth has been used to promote the formation of
nanoparticles having characteristic chiral shapes;">"* (iii)
interface, chirality originating at the nanoparticle-ligand inter-
face is known as ligand-induced chirality; in this case, a chiral
ligand is employed to passivate the nanoparticle’s surface and,
under suitable conditions, the ligand transfers chirality to the
nanoparticle via electronic coupling or structural distortion™*°
or (iv) assembly, achiral nanoparticles that are arranged in a
chiral pattern can produce collective chirality.®'”~'° Apart from
these main categories, multiple sources of chirality can exist
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cations of new chiral semiconductor nanomaterials.

simultaneously in more complex systems. Regardless of the
origin of chirality, chiral ligands are commonly employed to
induce symmetry breaking during synthesis to both introduce
chirality in the final system and selectively promote the for-
mation of an enantiomeric excess in intrinsically chiral
materials.'® However, in the case of ligand-induced chirality
systems, the interaction between the chiral ligand and the
nanoparticle’s surface is critical to guaranteeing the particle’s
chirality and related chiroptical properties. For this reason,
recent activity in this field has been mainly focused on the
investigation of the different factors that play a critical role in
the transfer of chirality.>® In particular, in the case of semi-
conductor nanoparticles, some authors have focused their atten-
tion predominantly on inorganic nanoparticles, considering the
nanoparticle size,>"** shape*®?* and structure'**® (core-shell
systems characterised by different band alignment types and
shell thicknesses). Instead, others have been more focused on
the effect of the ligand, involving the ligand structure,>>°
binding modes and chemisorption equilibrium.>*?%%!

Indium sulfide is a III-VI type wide band gap semi-
conductor material, largely investigated due to its high
environmental stability combined with its potential use as a
toxic-metal free semiconductor for a broad range of appli-
cations in optoelectronics, including photocatalysis,** photo-
voltaics®® and photodetectors.’® During the last decade, several
reports dealing with the control of the particle’s morphology
have been published. Small nanoparticles or quantum dots
have been prepared by co-precipitation reactions in water or
observed as intermediate species in the growth of more
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complex nanostructures.’*>>” There are several articles on
morphological control to obtain 1D and 2D nanostructures.
The formation of 1D nanorods was observed by the thermal
decomposition of di-tert-butyl disulfide in oleylamine at
180 °C in the presence of indium acetylacetonate.
Nanoribbons with a giant aspect ratio have been produced by
the reaction of sulfur-oleylamine solution and indium chloride
at 215 °C; in this case, the authors observed the critical role of
water as a growth-directing agent to induce the formation of
highly anisotropic nanocrystals.>® Under similar reaction con-
ditions, apart from a rigorously anhydrous environment, the
formation of 2D ultrathin nanoplates is promoted.***°
Moreover, the formation of nanosheets, nanocoils and self-
assembled structures has also been investigated.*'™* Despite
the large amount of work dealing with the control of the mor-
phology of indium sulfide nanoparticles and the significant
potential of the materials for applications in photonics, the
chiroptical activity in indium sulfide nanoparticles has never
been reported.

In this article, we report the first observation of chiroptically
active indium sulfide nanoparticles (NPs). The chirality was
introduced via a co-precipitation reaction in the presence of
cysteine as a chiral ligand. The process resulted in the for-
mation of a colloidal solution composed of spherical NPs with a
diameter of around 3.6 nm. The chirality of the NPs was verified
by circular dichroism spectroscopy which showed high chiropti-
cal activity in the excitonic transition region, confirming the
successful transfer of chirality to the inorganic In,S; matrix.
G-factors of —5.11 x 10™* and 5.66 x 10~* were calculated for the
NPs produced in the presence of L and p-cysteine, respectively.
The observed values are in line with the expected order of mag-
nitude for chiral inorganic nanosystems characterised by
ligand-induced chirality. Further details on the interaction
between the inorganic NPs and the chiral ligand were collected
using nuclear magnetic resonance (NMR) spectroscopy in a col-
loidal solution. In particular, the "H-NMR spectrum showed
characteristic evidence of ligand chemisorption on the surface
of the NPs which is characterised by a fast chemical exchange.
Nuclear Overhauser effect spectroscopy was employed to further
highlight the contribution of the overall NMR signal of the
population of the chiral ligand chemisorbed on the surface of
the NPs. Finally, the effect of the ligand’s structure on the chir-
optical activity was investigated by a ligand displacement study
with other amino acids and a comparison of the effect of the
ligand substitution on the circular dichroism. This study also
provides evidence of the fundamental role of sulfur donor
groups in the transfer of chirality in indium sulfide NPs. These
observations can be applied to the induction and optimisation
of chirality in other novel excitonic nanomaterials of great inter-
est for a broad range of potential applications.

