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Coinage metal nanoclusters usually show bright emission, which is
useful for obtaining circularly polarized luminescence (CPL) after
modifying with chiral organic ligands. However, it remains challen-
ging to understand the chiral transfer and amplification mechan-
isms and achieve CPL inversion without changing the absolute
configuration of the chiral ligands. Here, we present four pairs of
six-core silver nanoclusters protected by the chiral thiazinthione-
and oxazinthione-based ligands, showing S.--S interaction-
enhanced luminescence quantum yield (QY) and supramolecular
chirality inversion induced by the peripheral methyl and phenyl
groups in both ground and excited states.
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Ligand engineering of circularly polarized
luminescence inversion and enhancement for
chiral Agg nanoclusterst
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1. Introduction

Metal nanoclusters are ultra-small nanoparticles with dia-
meters ranging from 1 to 3 nm, typically consisting of tens
to hundreds of metal atoms."* Compared with other nano-
particles like carbon dots® and semiconductor quantum dots,*
nanoclusters have atomically precise structures with a discrete
energy level like the small organic molecules, and their func-
tions can be finely tailored by means of metal atom exchanging/
doping and ligand-modifying engineering.>® In the nanoclus-
ters modified with different organic ligands, organic ligands
make them exhibit excellent physical and chemical properties,
such as photoluminescence,” catalytic activity,® pharmaco-
kinetic parameters,”'® and supramolecular chirality.'* There-
fore, metal nanoclusters with controlled functionality through
ligand-modifying engineering have shown great potential for
application in the fields of optoelectronic devices, catalysis, and
biomedicine."*™®

Recently, nanomaterials with excellent circularly polarized
luminescence (CPL) have attracted much attention due to
their fascinating chiroptical performances and great potential
for application in advanced information processing, chiral
optoelectronic devices, and chiral biosensing."”*° An ideal
CPL-active material usually needs to have both high photo-
luminescence quantum yield (QY) and large luminescence
asymmetry factor (gj,m).>**" Thus, chiral nanoclusters became
an excellent candidate for constructing CPL-active materials
with both high QY and tuneable supramolecular chirality.***?
In general, the chirality of nanoclusters mainly originates from
the following three chiral sources: (a) intrinsic chirality of the
inorganic metal cores with asymmetrical stacking, (b) twisted
arrangement of achiral ligands on the surface of the cluster
core, and (c) induced chirality from the chiral ligand on the
surface of the cluster.**®” Chiral induction from organic
ligands is the most convenient method for the preparation of
chiral metal nanoclusters since it is easy to control the chirality
by tuning the R/S-configuration of chiral ligands and endowing
the obtained nanocluster with amplified chirality performances
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especially for the CPL emissive intensity.*® In addition, based
on the atomically precise structures, the structure-function
relationship of nanoclusters can be better established by reg-
ulating the luminescent factors, including wavelength, QY, and
Zlum through ligand engineering.**~** However, due to the
complexity and dynamics of metal coordination, as well as
the abundant interactions between the metal core and periph-
eral ligand, it is hard to predict the handedness of nanoclus-
ters, especially for the understanding of chirality inversion in
both ground and excited states. Thus, it is necessary to reveal
the chirality transfer and amplification mechanisms in the
complex arrangements and assembly behaviours of nano-
clusters by ligand-modifying engineering.

Herein, we synthesized four pairs of chiral AgeLs nano-
clusters through ligand engineering involving thiazithione
and oxazinthione (Fig. 1). These nanoclusters exhibited excellent
photoluminescence properties in both the solid and solution
states, achieving a maximum luminescence QY of 28.19% and
the largest gj,m, at —2.77 x 10>, Interestingly, the nanoclusters
protected by a thiazidethione ligand showed a higher QY
than those modified with oxazinthione, which is attributed to
the weak S---S interactions from adjacent cluster units in the
thiazidethione-protected ones. In addition, the opposite arrange-
ment of methyl and phenyl groups of chiral ligands was revealed
in the single crystals of clusters protected by both thiazithione- and
oxazinthione-based ligands, showing opposite helical senses of
cluster chains and inverted CD/CPL performances. The obtained
chiral AgeLs nanoclusters exhibited CPL inversion and enhanced
QY by means of ligand engineering, which would pave a way to
develop CPL-active nanoclusters for applications in chiral sensors,
optoelectronic engineering and asymmetric catalysis.

