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Chiral inorganic semiconductor materials have great potential in chiral catalysis, biomedicine and chiroptical
devices. However, the narrow chiroptical response and weak chiroptical intensity limit their development.
Herein, chiral CuS (D-/L-CuS) were prepared by a facile ligand exchange method using alanine (Ala) and
penicillamine (Pen), respectively. The properties and stereostructures of chiral ligands resulted in enantiose-
lectivity and chiroptical activity from ultraviolet to near-infrared (NIR) of chiral CuS. And the maximum of
asymmetry factor |g| was up to 1.02 x 102, which is far higher than those of most chiral ligand-modified
inorganic semiconductor nanomaterials. The NIR chiroptical activity facilitated photothermal performance,
which could be tuned by circularly polarized light (CPL). D-CuS showed higher photothermal efficiency under
right CPL radiation, while L-CuS showed higher photothermal efficiency under left CPL radiation. L-Pen-CuS
exhibited the highest photothermal conversion efficiency of 22.18% under left CPL radiation. Moreover, the
underlying mechanism of chirality in CuS was revealed for the first time. The coupling of amino acid ligands and
CuS through Coulomb interactions allowed chiral transfer, and the orbital hybridization of chiral ligand orbitals
with CuS molecular orbitals transferred chiral information. This work will further promote the understanding of
induced chirality in inorganic semiconductor materials and the application of chiroptical-active inorganic
semiconductor materials.

1. Introduction

Circular dichroism (CD) caused by the different absorption of left
circularly polarized light (LCPL) and right circularly polarized light
(RCPL) in chiral materials is one of their important properties [1,2]. The
chiroptical responses of most biomolecules usually exist in the ultravi-
olet (UV) region, which cannot meet the needs of a wide range of CD
detections and applications. Inorganic semiconductor materials have
tunable optical properties and are widely used in photodetectors,
biomedicine and other optoelectronic fields [3-10]. Most of the studied
chiral inorganic semiconductor nanomaterials (CdSe, HgS, etc.) have
strong biotoxicity, narrow chiroptical response, and weak chiroptical
intensity, which limits their practical applications. Thus, it is essential to
explore novel chiroptical-active and favorably biocompatible
nanomaterials.

Copper sulfide (CuS) is known for having significant optical ab-
sorption from UV to near-infrared (NIR) that can be associated with
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electronic transitions, charge transfer, and localized surface plasmon
resonance (LSPR) effects [11-14]. The NIR absorbance and low bio-
logical toxicity make it promising in the fields of cancer therapy, sensing
and so on [15-17]. Therefore, CuS NPs may have great potential in the
development of high-performance chiral inorganic semiconductor ma-
terials. There are few reports on the preparation and application of
chiral CuS so far. In 2014, J. Govan et al. first prepared penicillamine
(Pen) stabilized chiral CuS nanoparticles (NPs) which exhibited CD
mirror signals at the UV-vis region of 320-600 nm [18]. Later, Kuang
group reported that chiral Cus4S quantum dots can catalyze protein
cleavage under circularly polarized light (CPL), and L-Cuz.«S showed the
highest catalytic performance under LCPL irradiation [19]. Recently,
they found that Cu; 9¢S NPs can site-selectively cleave capsid in tobacco
mosaic virus, which can be used as effective antiviral agents [20].
However, the mechanism of induced chirality in CuS is unclear, and
there is still plenty of room for investigation of chiroptical-active CuS.

The combination of chiral ligands and inorganic semiconductor
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materials with LSPR effect can greatly expand the response range and
enhance the chiral response signal [21,22]. Here, alanine (Ala) and Pen
were selected to prepare chiral CuS by ligand exchange method because
they are nonpolar and polar amino acids, respectively. Meanwhile, the
strong coordinative bond between Cu atoms of CuS and S atoms of the
thiol in Pen may have contributed to strong CD activity. Ala modified
CuS and Pen modified CuS exhibited different morphologies, optical
activities, and enantioselectivities, which are related to the properties
and stereostructures of chiral ligand itself. Moreover, the photothermal
responses of chiral CuS in NIR region could be regulated with CPL
because chiroptical-active CuS had different absorption of LCPL and
RCPL. The underlying mechanism of chirality for amino acid modified
CuS was described in terms of the hybrid orbital theory and the Coulomb
interactions.