Results and discussion

Indium sulfide nanoparticles (NPs) were produced by a co-pre-
cipitation process in water using cysteine as a chiral ligand. A
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schematic of the synthesis method is presented in Fig. 1. In
the first step, the precipitation of indium sulfide was triggered
by the rapid addition of sodium sulfide to a diluted indium
acetate solution in the presence of cysteine. L or p-cysteine
were used as chiral inductors and according to the ligand
stereochemistry, chiral hydrophilic -In,S; or p-In,S; NPs were
produced. Apart from its role as a chiral inductor, cysteine
plays a critical role in both preventing the precipitation of
hydroxide species and controlling the growth and colloidal
stability of the NPs in an aqueous solution. In the second syn-
thetic step, the NPs were thermally annealed under mild con-
ditions (80 °C) under an argon atmosphere, and this step
improved the crystallinity of the NPs. The process brought
about the formation of yellow colloidal solutions with high col-
loidal stability under alkaline conditions (Fig. S1%).

The TEM micrographs of 1-In,S; and p-In,S; are presented
in Fig. 2ai and aii, respectively; both samples are composed of
spherical particles. The size distribution analysis (Fig. 2b)
shows similar sizes for the particles prepared in the presence
of L and p-cysteine, showing an average size of 3.6 + 0.7 nm
and 3.7 + 0.7 nm for 1-In,S; and p-In,S; respectively.

15t step 2" step
In(OACc)3

i.pH=85 L/ID-Cys

i. ID-Cys ~ 48.0 mM

iii. Na,S BO~C, h

L/D-In,S3 NPs

Fig. 1 Scheme of the synthetic process for the production of L and
D-In,S3 NPs.
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Fig. 2 Representative TEM micrographs of L-In,S3 (ai) and p-1n,S3 (aii)
NPs. (b) Results of the size distribution analysis.
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The crystallographic structure of the NPs was investigated
by X-ray diffraction (XRD). The indium sesquisulfide system is
characterised by complex polymorphism with multiple crystal-
lographic phases stable at room temperature. Among them,
cubic a (Fd3m) and tetragonal { (I4,/amd) are the most com-
monly observed structures. Both phases can be described as
spinel structures; however, in the case of the a phase, In**
atoms occupy all the octahedral sites (Oh) and 2/3 of the tetra-
hedral (Td) sites with statistically distributed vacancies (O)
occupying the remaining Td sites, thus the compound is
described as [In,]on[Iny/304/3]raSs-** Instead, according to the
observation reported by Rooymans® and Steigmann et al.,*®
the B phase is characterised by a vacancy ordering along the 4,
screw axis and the structure can be described as adopting a
quadratic super cell composed of three spinel blocks stacked
along the ¢ axis and the formula [Ing]on[In,O}raS:2. Due to the
similar XRD patterns of these two structures, the distinction
between the o cubic and the p tetragonal phases is extremely
challenging without high-quality X-ray data and especially
limited in the case of nanocrystals that are affected by intrinsic
sources of line broadening.?® Other crystallographic phases are
known, such as the rhombohedral e (R3c) or the hexagonal y
(P3m1) phase, the latter is a structure stable at high tempera-
tures, obtained by heating the beta phase above 750 °C.*"*®
The diffraction patterns of L and p-In,S; NPs are presented in
Fig. 3 along with the reference patterns related to the a, p and
y phases. The observed pattern is characterised by broad peaks
that are likely related to the small nanocrystal size. The main
features include a broad peak centred at around 31° and a
second peak at 47°, this pattern is characteristic of small
spherical NPs and it is related to the tetragonal p-In,S; phase
or to the cubic o-In,S; phase. As mentioned above the distinc-
tion between the two structures is limited to the disorder of
the vacancy along the ¢ axis and in the case of nanosystems,
the distinction between these two structures is especially
challenging.’*?° The first diffraction can be related to the