&
M-helix

Fig. 1 Ligand engineering to achieve CPL enhancement and chirality
inversion for silver nanoclusters protected by chiral thiazinthione- and
oxazinthione-derived ligands.
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2. Experimental
2.1 Materials

(S)-3-amino-3-phenylpropan-1-ol, (R)-3-amino-3-phenylpropan-
1-0l, chlorosulphonic acid, carbon disulfide potassium hydro-
xide, triethylamine, (S)-3-aminobutan-1-ol, (R)-3-aminobutan-1-
ol, 30% hydrogen peroxide and silver acetate were purchased
from Shanghai Titan Scientific Co., Ltd. The organic solvents
were purchased from Shanghai Titan Scientific Co., Ltd, and
used without further purification.

2.2 Synthesis of (S)-4-phenyl-1,3-thiazinane-2-thione (S-SPh)

Chlorosulphonic acid (1.0 mL, 14.5 mmol) was added dropwise
to a solution of (S)-3-amino-3-phenylpropan-1-ol (2.0 mL,
13.8 mmol) in CH,Cl, (20 mL) under a constant flow of N, at
0 °C. The reaction mixture was stirred for 15 h at RT, after
which the solvent was removed in vacuo to afford a white solid.
The white solid was triturated with MeOH and dried under
reduced pressure to afford 2.32 g of (S)-3-amino-3-phenylpropyl
hydrogen sulfate (10.0 mmol, 72%), which was pure enough, as
confirmed by "H NMR spectroscopy and required no further
purification. Then, CS, (0.72 mL, 12 mmol) was added dropwise
to (S)-3-amino-3-phenylpropyl hydrogen sulfate (2.32 g,
10.0 mmol) under N, at RT. A solution of KOH (1.23 g, 22 mmol
in 1:1 H,O/EtOH 20 mL) was added dropwise to the reaction
mixture at 0 °C. The resulting solution was then heated to reflux
and stirred for 2 h, after which it was further stirred overnight
at RT. Then, it was cooled in an ice-water bath. The white
precipitate was then filtered and rinsed with cold water. It was
dissolved in CH,Cl,, dried over anhydrous Na,SO,, and the
solvent was removed in vacuo to obtain a white solid. The crude
product was purified by recrystallization in CH,Cl,/hexane to
yield (S)-4-phenyl-1,3-thiazinane-2-thione (S-SPh, 1.8 g, 62% for
two steps). Physical state: white solid. TLC: R; = 0.32 (PE/EtOAc =
1:1). 'H NMR (400 MHz, DMSO-d) & 10.62 (s, 1H), 7.41 (t, J =
7.5 Hz, 2H), 7.32 (t, ] = 7.3 Hz, 1H), 7.22 (d, J = 7.3 Hz, 2H), 4.82
(d, 1H), 2.89-2.78 (m, 1H), 2.66-2.54 (m, 1H), 2.26-2.12 (m, 2H).
3C NMR (101 MHz, DMSO-de) § 193.21, 141.38, 129.08, 128.02,
126.60, 56.66, 27.94, 26.65.