2. Experimental section
2.1. Chemicals

Copric chloride dihydrate (CuCly-2H50), sodium sulfide non-
ahydrate (NayS-9H30), D-Penicillamine (CsHj3NO5S, D-Pen) and L-
Penicillamine (CsH;1NO,S, L-Pen) were purchased from Aladdin. D-
Alanine (C3H7NO,, D-Ala) and L-Alanine (C3H;NO,, L-Ala) were pur-
chased from Science Peptide Co., Ltd. (Shanghai, China). Sodium citrate
(C¢HsNazOy, Nagcit) and hydrogen peroxide (H20;) were purchased
from Sinopharm Chemical Reagent Co., Ltd. Sodium phosphate mono-
basic (H2N3P04), D-DOPA (C9H11N04) and L-DOPA (C9H11N04) were
purchased from Sigma Aldrich. All chemical were used without further
purification.

2.2. Synthesis of chiral CuS

Cit-CuS NPs were first prepared as previously reported [23]. 10.77
mg of CuCly-2H»0 and 10 mg of Nagcit were mixed into 50 mL ultrapure
(UP) water. Then 37.196 mg of NayS-9H,0 was added and stirred for 5
min. The above mixed solution was transferred to an oil bath at 90 °C for
15 min to obtain an aqueous solution of cit-CuS NPs. Subsequently,
chiral CuS NPs were obtained by ligand exchange using different amino
acids. Different amounts of D-/L-Ala (or D-/L-Pen) were added to 12 mL
cit-CuS NPs aqueous solution to obtain the amino acid concentration of
2.5mM, 5 mM, 7.5 mM, 12.5 mM and 20 mM, respectively. The mixed
solutions were sonicated for 5 min to achieve the exchange reaction
between achiral citrate and chiral amino acids. Then, the solutions were
aged in the dark for 24 h. To purify the products, the product will be
dialyzed with 0.5-1 KD membrane in UP water for 3 days to remove
excess reactants. The samples were successively named D-/L-Ala-CuS-1,
D-/L-Ala-CuS-2, D-/L-Ala-CuS-3, D-/L-Ala-CuS-4 and D-/L-Ala-CuS-5
(or D-/L-Pen-CuS-1, D-/L-Pen-CuS-2, D-/L-Pen-CuS-3, D-/L-Pen-CuS-4
and D-/L-Pen-CuS-5) according to the concentration of amino acids.

2.3. Characterization

X-ray diffraction (XRD) pattern of the sample was carried out on a
PANalytical Empyrean X-ray diffractometer using a Cu Ka radiation (A
= 1.54060 A). Raman spectra was performed on a confocal Raman
scattering system with a 532 nm laser. Transmission electron micro-
scope (TEM) and high angle annular dark field-scanning transmission
electron microscope (HAADF-STEM) images were recorded using a Titan
ETEM transmission electron microscope equipped with an energy
dispersive spectroscopy (EDS). The X-ray surface photoelectron spectra
(XPS) measurements were performed on a Thermo fisher EscaLab250Xi
system. Fourier Transform infrared (FT-IR) spectra were measured by a
Nicolet iS50 Spectrum of Thermo Fisher with a spectral range of
500-4000 cm . The samples were prepared by the conventional KBr
pellet method. CD and absorption spectra were carried out on a JASCO
J-1500 spectropolarimeter with scanning rate of 200 nm min~! ranging
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from 200 to 800 nm. Time-dependent absorption spectra of DOPA were
performed on a Lambda 750 UV-vis spectrophotometer. The pH was
measured by a FiveEasy Plus FE28 pH meter of Mettler Toledo.

2.4. DOPA oxidation studies

The catalytic effect of CuS NPs sample on DOPA oxidation were
carried out by using the time process mode to monitor the absorbance
change at 475 nm. Experiments were conducted using 1600 pL chiral
CuS NPs solutions with 100 pL L-DOPA (or D-DOPA, 200 mM) as sub-
strate in 200 pL buffer solutions (NaH,PO4, 200 mM, pH 4.22, room
temperature) with 100 pL Hy04 (1 M). As a control, 1600 pL UP water
was used to replace chiral CuS NPs solutions for testing under the same
conditions.