Intensity

15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 (degrees)

Fig. 3 XRD patterns of L-InySs (blue) and p-In,Ss (red) NPs. The refer-
ence patterns: tetragonal p (/4,/amd) ICSD 133317 (blue), cubic a (Fd3m)
ICSD 133338 (green) and y (P3m1) ICSD 244280 (pink).
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overlap of the (2 1 3) and (2 2 0) diffraction planes located at
27.39° and 33.18° respectively. Instead, the peak observed at
higher angles is related to the (2 2 12) plane at 47.64°. Instead,
in the case of the a phase, the first broad peak is related to the
(3 1 1) and (4 0 0) diffraction planes located at 27.30° and
33.08° and the third peak is related to the diffraction origi-
nated by the (4 4 0) plane located at 47.48°. The high resolu-
tion transmission electron microscopy (HR-TEM) micrographs
of L and p-In,S; NPs (Fig. S2t) show electron diffraction fringes
with a spacing of 0.32 nm that can be related to the (2 1 3)
plane of p-In,S; or the (3 1 1) plane of a-In,S;. Similar obser-
vations have also been reported by other authors for indium
sulfide nanoparticles produced using different methods and
with different morphologies.****** The effect of the crystal
structure on the chiroptical activity has been investigated on
CdSe nanoplatelets by Gao and coworkers.”® They observed
large differences in the number and sign of the CD transitions
between wurtzite and zinc blende nanoplatelets, along with a
significant effect on the intensity of the CD transitions. The
authors investigated the system using a nondegenerate
coupled-oscillator model and related the effects on the chirop-
tical activity to the different conformations of cysteine on the
surface of the nanoplatelets. In the case of indium sulfide
polymorphism, the tetragonal p-In,S; and the cubic o-In,S;
phases are characterised by a similar atomic disposition, with
the difference being limited to the ordering of the vacancy on
the tetrahedral site (Fig. S3t). For this reason, we do not expect
a significant variation in the chiroptical activity between these
two different phases. However, further investigation of the tri-
gonal y-In,S; phase, which is characterised by a significantly
different structure, may lead to the observation of interesting
variations in the chiroptical activity.

The chemical composition of 1-In,S; NPs was analysed by
energy dispersive X-ray spectroscopy (EDS) on a powder
sample produced after extensive cleaning of the nanoparticles
to reduce the content of cysteine adsorbed on the particle
surface. The spectra shown in Fig. S4f confirm an indium-to-
sulfur ratio In: S of 1: 1.5. The presence of a cysteine ligand on
the NP surface was confirmed by Fourier-transform infrared
(FTIR) spectroscopy (Fig. S51). The broad bands between 3500
and 3000 cm™" are related to the vy_y of the amine group and
Vo-u due to water contamination. The narrow intense band
located at 1587 cm ™" is related to the vco_ asymmetric stretch
of the carboxylate group and the symmetric stretch is observed
at 1390 cm™".>*>*! The narrow bands at a lower energy ie.,
1290 cm™" are related to the amine deformation modes and

the band between 1120 and 1050 cm™' can be related to
50,51

Ve~

The UV-Vis spectra of the colloidal solution of NPs (Fig. 4a)
show a broad band centred at around 340 nm and a tail that
extends in the visible range; similar spectral features were
observed for In,S; hexagonal nanoplates*® and spherical nano-
particles.’® The analysis of (ahv)® vs. energy plot (Fig. S6%)
reveals a band gap of 3.60 eV, considering a direct allowed
band gap; similar observations have been reported for In,S;
NPs characterised by a similar size.*>>® The value observed for
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Fig. 4 UV-Vis absorption (a) and CD (b) spectra of L-In,S3 (blue) and
D-INn,S5 colloidal solutions of NPs.