2.3 Synthesis of (R)-4-phenyl-1,3-thiazinane-2-thione (R-SPh)

Chlorosulphonic acid (0.5 mL, 7 mmol) was added dropwise to
a solution of (R)-3-amino-3-phenylpropan-1-ol (1 g, 6.6 mmol)
in CH,Cl, (15 mL) under a constant flow of N, at 0 °C. The
reaction mixture was stirred for 15 h at RT after which the
solvent was removed in vacuo to afford a white solid. The white
solid was triturated with MeOH and dried under reduced
pressure to afford 1.04 g of (R)-3-amino-3-phenylpropyl hydro-
gen sulfate (4.5 mmol, 68%), which was pure enough, as
confirmed by "H NMR spectroscopy and required no further
purification. Then, CS, (0.4 mL, 5.3 mmol) was added dropwise to
(R)-3-amino-3-phenylpropyl hydrogen sulfate (1.04 g, 4.4 mmol)
under N, at RT. A solution of KOH (560 mg, 10 mmol in 1:1 H,0/
EtOH, 20 mL) was added dropwise to the reaction mixture at 0 °C.
The resulting solution was then heated to reflux and stirred for
2 h, after which it was further stirred overnight at RT. Then, it was
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cooled in an ice-water bath. The white precipitate was filtered and
rinsed with cold water. It was dissolved in CH,Cl,, dried over
anhydrous Na,SO,, and the solvent was removed in vacuo to
obtain a white solid. The crude product was purified by recrys-
tallization in CH,Cly/hexanes to obtain (R)-4-phenyl-1,3-
thiazinane-2-thione (R-SPh, 820 mg, 60% over two steps). Physical
state: white solid. TLC: Ry = 0.32 (PE/EtOAc = 1:1). 'H NMR
(600 MHz, DMSO-dg) 0 10.63 (s, 1H), 7.41 (t, J = 7.5 Hz, 2H), 7.32
(t,J = 7.2 Hz, 1H), 7.22 (d, ] = 7.9 Hz, 2H), 4.82 (s, 1H), 2.87-2.82
(m, 1H), 2.60 (td, J = 12.4, 11.5, 3.7 Hz, 1H), 2.25-2.17 (m, 2H).
BC NMR (101 MHz, DMSO-dg) 6 193.20, 141.38, 129.07, 128.02,
126.60, 56.66, 27.94, 26.65.

2.4 Synthesis of (S)-4-methyl-1,3-thiazinane-2-thione (S-SMe)

Chlorosulphonic acid (0.7 mL, 10.5 mmol) was added dropwise
to a solution of (R)-3-aminobutan-1-ol (890 mg, 10 mmol) in
CH,Cl, (25 mL) under a constant flow of N, at 0 °C. The
reaction mixture was stirred for 15 h at RT, after which the
solvent was removed in vacuo to afford a white solid. The white
solid was triturated with MeOH and dried under reduced
pressure to afford 1.18 g of (S)-3-aminobutyl hydrogen sulfate
(7 mmol, 70%), which was pure enough, as confirmed by
"H NMR spectroscopy and required no further purification.
Then, CS, (0.63 mL, 10.5 mmol) was added dropwise to (R)-3-
aminobutyl hydrogen sulfate (1.18 g, 7 mmol) under N, at RT.
A solution of KOH (840 mg, 15 mmol in 1:1 H,O/EtOH, 25 mL)
was added dropwise to the reaction mixture at 0 °C. The
resulting solution was then heated to reflux and stirred for
2 h, after which it was further stirred overnight at RT. Then, it
was cooled in an ice-water bath. The white precipitate was
filtered and rinsed with cold water. It was dissolved in CH,Cl,,
dried over anhydrous Na,SO,, and the solvent was removed in
vacuo to obtain a white solid. The crude product was purified by
recrystallization in CH,Cl,/hexanes to yield (S)-4-methyl-1,3-
thiazinane-2-thione (S-SMe, 970 mg, 66% over two steps).
TLC: R¢ = 0.40 (PE/EtOAc = 1:1). Physical state: white solid.
TLC: R¢ = 0.40 (PE/EtOAc = 1:1). "H NMR (400 MHz, DMSO-dg) &
10.18 (s, 1H), 3.56-3.48 (m, 1H), 3.01 (ddd, J = 13.3, 9.9, 3.7 Hz,
1H), 2.94-2.86 (m, 1H), 2.12-2.05 (m, 1H), 1.71-1.64 (m, 1H),
1.20 (d, ] = 6.6 Hz, 3H). *C NMR (101 MHz, DMSO-d) 6 192.30,
50.21, 28.41, 27.78, 20.79.