2.5. Photothermal characterization

The photothermal performance of chiral CuS was characterized
under linearly polarized lights (LPL), LCPL and RCPL by an 808 nm NIR
laser (LSR808H, Q-BAIHE, Wuhan, China). The solution was irradiated
for 600 s with a power density of 1.5 W cm ™2 and then cooled down to
room temperature naturally. The same volume UP water was used in the
control group. The temperature was measured every 20 s by an infrared
imaging device.

3. Results and discussion
3.1. Materials characterization

Before ligand exchange using amino acids, homochiral cit-CuS NPs
with negative CD signals (Fig. S1) were prepared by the same method in
our previous report [24]. XRD pattern demonstrated that cit-CuS NPs
were hexagonal CuS with a space group of P63/mmc (JCPDS #06-
0464). The TEM image showed that the cit-CuS NPs were nanoparticles
with an average size of about 20 nm. When chiral Ala and Pen were used
as chiral ligands, respectively, the obtained chiral CuS exhibited
different morphologies and sizes. The samples carrying D-/L-Ala had a
larger average size (ca. 40 nm), and the nanoflower (NF) structure
composed of many nanoflakes can be clearly observed from HAADF-
STEM (Fig. la,b and Fig. S2a, b). EDS elemental mapping and XPS re-
sults demonstrated that Ala was successfully modified on the surface of
CuS NFs. It can be observed from the EDS mapping (Fig. 1c and Fig. S2c¢)
that Cu, S, and C elements were uniformly distributed on the surface of
the sample, and the C elements were derived from the chiral Ala mol-
ecules modified on the sample surface. The XPS measured spectra and
curve fitting of Cu 2p, S 2p, and N 1s were shown in Fig. 1g-i and
Figure S3a, where the XPS spectra were calibrated to the standard C 1s at
a binding energy of 284.8 eV. Two strong peaks at 932.0 eV and 951.9
eV were observed in the Cu 2p spectra of D-/L-Ala-modified CuS,
attributed to Cu' 2p3,» and Cu™ 2p1 /5, respectively, which correspond to
the Cu oxidation state in covellite CuS [25,26]. At the same time, two
weak peaks at 933.6 eV and 953.5 eV observed in D-Ala modified CuS
were assigned to Cu®" 2ps/5 and Cu®" 2p, /5, respectively, with a split-
ting energy separation equal to 19.9 eV, indicating the existence of Cu®*
in hexagonal CuS [27]. The S 2p results showed the typically mixed
valence states of S in covellite CuS, in which the peaks at 161.8 eV and
162.9 eV were assigned to S~ 2p3/2 and s2- 2p1 /2, while the peaks at
163.6 eV and 164.5 eV were assigned to (S)* 2ps3/2 and (S)*~ 2p1/2
[28-30]. The results of Cu 2p and S 2p spectra manifested the successful
formation of CuS. It is worth noting that the peak at 168.0 eV originated
from SO3 ", indicating that a small amount of S2~ on the sample surface
was oxidized. This was due to the common fact that water adsorbed on
the nanoparticle surface facilitated the conversion of sulfide ions to
sulfate ions in the presence of oxygen molecules [25]. Furthermore, the
peak at 399.5 eV in the N 1s spectra can be attributed to N-H and C-N,
while the peak at 400.7 eV was attributed to C-N [31]. Neither sodium
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Fig. 1. Characterization of D-Ala-CuS-4 and D-Pen-CuS-4: (a) TEM image, (b) HAADF-STEM image, and (c) EDS mapping of D-Ala-CuS-4, (c1), (c2) and (c3) are for
Cu, S and C elements, respectively. (d) TEM image, () HAADF-STEM image, and (f) EDS mapping of D-Pen-CuS-4, (f1), (f2) and (f3) are for Cu, S and C elements,

respectively. (g-i) XPS spectra of D-/L-Ala-CuS-4 of Cu 2p, S 2p and N 1s.