1-In,S; NPs is larger than the reported data for the bulk f-In,S;
of 2.0-2.2 eV.**?%% The blue-shift is attributed to quantum
confinement effects considering that the observed NP size is
smaller than the excitonic Bohr radius of In,S;which has been
estimated to be 33.8 nm.*’

The NP’s chirality was investigated by circular dichroism
(CD) spectroscopy (Fig. 4b). Both the enantiomers show an
intense CD signal in the nanoparticles’ excitonic transition
region. The CD signal of 1-In,S; NPs is dominated by a nega-
tive peak located at 370 nm and a second negative signal
located at around 260 nm, the opposite signal was recorded
for p-In,S; NPs prepared using p-cysteine as a chiral inductor.
The CD activity in the nanoparticles’ excitonic transition
region confirms the successful transfer of chirality; the chiral
inductor r or p cysteine is characterised by CD active transition
in the UV range centred at 211 nm (Fig. S71).>> The g-factor
values of —5.11 x 10™* and 5.66 x 10™* are calculated for
1-In,S; and p-In,S; NPs, respectively, considering the transition
located at 390 nm. These values are in line with the expected
magnitude of the chirality in ligand-induced chirality systems
with anisotropic morphology™ and centrosymmetric crystallo-
graphic structures.”®® Interestingly, the observed g-factor
values are higher than those of other semiconductor nano-
particles characterised by similar size, shape and origin of
chirality, such as cadmium sulfide,”® cadmium selenides®">%>%3"
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and silver indium sulfide®” which typically present a g-factor
around one order of magnitude lower than r/p-In,S; NPs.
However, assessing the origin of chirality in small NPs is
challenging and usually multiple sources of chirality are
involved simultaneously.® Due to the high surface-to-volume
ratio observed in the sub 10 nm size regime, a critical role is
ascribed to interface chemistry and the effect of the chiral
ligand chemisorbed on the particle surface; this is the typical
case of the ligand-induced chirality mechanism.*® The NP can
be described as a hybrid organic-inorganic system composed
of an achiral inorganic core surrounded by an organic chiral
shell. This description was employed by Elliott et al'® to
model the origin of chiroptical activity in CdS nanocrystals
stabilised by p-penicillamine. In this case, the chiral ligand
chemisorbed on the NP’s surface can affect the NP’s electronic
state or introduce some structural distortions on the
surface.’*'®> The presence of stable chiral defects that could
allow a chiral memory effect was investigated via a ligand sub-
stitution process as previously done by other authors.>®> For
this purpose, L and p-In,S; NPs were transferred from water to
cyclohexane using 1-dodecanethiol as an achiral ligand,
washed several times and suspended in cyclohexane (see the
Ligand exchange and chiral memory section in the ESIf for
further details), and then the absence of cysteine in the NPs
after ligand exchange was verified via FTIR (Fig. S9at). The CD
analysis after phase transfer (Fig. S9bt) reveals a certain
degree of chiroptical activity in the excitonic transition region,
even when the NPs are stabilised by achiral 1-dodecanethiol.
This may be related to chiral defects that are introduced by
cysteine during the synthesis and that are preserved after the
ligand exchange process.>>>® However, a reduction of the
gfactor is observed after the phase transfer; the g-factor of
1-In,S; NPs decreases from —5.11 x 10~ to —1.2 x 10~* which
indicates that a significant contribution to the NPs’ chirality is
directly related to the ligand binding. However, further investi-
gations are required to quantify the remaining content of cysteine
after the phase transfer and a detailed study on the chiral
memory of In,S; NPs is beyond the scope of this report. Finally,
to further confirm the origin of chirality, linear dichroism (LD)
was recorded. The LD spectra (Fig. S101) do not show chiroptical
activity in the investigated range, proving that the observed CD
signal is due to the chirality of indium sulfide NPs without
contributions from other sources of anisotropy.

The interaction between the chiral ligand and the surface of
NPs was investigated by nuclear magnetic resonance spec-
troscopy (NMR) in a colloidal solution. The "H-NMR spectra
(Fig. 5a) show a single set of frequencies that can be related to
the ligand, similar to what is observed for other colloidal
systems.>’ Cysteine shows a characteristic rapid chemical
exchange between the ligand chemisorbed on the particle
surface and the free ligand in solution. Under these con-
ditions, it is not possible to collect individual data from the
different ligand forms and the observed signal is an average
weighting of the different ligand populations.”” > The spectra
of 1-In,S; NPs in the presence of a ligand concentration of
8.0 mM show a remarkable shift of H, from 3.60 to 3.81 ppm,