2.5 Synthesis of (R)-4-methyl-1,3-thiazinane-2-thione (R-SMe)

Chlorosulphonic acid (2.1 mL, 31.5 mmol) was added dropwise
to a solution of (R)-3-aminobutan-1-ol (2.67 g, 30 mmol) in
CH,Cl, (100 mL) under a constant flow of N, at 0 °C. The
reaction mixture was stirred for 15 h at RT, after which the
solvent was removed in vacuo to afford a white solid. The white
solid was triturated with MeOH and dried under reduced
pressure to afford 3.8 g of (R)-3-aminobutyl hydrogen sulfate
(22.5 mmol, 75%), which was pure enough as confirmed by
"H NMR spectroscopy and required no further purification.
Then, CS, (1.63 mL, 27 mmol) was added dropwise to (R)-3-
aminobutyl hydrogen sulfate (3.8 g, 22.5 mmol) under N, at RT.
A solution of KOH (2.8 g, 50 mmol in 1:1 H,O/EtOH, 100 mL)
was added dropwise to the reaction mixture at 0 °C.
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The resulting solution was then heated to reflux and stirred
for 2 h, after which it was further stirred overnight at RT. Then,
it was cooled in an ice-water bath. The white precipitate was
filtered and rinsed with cold water. It was dissolved in CH,Cl,,
dried over anhydrous Na,SO,, and the solvent was removed
in vacuo to obtain a white solid. The crude product was purified
by recrystallization in CH,Cl,/hexanes to yield (R)-4-methyl-1,3-
thiazinane-2-thione (R-SMe, 3.17 g, 72% over two steps). TLC: R¢
= 0.40 (PE/EtOAc = 1:1). 'H NMR (400 MHz, DMSO-d¢) & 10.17
(s, 1H), 3.56-3.48 (m, 1H), 3.01 (ddd, J = 13.1, 9.9, 3.7 Hz, 1H),
2.93-2.86 (m, 1H), 2.12-2.05 (m, 1H), 1.72-1.62 (m, 1H), 1.20
(d, J = 6.6 Hz, 3H). *C NMR (101 MHz, DMSO-d¢) § 192.28,
50.21, 28.42, 27.77, 20.79.

2.6 Synthesis of (S)-4-phenyl-1,3-oxazinane-2-thione (S-OPh)

Triethylamine (0.92 mL, 6.6 mmol) was added to a solution of
(S)-3-amino-3-phenylpropan-1-ol (1.0 g, 6.6 mmol) in methanol
(20 mL) at 0 °C, and carbon disulfide (0.4 mL, 6.6 mmol) was added
dropwise. The solution was stirred at room temperature for 30 min.
Hydrogen peroxide (30%, 0.43 mL, 8 mmol) was then added and
stirred for 2 h. Methanol was removed by reduced pressure, and
the resulting mixture was diluted with CH,Cl, (100 mL) and
washed with H,O (2 x 50 mL). The organic layer was dried over
anhydrous Na,SO,, filtered, and concentrated to dryness under
vacuum. The crude product was purified by recrystallization
in CH,Cly/hexanes to yield (S)-4-phenyl-1,3-oxazinane-2-thione
(S-OPh, 1.04 g, 82%). Physical state: white solid. TLC: R; = 0.38
(PE/EtOAc = 1:1). "H NMR (400 MHz, DMSO-de) 6 9.95 (s, 1H), 7.40
(t,J = 7.4 Hz, 2H), 7.32 (t, ] = 7.3 Hz, 1H), 7.26 (d, J = 7.3 Hz, 2H),
4.64 (td, J = 5.8, 2.5 Hz, 1H), 4.32-4.26 (m, 1H), 4.13-4.07 (m, 1H),
2.33-2.25 (m, 1H), 1.96-1.88 (m, 1H). C NMR (101 MHz,
DMSO-dq) 6 186.49, 141.79, 129.02, 128.07, 126.69, 65.78, 53.99, 28.79.