citrate nor CuS had N—H and C—N bonds, so these two peaks could be
derived from Ala, which confirmed Ala was successfully modified on the
surface of CuS. Since the XPS signal was concentration dependent,
dialysis purification not only removed free chiral molecules from the
original sample but also sacrificed sample concentration, resulting in
small XPS peaks. To further prove the composition of D-/L-Ala-CuS-4,
the XPS spectra of pristine Ala-CuS-4 were provided (Fig. S3), and
stronger signals consistent with Ala-CuS-4 can be observed. Unlike the
nanoflowers of Ala modified CuS, Pen modified samples maintained the
nanoparticles morphology of pristine cit-CuS, with an average diameter
of about 10 nm. The effect of amino acids on the morphology of CuS NPs
during ligand exchange may be related to the interaction of metal-
-ligand complex or the difference in formation reaction kinetics [32].
According to the HAADF-STEM images (Fig. 1d, e and Fig. S2d, e), the
lattice spacings of Pen modified CuS were 0.19 nm and 0.27 nm, cor-
responding to the (110) and (006) lattice planes of hexagonal CuS
(JCPDS #06-0464), respectively. In addition, the uniform distribution of
Cu, S, and C elements throughout the measured area in the EDS mapping

(Fig. 1f and Fig. S2f) confirmed the formation of Pen-modified CuS NPs,
in which the C element comes from Pen molecules on the sample surface.
The combination forms of Ala and Pen with CuS will be studied by FT-IR
in subsequent mechanism analysis.

3.2. Chiroptical properties

CD measurements were then performed to study the chiroptical ac-
tivity of Ala-CuS NFs and Pen-CuS NPs. Absorption and corresponding
CD signals of free Ala and Pen were located around 203 and 225 nm in
the UV region, respectively (Fig. S4). The CD spectra of Ala-CuS NFs had
a strong signal in the 236 nm and a weak signal in 700-800 nm region
where they exhibited absorption (Fig. 2a, b and Fig. S5a, b). The nega-
tive CD peak in the UV region was consistent with that of CuS itself
(Fig. S1c), and the weak signal in the NIR region could be attributed to
the LSPR effect of CuS [33]. Notably, Ala-CuS before purification
exhibited a mirror CD signal around 600 nm (Fig. S6). The “disappear-
ance” of the mirror signal in Ala-CuS was due to the dialysis process
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Fig. 2. Optical characterizations of chiral Ala-CuS and Pen-CuS: CD spectra of Ala-CuS in the range of (a) 200-400 nm and (b) 400-800 nm. (c¢) The maxima of |g| for
different concentration of Ala capped CuS. CD spectra of Pen-CuS in the range of (d) 200-400 nm and (e) 400-800 nm, the inset is the magnified CD spectra in the
range of 350-400 nm. (f) The maxima of |g| for different concentration of Pen capped CusS.

improved the sample purity at the expense of solution concentration,
whereas the intensity of CD signals was concentration dependent [34].
To quantitatively evaluate the chiroptical activity of Ala-CuS NFs, their
CD anisotropic factors (g factors) were calculated as g = AA/A~CD
[mdeg]/(32980-A), where AA is the absorbance difference of LCPL and
RCPL, and A is the absorbance of the unpolarized light [35]. The g-factor
spectra were plotted in Fig. S7. Among all samples (Fig. 2¢), L-Ala-CuS-4
had a largest |g| value of 2.33 x 1073, which is higher than that of the
homochiral cit-CuS NPs (1.24 x 10~3) before ligand exchange with Ala
[24]. Additionally, Ala-CuS NFs with varying concentrations of Ala had
different and no-trend g-factor. This is because of the geometry-
dependent nature of the chiral properties [36], since the morphology
of Ala-CuS NFs was highly random (Fig. 1a—c and Fig. S2a—c). Different
from the CD of Ala-CuS NFs, Pen modified CuS NPs showed strong CD
mirror signals not only in the UV range, but also in the visible and NIR
range corresponding to their absorbance (Fig. 2d, e and Fig. S5c, d). The
mirror signals near 260 nm were attributed to the Pen on the surface of
CuS, while the bisignate signals with two peaks at 595 and 750 nm
resulted from the metal-to-ligand charge transfer (MLCT) effect and
LSPR effect, respectively. All D-/L-Pen-CuS samples exhibited negative
CD signals near 280 nm, which was considered to be derived from CusS.
Due to the interaction between Pen molecules and Cu$, the negative CD
signal of CuS was blue-shifted, and overlapped with the CD signal
induced by D-Pen, resulting in the stronger negative CD signal of the D-
Pen-CuS sample near 280 nm than that of the L-Pen-CuS sample. Ac-
cording to the g-factor spectra (Fig. 2f and Fig. S8), the g factor increased
with the concentration of Pen within a certain range and decreased
when Pen concentration increased further in Fig. 2f. It can be attributed
to the fact that instead of increasing the possibility for combining with
CuS, an excess of chiral molecules in the solution will inhibit the com-
bination and CD in chiral CuS [36]. Hence, regulating the concentration
of chiral amino acids provides an effective way to adjust the induced
chirality for potential applications. Moreover, the maximum of |g| value
of L-Pen-CuS-4 is up to 1.02 x 1072, which is comparable to that of Pen
modified Cup4S quantum dots (1.0 X 10’2) [19]. It is an order of