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) *H-NMR analysis of L-In,Ss NPs in the presence of 8.0 mM
L-cysteine concentration and the reference of L-cysteine; the signals
related to the cysteine disulfide dimer are marked with a star. (b) NOESY
spectra of L-In,S3 NPs in the presence of 8.0 mM L-cysteine and (c) only
8.0 mM L-cysteine. All the spectra were recorded at 25 °C in D,O and
the pH was adjusted to 9.0.

and a less pronounced shift can be observed for Hy from
2.79 ppm to 2.92 ppm merging to form a band at 2.95 ppm. A
similar downfield shift of the proton frequencies was observed
for In,S; nanoparticles stabilised by 1-mercaptoglycerol, as
reported by Nagesha and coworkers.’> This effect on the
chemical shift is related to the interaction with the surface of
the NPs; in particular, and the observed deshielding is pro-
duced by the electronic density donation from the ligand
toward the In*' cations exposed on the surface of the NPs. In
contrast to previous observations on 1-mercaptoglycerol,
which reported the strongest shift for the methylenic protons
in the vicinal position of the thiolate group,® in the case of
cysteine, the strongest shift is observed for H, (0.21 ppm or 85
Hz). The Hg, which are in the proximity of the thiolate group,
experience a minor shift (around 0.09 ppm or 36 Hz). This can
be explained by the interaction with the particle surface
mediated by the combination of amine and carboxylate
groups, which promotes multidentate binding and strongly
affects the dynamic and local magnetic environments of the
H,. Similar observations were reported in the investigation of
the chemisorption of cysteine on silver indium sulfide nano-
particles.’’ Moreover, the large broadening and the lack of
resolution of the fine structure are related to the contribution
of the ligand chemisorbed on the surface of the NPs.”” This
effect is associated with multiple sources of line broadening,
and among these, the main role is related to the reduction of
the spin-spin relaxation time (7,) due to the increase of the
rotational correlation time of the ligand molecules that are
chemisorbed on the surface of the NPs.>>**® Moreover, the dis-
tribution of chemical shifts due to the interaction of the

This journal is © The Royal Society of Chemistry 2023
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ligand with different sites on the surface of the NP as well as
the different packing of the ligand molecules on the particle
surface are other sources of line broadening.®*"** Apart from
the signals arising from cysteine, small signals related to the
minor content of the cysteine disulfide dimer (marked in
Fig. 5a with a star) can be seen in the spectra. This contami-
nation is normally present in commercial cysteine and its
amount in solution can be largely affected by the catalytic
activity of nanoparticles or metal ions toward cysteine
oxidation.®*®®> The correlated spectroscopy (COSY) analysis
(Fig. S11at) further confirmed the attribution of the spin
system, and the H,Hg cross peak was clearly observed, as
expected due to the strong scalar coupling between these
protons. The analysis of the peaks of lower intensity also
allowed the spin system related to the cysteine disulfide dimer
to be resolved (Fig. S11b¥). Finally, nuclear Overhauser effect
spectroscopy (NOESY) was employed to gain further infor-
mation on the ligand chemisorbed on the particle surface.
NOESY spectroscopy was successfully used to identify the con-
tribution of the chemisorbed ligand in the presence of rapid
chemical exchange in different colloidal nanosystems.*"®® In
particular, this technique is highly sensitive to variations in
the tumbling dynamics of small organic molecules which are
strongly affected by their interaction with the nanoparticle
surface.”® The interaction between small organic molecules,
like the common ligands, and the nanoparticle’s surface
largely affects the dynamics of the ligand in solution promot-
ing the rapid build-up of intense negative peaks.”’>° The
NOESY spectra reported in Fig. 5b show an intense negative
H,H; cross peak, indicating that the protons are characterised
by a slow tumbling dynamics which confirms the interaction
between the chiral ligand and the nanoparticle surface in solu-
tion. By contrast, small molecules such as free cysteine are
characterised by fast tumbling dynamics and the spectrum
(Fig. 5¢) shows only the antiphase fine structure characteristic
of zero-quantum coherence artefacts that are commonly
observed for spins involved in strong scalar coupling.>®