2.7 Synthesis of (R)-4-phenyl-1,3-oxazinane-2-thione (R-OPh)

Triethylamine (0.56 mL, 4 mmol) was added to a solution of
(R)-3-amino-3-phenylpropan-1-ol (605 mg, 4 mmol) in methanol
(10 mL) at 0 °C, and carbon disulfide (0.24 mL, 4 mmol) was
added dropwise. Then the solution was stirred at room tem-
perature for 30 min. Hydrogen peroxide (30%, 0.26 mL, 8 mmol)
was then added and stirred for 2 h. Methanol was removed by
reduced pressure, and the resulting mixture was diluted with
CH,Cl, (100 mL) and washed with H,O (2 x 50 mL). The
organic layer was dried over anhydrous Na,SO,, filtered, and
then concentrated to dryness under vacuum. The crude product
was purified by recrystallization in CH,Cl,/hexanes to yield
(R)-4-phenyl-1,3-oxazinane-2-thione (R-OPh, 586 mg, 76%).
Physical state: white solid. TLC: Ry = 0.38 (PE/EtOAc = 1:1).
'H NMR (400 MHz, DMSO-dg) d 9.95 (s, 1H), 7.40 (t, ] = 7.4 Hz,
2H), 7.32 (t,J = 7.3 Hz, 1H), 7.26 (d, J = 7.1 Hz, 2H), 4.64 (td, J =
5.8, 2.5 Hz, 1H), 4.33-4.26 (m, 1H), 4.13-4.07 (m, 1H), 2.33-2.25
(m, 1H), 1.96-1.88 (m, 1H). "*C NMR (101 MHz, DMSO-d,) ¢
186.49, 141.79, 129.02, 128.07, 126.69, 65.78, 53.99, 28.79.

2.8 Synthesis of (S)-4-methyl-1,3-oxazinane-2-thione (S-OMe)

Triethylamine (1.8 mL, 13 mmol) was added to a solution of
(S)-3-aminobutan-1-ol (1.16 g, 13 mmol) in methanol (30 mL) at
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0 °C, and carbon disulfide (0.78 mL, 13 mmol) was added
dropwise. The solution was stirred at room temperature for
30 min. Hydrogen peroxide (30%, 0.85 mL, 26 mmol) was then
added and stirred for 2 h. Methanol was removed by reduced
pressure, and the resulting mixture was diluted with CH,Cl,
(100 mL) and washed with H,O (2 x 50 mL). The organic layer
was dried over anhydrous Na,SO,, filtered, and then concen-
trated to dryness under vacuum. The crude product was pur-
ified by recrystallization in CH,Cl,/hexane to yield (S)-4-methyl-
1,3-oxazinane-2-thione (S-OMe, 936 mg, 55%). Physical state:
white solid. TLC: R¢= 0.30 (PE/EtOAc = 1:1). 'H NMR (400 MHz,
DMSO-dg) & 9.56 (s, 1H), 4.30-4.25 (m, 1H), 4.20 (td, J = 11.2,
10.2, 3.2 Hz, 1H), 3.47 (q, J = 6.5 Hz, 1H), 2.05-1.98 (m, 1H),
1.62-1.54 (m, 1H), 1.13 (d, J = 6.5 Hz, 3H). *C NMR (101 MHz,
DMSO-dg) & 185.68, 66.83, 46.86, 27.68, 21.17.

2.9 Synthesis of (R)-4-methyl-1,3-thiazinane-2-thione (R-OMe)

Triethylamine (1.8 mL, 13 mmol) was added to a solution of
(R)-3-aminobutan-1-ol (1.16 g, 13 mmol) in methanol (30 mL) at
0 °C, and carbon disulfide (0.78 mL, 13 mmol) was added
dropwise. Then the solution was stirred at room temperature
for 30 min. Hydrogen peroxide (30%, 0.85 mL, 26 mmol) was
then added and stirred for 2 h. Methanol was removed by
reduced pressure, and the resulting mixture was diluted with
CH,Cl, (100 mL) and then was washed with H,O (2 x 50 mL).
The organic layer was dried over anhydrous Na,SO,, filtered,
and then concentrated to dryness under vacuum. The crude
product was purified by recrystallization in CH,Cl,/hexane to
yield (R)-4-methyl-1,3-oxazinane-2-thione (R-OMe, 1.02 g, 60%).
Physical state: white solid. TLC: Ry = 0.30 (PE/EtOAc = 1:1).
'H NMR (400 MHz, DMSO-de) & 9.57 (s, 1H), 4.31-4.24 (m, 1H),
4.20 (td, j = 11.2, 10.3, 3.2 Hz, 1H), 3.52-3.42 (m, 1H), 2.06-1.97
(m, 1H), 1.58 (dtd, J = 13.5, 9.0, 4.0 Hz, 1H), 1.14 (d, J = 6.5 Hz,
3H). "*C NMR (101 MHz, DMSO-ds)  185.67, 66.83, 46.85,
27.67, 21.17.