magnitude higher than that of Ala-CuS, and also higher than that of most
chiral ligand-modified inorganic semiconductor nanomaterials, such as
N-acetylcysteine modified a-HgS (1.7 x 107%) [37] and cysteine modi-
fied CdSe@CdS nanorods (5.2 x 1074 [38]. Therefore, D-/L-Ala-CuS-4
and D-/L-Pen-CuS-4 were selected for the subsequent studies.

3.3. Enantioselective reactions with DOPA enantiomers

The peroxidase-like activity of chiroptical-active CuS was evaluated
by the Hy02-mediated oxidation of DOPA enantiomers because cu®t
could catalyze a Fenton-like reaction [12]. As shown in Fig. 3a, the
oxidation rates of D-DOPA and L-DOPA without Ala-CuS-4 were very
slow, and their oxidation curves were almost horizontal lines close to
zero. In the presence of Ala-CuS-4, it is apparent that both D-DOPA and
L-DOPA were oxidized rapidly. More importantly, D-Ala-CuS-4 and L-
Ala-CuS-4 showed a preference for catalytic DOPA enantiomers. D-Ala-
CuS-4 had a better catalytic activity for L-DOPA than D-DOPA (blue dot
and blue line in Fig. 3a), while L-Ala-CuS-4 had a better catalytic activity
for D-DOPA than L-DOPA (red line and red dot in Fig. 3a). However, the
same optically active Ala and Pen modified CuS exhibited opposite
selectivity for DOPA enantiomers. For example, D-Pen-CuS-4 preferen-
tially catalyzed D-DOPA but D-Ala-CuS-4 preferentially catalyzed L-
DOPA (Fig. 3b). It was mainly caused by the opposite chiral stereo-
structures of the homo-chiroptical-active Ala and Pen. The structural
formulas of Ala and Pen were shown at the top of Fig. 3a, b. Both D-Ala
and D-Pen exhibited negative CD signals (Fig. S4a, b), but their chiral
stereostructures were opposite, as well as L-Ala and L-Pen. The result
suggested that substrate recognition came from chiral ligands on the
surface of chiral CuS. A schematic of the enantioselective oxidation of
chiral DOPA by chiral CuS was shown in Fig. 3c. The catalytic activity of
chiral CuS was derived from CuS, which will catalyze the decomposition
of Hy05 to generate hydroxyl radicals (¢OH) [39], thus accelerating the
oxidation of DOPA to produce dopachrome. Due to the different affinity
between chiral ligands and DOPA enantiomers [40], chiral CuS exhibi-
ted enantioselectivity for DOPA enantiomers. Since the focus of our
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Fig. 3. The time-dependent absorbance changes of chiral DOPA at 475 nm in the absence or presence of (a) Ala-CuS-4 and (b) Pen-CuS-4 at 600 s intervals, the top
are structures of Ala and Pen, respectively. (c) Enantioselective oxidation of DOPA enantiomers by Ala-CuS.

work is the enantioselectivity based on the chirality of samples, the
evaluation of the catalytic activity for chiral CuS is worthy of a separate
study in the future.