The effect of the chiral ligand structure on the transfer of
chirality was investigated by a ligand displacement study
(Fig. 6a), using a high concentration of a second chiral ligand
to promote the substitution of the cysteine chemisorbed on
the surface of the NPs. Before the addition of the second chiral
ligand, chiral In,S; NPs were washed several times to remove
the excess cysteine ligand producing partially unpassivated
NPs. The most strongly bonded ligand remains attached to the
surface of the NPs as can be observed by FTIR analysis
(Fig. S12%). L and b-In,S; NPs after ligand removal show a
slightly modified CD signal compared to the NPs in the pres-
ence of an excess ligand. In particular, a new negative CD peak
appears at around 330 nm as well as a small reduction of the
g-factor to —4.8 x 10™* (Fig. 7). The variation of the CD signal
of the NPs with the chiral ligand concentration can be related
to the variation of the conformation of the chiral ligand chemi-
sorbed on the surface of the NPs.>***' Studies on cadmium
selenide and silver indium sulfide nanoparticles show a sig-
nificant dependence of the CD signal on the ligand concen-
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Fig. 7 CD spectra of L (solid line) and p (dashed line) In,S3 NPs post
ligand removal treatment and in the presence of a second L (solid line)
or b (dashed line) chiral ligand: lysine (Lys), glutamic acid (Glu), methion-
ine (Met) and penicillamine (Pen).

tration, affecting the CD signal intensity and shape.?®*' The
competition for co-ordination to the particle’s surface was
investigated by dispersing the 1-In,S; NPs, after ligand
removal, in the presence of a high concentration (48 mM) of a
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second chiral ligand. Under these conditions, the substitution
of cysteine with the second chiral ligand is promoted. This
post-synthetic approach allows investigating the effect of the
chiral inductor’s structure and in this case the amino acid
lateral chain on the CD signal, minimising other effects such
as variations in the particle size or morphology that are com-
monly observed when changing the chiral inductor during the
synthetic step. For this purpose, chiral ligands with similar
structural components were chosen, such as lysine (Lys), gluta-
mic acid (Glu), methionine (Met) and penicillamine (Pen). All
the investigated ligands were characterised by the same amino
and carboxylate backbone structure and stereochemistry with
the only differences localised on the lateral chain (Fig. 6b).%”
The UV-Vis spectra (Fig. S131) of the NPs after ageing in the
presence of the second chiral ligand show the same absorption
spectra in the excitonic transition region, confirming that the
process does not affect the size of the NPs. The CD signals of
the NPs in the presence of the different ligands are shown in
Fig. 7. All the spectra are characterised by two negative peaks
located at around 385 and 330 nm and a positive one located
at 295 nm. For all the samples, a variation of the CD signal
with respect to the nanoparticles after cleaning processes was
observed, indicating that the presence of the new chiral induc-
tor affects the interface of the NPs and therefore the particle
chirality. In the presence of 1-Lys and r-Glu the particle chiral-
ity is reduced and the CD signals at 390 nm for t-Lys and r-Glu
are —1.81 and —1.40 mdeg respectively. Small variations in the
CD activity observed in the presence of 1-Lys and -Glu suggest
a low affinity of these amino acids for the particle surface;
however, in both cases the presence of the second chiral
ligand causes a reduction of the chirality of the NPs. In the
case of L-Met the CD signal was more structured and the tran-
sition at 390 nm reached —2.12 and the highest chiroptical
activity was observed in the case of L-Pen with —2.30 mdeg at
390 nm and a significant increase of the intensity for the other
two transitions as well. This evidenced the critical role played
by thiol and thioether in the transfer of chirality. Similar
observations were made using p-amino acids (p-Lys, p-GLu,
p-Met and p-Pen) for the substitution on p-In,S; NPs. The NPs
exposed to a high concentration of anionic and cationic amino
acids, such as r-Lys and 1-Glu, show a reduction in particle
chirality despite the fact that both can potentially coordinate
to the particle surface as X-type ligands and the coordination
can be promoted by electrostatic interactions. This evidence
supports the hypothesis that the large effect observed in the
NMR analysis for the H, chemical shift is mainly associated
with the synergistic role of both amine and carboxylate groups
that promotes multidentate binding in the amino acid back-
bone with respect to the intrinsic affinity of the individual
group for the surface of the NPs as observed in the case of the
lateral chain of 1-Lys and 1-Glu. Instead, a small increase in
the chirality of the NPs was observed in the case of L-Met
whose chemisorption is mediated by the coordination of a
thioether group as an L-type ligand involving the donation of
electronic density from a lone pair in the sulfur atom. The
highest performance was observed in the case of L-Pen via thio-