2.10 General synthesis of Ag clusters

S/R-OPh (97 mg, 0.5 mmol) and silver acetate (84 mg, 0.5 mmol)
were dissolved in THF (3 mL) and stirred overnight at room
temperature. The resulting yellow precipitate was filtered to
obtain 91 mg of the crude product. The crude product was
divided into four parts and dissolved separately in a mixed
solvent of CH,Cly/hexane (v/v, 6:1) to form a saturated
solution. The solution was then allowed to evaporate slowly at
RT for 5 days, yielding yellow block crystals of the S/R-AgOPh
cluster (62 mg, yield: 74.2% based on Ag). The synthesis
procedures of other clusters were the same as described above,
with yields of 78.6% for S/R-AgSMe, 69.1% for S/R-AgOMe, and
58% for S/R-AgSPh.

2.11 Preparation of single-crystals of silver clusters

A 20 mg sample of the (S)-AgSMe cluster was dissolved in a
3.60 mL mixed solvent of DCM and n-hexane (v/v, 5: 1), yielding
bulk crystals after standing at room temperature and under-
going solvent evaporation for 3-4 days. Similarly, the single
crystals of the (R)-AgSMe, (S/R)-AgOMe, and R-AgOPh clusters
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were obtained using the same solvent evaporation method for
3-4 days to facilitate single-crystal X-ray diffraction (SCXRD)
characterization.

2.12 Characterization

NMR spectra were recorded on a Bruker AVANCE III HD 400
MHz and 600 MHz Instrument at ambient temperature. Circu-
lar dichroism (CD) spectra were obtained using a JASCO J-810
CD spectrometer with a bandwidth of 1.0 nm, a scanning speed
of 500 nm min~', and a data integration time of 1 s. The
CD spectra of the samples were recorded in the UV/Vis region
(250-450 nm) using a 0.1 mm quartz cuvette. Fluorescence
spectra were measured with an F-4500 fluorescence spectro-
photometer. CPL measurements were recorded on a JASCO
CPL-300 spectrometer, with an E; and E,, slit width of
3000 pm, a scanning speed of 500 nm min~?, and a data
integration time of 1 s. The CPL spectra of the gels were
measured using a 0.1 mm quartz cuvette. Single-crystal data
were collected from a shock-cooled single crystal at 100(2) K on
a Bruker D8 VENTURE dual-wavelength Mo three-circle dif-
fractometer with a microfocus sealed X-ray tube using mirror
optics as a monochromator and a Bruker PHOTON II detector.
QYs were measured using an Edinburgh FLS1000 equipped
with a xenon lamp.

3. Results and discussion

According to the literature,*>*® chiral thiazinthione- and

oxazinthione-derived ligands such as (S/R)-SMe, (S/R)-OMe,
(S/R)-OMe, (S/R)-SPh, and (S/R)-SPh were synthesized from
(S/R)-3-aminobutin-1-ol and (S/R)-3-phenylpropion-1-ol, respec-
tively (Fig. 2a). Their chemical structures were fully character-
ized and confirmed by "H and '>C NMR measurements (see the
ESIT). Then, the corresponding enantiomeric silver clusters of
(S/R)-AgSMe, (S/R)-AgOMe, (S/R)-AgOPh and (S/R)-AgOPh were
successfully prepared by the reaction of AgOAc with the above
chiral ligands in THF (Fig. 2b and c). To better understand the

R=MeorPh,X=Sor0O

(S)-AgSMe

¥ & <

(R)-AgSMe

c)

R-AgOMe-core

Fig. 2 (a) Chemical structures of the four pairs of chiral 1,3-thiazinane-2-
thione- and 1,3-oxazinane-2-thione-based ligand compounds modified
with methyl and phenyl moieties, (b) structures of (S)-AgSMe (left) and
(R)-AgSMe (right) in the single crystal, and (c) core structures of
(R)-AgOMe, (R)-AgSMe, (R)-AgOPh, and (S)-AgSPh in a single crystal.