3.4. Photothermal performance under LPL and CPL radiation

Apart from enantioselective catalysis, the emerging CD signals in the
NIR region of chiral CuS inspired us to explore their photothermal
performances under CPL, which may provide a promising platform for
tumor therapy with synergistic chemodynamic therapy and photo-
thermal therapy. Compared to other wavelength ranges where light is
difficult to penetrate biological tissues due to scattering and absorption,
NIR radiation can penetrate deeper biological tissue, allowing subcu-
taneous tumor treatment [41]. Therefore, we chose 808 nm laser, one of
the most commonly used light sources in photothermal therapy, for
photothermal experiments. All the measurements were performed under
constant stirring to achieve uniform temperature distribution upon laser
irradiation, and a CPL generator was constructed to verify the CPL-
responsive photothermal behaviors (Fig. 4a, b). The 808 nm laser

beam passed through a polarizer to generate LPL, which transformed
into LCPL or RCPL through a quarter-wave plate (QWP) with a rotation
angle of —45° or 45°. And an infrared thermal imager was used to record
the immediate temperature of solution samples. The photothermal
performance of chiral CuS was characterized under 808 nm of LPL, LCPL
or RCPL radiations for 600 s, respectively. And the solution samples
were allowed to be cooled down to room temperature naturally (Fig. 4c,
d and Fig. S9a, b). To evaluate their photothermal performance quan-
titatively, the photothermal conversion efficiency (1) of samples was
calculated by the time constants (z) according to the cooling curve
(Fig. 4e, f and Fig. S9c¢, d). As summarized in Table 1, D-/L-Ala-CuS-4
exhibited lower  compared to D-/L-Pen-CuS-4, which may be related to
the morphology change of Ala-CuS [42]. Compared with spherical cit-
CuS and D-/L-Pen-CuS, the nanoflower-like Ala-CuS had weaker ab-
sorption in the NIR as demonstrated by the absorption spectrain Fig. S1d
and Fig. S5, which was not conducive to photothermal conversion, since
the photothermal effect of CuS was attributed to LSPR-induced light
absorption in the NIR [14]. Among all the samples, L-Pen-CuS-4
exhibited the highest 5 of 22.18% under LCPL, which is higher than
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Fig. 4. Schematic illustration of (a) experimental setup for photothermal characterization and (b) the optical setup to generate CPL. All materials are not in real
scale/ratio. Temperature versus time curves of (c) D-Ala-CuS-4 and (d) D-Pen-CuS-4 under 808 nm LPL/LCPL/RCPL radiation and their relaxation behaviors after
turning off the laser. Linear fitting curves of (e) D-Ala-CuS-4 and (f) D-Pen-CuS-4. Thermal cycle performance curves of (g) D-Ala-CuS-4 and (h) D-Pen-CuS-4 under
LPL radiation. All the lasers are measured to have the same power as 1.5 W cm ™2 to the samples.

Table 1
Photothermal performance of Ala-CuS NFs and Pen-CuS NPs under LPL, LCPL
and RCPL radiation.

Sample 7 [s] n [%]

LPL LCPL RCPL LPL LCPL RCPL
D-Ala-CuS-4 NFs 207.80 194.41 203.16 12.25 12.19 12.96
L-Ala-CuS-4 NFs 183.44 177.50 177.66 11.91 12.31 11.68
D-Pen-CuS-4 NPs 173.28 163.86 189.40 19.34 18.97 19.63
L-Pen-CuS-4 NPs 161.51 168.90 155.31 19.39 22,18 18.19

20.3% reported by Chen et al. [43], and 21.5% reported by Wang et al.
[17] Moreover, D-Ala/Pen-CuS-4 obtained higher # under RCPL while L-
Ala/Pen-CuS-4 obtained higher # under LCPL than under other light
sources. It was consistent with chiroptical activity of D-/L-CuS in Fig. 2,
implying that the D- and L-CuS adsorb more LCPL and RCPL, respec-
tively. In addition, no apparent degradation was found during three
consecutive heating/cooling processes of chiral CuS indicating that
chiral CuS had good photostability (Fig. 4g, h and Fig. S9e, f). The results
showed that chiral CuS achieved circular-polarized-activated

photothermal activities in NIR region and were probably competent for
the corresponding biomedical applications.