This journal is © The Royal Society of Chemistry 2023
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late coordination, where a g-factor of —6.26 x 10™* was reached
at 390 nm. This evidence supports the critical role of sulphur
atoms as a donor group and in particular, the thiolate group
for the coordination to indium sulfide NPs to improve the
efficiency of the transfer of chirality. In particular, a strong
interaction via the thiolate group can promote tridentate
coordination which is considered the most effective binding
mode to promote the transfer of chirality.*® Finally, to
compare the results of the post-synthetic ligand displacement
with the direct synthesis approach, we produced chiral In,S;
NPs using » and p-Pen viag a direct synthesis. The CD spectra
shown in Fig. S14} confirm the successful chiral induction in
Pen stabilised In,S;. Interestingly, L-Pen stabilised In,S; shows
a positive CD signal between 250 and 410 nm with a
maximum located at around 270 nm and a shoulder at
340 nm, in contrast to r-cysteine stabilised NPs that show a
negative CD signal. This can be related to the conformational
variation of the chiral ligand on the surface of the NPs, similar
to the inversion of chirality observed in CdS and CdSe stabil-
ised by cysteine or homocysteine and N-acetyl cysteine.*® This
would explain the partial degree of inversion for the signal
observed via post-synthetic ligand displacement (Fig. 7) which
shows a positive signal at 290 nm in the presence of penicilla-
mine. Regarding the other ligands (Lys, Glu and Met), their
application in the direct synthesis of chiral In,S; NPs using a
similar protocol was not successful and significant variations
to the synthetic procedure are required to prevent the precipi-
tation of indium hydroxide when using these ligands.

Conclusions

The first observation of chirality in chiral indium sulfide NPs
has been reported. The chiral nanoparticles were produced via
direct synthesis in the presence of cysteine as a chiral inductor.
TEM analysis reveals that the NPs produced by this method
present a spherical shape and an average size of around
3.6-3.7 nm. The analysis of the NPs’ chiroptical activity shows
remarkable particle chirality in the correspondence of the
exciton region, confirming the successful transfer of chirality
in the indium sulfide matrix. The inversion of the CD signal is
observed by changing the stereochemistry of the chiral induc-
tor, and g-factors of —5.11 x 107" and 5.66 x 10~* were
observed for 1-In,S; and p-In,S; NPs respectively. The chiropti-
cal activity, morphology and crystallographic structure of this
nanosystem suggest a ligand-induced chirality and further
details of the interaction between the chiral inductor and
nanoparticle surface were collected by NMR spectroscopy in a
colloidal solution. The analysis highlights a characteristic
rapid chemical exchange between the ligand chemisorbed on
the particle surface and the free ligand in solution. Finally, the
effect of the chiral inductor structure was investigated by a
ligand displacement study on partially unpassivated nano-
particles after exposure to a relatively high concentration of a
second chiral ligand. The analysis evidences the role of
different functional groups present in the lateral chain of

This journal is © The Royal Society of Chemistry 2023
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amino acid-type ligands, and the critical role of thiolate
ligands (such as cysteine and penicillamine) was observed to
promote interaction with the particle surface. We believe that
this study can promote the design of novel chiral inorganic
nanostructures based on ligand-induced chirality and the
application of these novel nanomaterials in several fields of
great technological interest.

Materials and methods
Reagents

Indium acetate 99.99%, sodium sulfide anhydrous, r-cysteine
98.5%, sodium hydroxide, hydrochloric acid 37%, D,O 99.9%,
sodium deuteroxide 40% solution in D,0 99.5 atom %,
t-penicillamine 99%, t-lysine monohydrochloride 99.5%,
t-glutamic acid 99% and r-methionine 99.5% were purchased
from Sigma Aldrich (Merck). p-Cysteine 97% was purchased
from Fluorochem. bp-Penicillamine 99%, bp-lysine 99%,
p-methionine and p-glutamic acid 99% were purchased from
Acros Organics (Thermo Fisher Chemicals). All the chemicals
were used without further purification.