R-AgSMe-core R-AgOPh-core ~ S-AgSPh-core
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composition and three-dimensional structure of chiral silver
clusters, the single crystals of (S/R)-AgSMe, (S/R)-AgOMe, R-
AgOPh and S-AgSPh were carefully cultured from the mixed
solvent of DCM and n-hexane (v/v, 5:1) through the solvent
evaporation method (Tables S1-S6, ESIt).

Single-crystal X-ray diffraction (SCXRD) analysis showed that
S/R-AgSMe, R-AgOMe and R-AgOPh crystallized in the orthor-
hombic chiral space group of P2,2,2;. S-AgOMe crystallized in
the trigonal chiral space group of R-3, while S-AgSPh crystal-
lized in the tetragonal chiral space group of P4,. The central
nuclei of the four pairs of clusters are made up of 6 silver
atoms, forming a twisted octahedral configuration through
Ag-Ag metallophilic interactions. The degree of distortion
varied depending on the chiral ligand utilized. As depicted in
Fig. 2b, six (S/R)-SMe ligands are bonded to each silver cluster
nucleus via Ag-S and Ag-NH bonds, arranged alternately in a
twisted mode around the periphery of each Ags nanocluster core.
The resulting single crystals of S-AgSMe and R-AgSMe exhibit
perfect mirror-image symmetry. Interestingly, considering the
single crystals of R-AgOMe, R-AgSMe, R-AgOPh, and S-AgSPh as
examples, the cluster cores of AgOMe, AgSMe and AgOPh hold 11,
10, 9, and 8-number Ag-Ag metallophilic interactions, respectively,
indicating increasingly twisted configurations. The gradual
decrease in the number of Ag-Ag metallophilic interactions in
the cluster cores of AgOMe, AgSMe, AgOPh, and AgSPh strongly
suggests that both the atomic radius of S/O and the steric
hindrance of the methyl/phenyl groups play crucial roles in
determining the degree of distortion in the obtained cluster
nucleus. These factors greatly influenced the chirality transfer of
the distorted Ags nanocluster backbone (Fig. 2c).
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The photophysical properties were first explored in detail. As
shown in Fig. 3a and Fig. S1-S4 (ESIY), the four enantiomeric
AgeLg clusters, AgSPh, AgSMe, AgOPh, and AgOMe, exhibited
bright photoluminescence at 534 nm, 530 nm, 542 nm, and
565 nm, respectively. It is evident that the silver clusters,
protected by the oxazine cyclothione ligands, showed a signifi-
cantly redshifted emission wavelength compared to those pro-
tected by the thiazide cyclothione ligands, as also evident from
the yellow and green emission colour observed in Fig. 3b. On
the other hand, the QYs of the R-type clusters were measured.
As shown in Fig. 3b, the QYs of R-AgSMe, R-AgSPh, R-AgOMe,
and R-AgOPh were 28.19%, 5.81%, 14.23%, and 5.07%, respec-
tively (Fig. S5-S8, ESIt). Previous studies have indicated that
the surface rigidification of ligands can indeed enhance the
emission intensity of clusters.*®*” In reality, there are also cases
where the opposite effect occurs,*®>! the metal core structure
of clusters can induce changes in the emission of the cluster
itself. The volume of the surface ligands can affect the size of
the cluster core and its metallophilic interactions, thereby
affecting the emission intensity of the cluster. This means that
the silver clusters protected by the methyl-modified ligand
showed much higher emission intensity than those protected
by phenyl-modified ones, as the exchange of methyl and phenyl
significantly influenced the Ag-Ag distance in the cluster core,
as seen in Table S7 (ESIf). Furthermore, silver clusters pro-
tected by thiazide cyclothione ligands showed noticeably
greater emission intensities than those modified by oxazine
cyclothione ligands. To gain further insight into the emission
mechanism of the clusters, we conducted DFT calculations
using the CAM—B3LYP/6-31G*method, as depicted in Fig. 3c.
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(a) Photoluminescence (PL) spectra of R-type chiral silver nanoclusters R-AgSMe, R-AgSPh, R-AgOMe, and R-AgOPh. (b) Photoimages of