3.5. Mechanism analysis

As shown in Fig. 5a, the as-prepared chiral CuS has a wide chiroptical
response range and a high |g| value compared with other amino acid-
modified chiral inorganic semiconductor nanomaterials
[37,38,44-48]. The underlying mechanism of optical chirality is
described based on the hybrid orbital theory [49] and the Coulomb in-
teractions between chiral molecules and CuS [36,50]. On the one hand,
amino acid ligands and CuS were coupled through the Coulomb in-
teractions, allowing for chirality transfer. In the previous section of
materials characterization, EDS mapping and XPS spectra proved that
Ala and Pen were successfully modified on the surface of CuS. Then, FT-
IR spectra were used to investigate the binding form of Ala or Pen
modified CuS. The vibrations near 1612 cm™! and 1410 cm™! in Ala
were assigned to the asymmetric and symmetric vibration modes of
COO-, respectively (Fig. S10). In Ala-CuS-4 samples, the asymmetric
vibration band v,5(C = O) and symmetric vibration band v5(C = O)
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Pen-CuS NPs, and (d) electron transition band resulted from MLCT and LSPR.

moved to 1637 cm ™! and 1389 cm ™!, which suggested that Ala is co-
ordinated with Cu by the COO- group [51]. For Pen-CuS-4 samples, the
intensity of the peak corresponding to the -S-H groups (ca. 2612 cm ™)
was obviously reduced, and the peak representing hydrogen bonds
(3000-4000 cm™!) increased compared with Pen (Fig. 5b). This indi-
cated that the ligands were bound to CuS surface through strong S—Cu
covalent bonds and weak S—H—O hydrogen bonds [20]. Overall, the
binding modes of Ala and Pen with CuS were shown in Fig. 5c. Varia-
tions in the position of ligands as well as the chemical identity of ligands
impacted both the shape and anisotropy of the induced CD spectra [52].
The multidentate binding between Pen and CuS (strong S—Cu covalent
bonds and weak S—H—O hydrogen bonds) could be responsible for the
higher CD anisotropy than that of Ala-CuS. On the other hand, the hy-
bridization of CuS molecular orbitals with chiral ligand orbitals trans-
ferred chiral information. Chiral CuS exhibited MLCT absorption bands
in the visible region corresponding to d-d electronic transitions of Cu
ions. In the octahedral field, the d orbitals of Cu ions were split into eg
orbitals with energy pushed up and ty; orbitals with energy pushed
down [34]. The remaining d-electrons of the Cu ions in the chiral
complex tpg orbital can more easily transition to the low-lying and empty
n* orbital in the chiral ligand, resulting the absorption band, as illus-
trated in Fig. 5d. Meanwhile, the absorption of CuS in the NIR region
originated from the LSPR effect, in which the conductive free electrons
collectively resonate in response to the incoming electromagnetic radi-
ation, resulting in amplified light absorption as well as scattering [14].
In the antenna effect, nanoparticles act as nanoantennas that amplify the

chiral signals of weak molecules. However, the chiroptical response in
the NIR region here does not originate from the antenna effect. When a
nanomaterial with plasmonic effect is combined with chiral ligands, the
CD signal will be generated in the plasmonic resonance frequency region
of the nanomaterials due to the LSPR effect [21,33,53]. When CPL in-
teracts with the nanoparticles, it spirally drives the electron cloud that
oscillates at the frequency of the light and generates an electric current
on the surface of the nanostructure [54]. It contributed to the extended
CD response of chiral CuS in the NIR region and its potential
applications.

4. Conclusion

In summary, chiral CuS with different chiroptical activity from UV to
NIR were obtained using Ala and Pen as ligands, respectively. D-/L-Ala-
CuS and D-/L-Pen-CuS showed different enantioselectivities in catalytic
oxidation of DOPA, which is related to the stereostructures of Ala and
Pen on the surface of CuS. In the photothermal measurements, NIR
chiroptical-active CuS showed different photothermal responses under
the irradiation of 808 nm LCPL and RCPL. And L-Pen-CuS-4 exhibited
the highest 7 of 22.18% under LCPL. The origin of induced chirality was
elucidated to mainly involve the Coulomb interaction and the orbital
hybridization between chiral ligands and CuS. This work not only ex-
plores the potential applications of chiroptical-active CuS in chiral
catalysis and cancer therapy, but also reveals the relationship between
CuS and induced chiroptical activity, providing strategies for the better
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understanding, rational design and application of inorganic semi-
conductor materials with chiroptical properties.
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