Synthesis of chiral In,S; NPs

In the general synthesis of L-In,S; NPs, 0.01 M indium acetate
solution (24.0 ml) was diluted with 90.0 ml of Milli-Q water.
1.0 M sodium hydroxide (0.6 ml) and 0.16 M r-cysteine
(6.0 ml) were added and the reaction mixture was stirred at
room temperature for 15 min. Then, 1.0 M sodium sulfide
solution (0.4 ml) was rapidly added and the reaction mixture
was stirred at room temperature for one hour. The nano-
particles were precipitated by reducing the pH to around 6
with the addition of a few drops of 1.0 M hydrochloric acid,
and collected by centrifugation at 9000 rpm for 5.0 min. The
nanoparticles were cleaned three times with 10 ml of Milli-Q
water. Then, the nanoparticles were dispersed in 10.0 ml of
Milli-Q water in the presence of 48 mM L-cysteine, and the
final pH was adjusted to 9.0 with the addition of a few microli-
ters of 1.0 M sodium hydroxide. Mild thermal annealing
improves the crystallinity of the nanoparticles, and for this
treatment, the colloidal nanoparticle solution was transferred
into a three-necked round bottom flask and placed under
argon, purging the atmosphere four times. The reaction
mixture was heated to 80 °C for one hour under argon. After
the treatment, the reaction mixture was cooled to room temp-
erature in a water bath. The nanoparticles were precipitated by
reducing the pH to around 6 with the addition of a few drops
of 1.0 M hydrochloric acid, and collected by centrifugation at
9000 rpm for 5.0 min. The nanoparticles were cleaned three
times with 10 ml of Milli-Q water. Then, the nanoparticles
were dispersed in 10.0 ml of Milli-Q water in the presence of
48 mM L-cysteine. The final colloidal solution was stored in a
fridge for further use. p-In,S; NPs were produced following the
above procedure, with p-cysteine in the place of r-cysteine.
Penicillamine-stabilised In,S; NPs were produced using L or
p-pencillamine instead of v or p-cysteine.
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Ligand displacement study

1-In,S; NPs (10.0 ml) were precipitated by the slow addition of
1.0 M hydrochloric acid to a final pH of 6. The nanoparticles
were collected by centrifugation at 9000 rpm for 5.0 min. The
pellet was washed six times using 10.0 ml of Milli-Q water.
After these cleanings, the nanoparticles were dispersed in
10.0 ml of Milli-Q water in the presence of the new ligand
(-lysine, r-glutamic acid, L-methionine or r-penicillamine) at a
concentration of 48 mM and left to equilibrate overnight
before optical characterization.

Characterisation

TEM and HR-TEM micrographs were collected using a Jeol
2100 TEM working with a beam voltage of 200 kV. Energy
dispersive X-ray spectroscopy (EDS) was used for the chemi-
cal composition analysis of the nanoparticles. The samples
for the analysis were prepared by the deposition of a thick
layer of powder on carbon tape and analysed using a Zeiss
sigma VP field emission scanning electron microscope using
a Bruker Quantarax 200 detector working with an ETH
voltage of 10 kV. Fourier-transform infrared (FTIR) spectra
were collected using a PerkinElmer Spectrum 100 FT-IR
spectrometer equipped with an attenuated total reflectance
accessory. The circular and linear dichroism spectra of col-
loidal solutions of the nanoparticles were recorded using a
Jasco J815 spectropolarimeter working with a scan speed of
50 nm min~", a data pitch of 1.0 nm, a DIT of 2.0 s and a
bandwidth of 2.0 nm. UV-Vis spectra were collected using an
Agilent Cary 60 UV-Vis spectrophotometer. A 3.0 ml quartz
cuvette with an optical path length of 1.0 cm was used for
both CD and UV-Vis spectroscopy. The g-factor value was cal-
culated according to:*®

_ 2(AL — Ag)

AA

Ap + Ag A

where 4;, and Ay are the absorptions of left and right circular
polarized light, respectively, and A is the absorbance of
unpolarized light. Nuclear magnetic resonance investi-
gations were performed using a Bruker Avance III 400 MHz
spectrometer (proton frequency of 400.23 MHz) equipped
with a 5.0 mm BBOF probe.
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