R-AgSMe, R-AgSPh, R-AgOMe, and R-AgOPh clusters under 365 nm light. (c) DFT calculations of the LUMO/HOMO energy gap among the four R-type
clusters R-AgSMe, R-AgSPh, R-AgOMe, and R-AgOPh. (d) Schematic diagram of R-AgSMe and R-AgOMe cluster stacking in the single crystal.
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The simulation results show that the energy gap between the
HOMO and LUMO in the S-atom containing ligand-based
clusters was significantly higher than that in the O-atom
containing ligand-based clusters, corresponding to the red-
shifted emission observed in the AgOPh and AgOMe-based
clusters mentioned above (Fig. 3c).

At the same time, these clusters exhibited aggregation-
induced luminescence properties (Fig. S9, ESIt). After carefully
studying the crystal structures of R-AgSMe and R-AgOMe, we
found that the packing mode of R-AgSMe clusters was much
more compact than the packing mode of R-AgOMe-based
clusters (Fig. 3d, Fig. S10 and S11, ESI}). Compared to 12.38-
13.89 A measured in the R-AgOMe cluster-based single crystal,
the distance between the adjacent clusters of R-AgSMe was
measured to be 11.70-11.75 A. This is because there are S---S
interactions formed in the adjacent clusters protected by the
thiazide cyclothione ligands. These interactions resulted in a
tighter packing and suppressed the rotational vibration of the
single cluster, thereby increasing the energy of its radiative transi-
tion and enhancing the emissive intensity (Table S8, ESIT).>> These
emission properties of various R-type AgsLs clusters have also been
demonstrated through detailed investigations of the S-type AgsLs
clusters described in Fig. S1-S4 (ESI).

To gain a deeper understanding of the photophysical pro-
perties of the chiral clusters, we measured the CD signals of
the four pairs of clusters and their corresponding ligands in a
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CH,Cl, solution. In comparison to the weak CD absorption
peaks of ligands observed at ~250 nm for R/S-SMe and
~290 nm for R/S-OMe, R/S-SPh, and R/S-OPh(Fig. S12 (ESIY)),
the four pair of clusters, namely AgSMe, AgSPh, AgOMe, and
AgOPh, showed strong CD absorption peaks at 303 nm, 285 nm,
290 nm, and 258 nm, respectively (Fig. 4a-d). Interestingly, in
comparison to the positive CD absorption peaks of R-SMe and
R-SPh displayed in Fig. S12 (ESIT), the corresponding clusters of
R-AgSMe showed a positive CD effect at ~350 nm and a
negative CD absorption peak at ~300 nm (Fig. 4a). Conversely,
R-AgSPh displayed a negative CD absorption peak at ~350 nm
and a positive CD absorption peak at ~300 nm (Fig. 4c). This
CD inversion was further demonstrated by the S-type clusters of
S-AgSMe and S-AgSPh (Fig. 4a and c). It seems that the clusters
modified with phenyl-containing ligands have stronger CD
signals than those modified with methyl groups. Additionally,
the obtained chiral silver clusters exhibited inverted CD absorp-
tion despite the methyl/phenyl-containing chiral ligands having
the same R/S configuration. The ligand-induced CD inversion
was further demonstrated in the clusters of 1,3-oxazinane-
2-thione-based ligands, such as R/S-AgOMe and R/S-AgOPh
systems. As displayed in Fig. 4b and d, the R-AgOMe cluster
showed negative and positive CD effects at 350 nm and 290 nm,
respectively. In contrast, the cluster of R-AgOPh showed posi-
tive and negative CD effects at 350 nm and 295 nm, respectively
(and vice versa).
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(a) CD spectra of S-AgSMe and R-AgSMe in DCM solution, (b) CD spectra of S-AgOMe and R-AgOMe in DCM solution, (c) CD spectra of S-AgSPh

and R-AgSPh in DCM solution, (d) CD spectra of S-AgOPh and R-AgOPh in DCM solution, (e)-(h) single-crystal structures of (e) R-AgSMe, (f) R-AgOMe,
(g) S-AgSPh, and (h) R-AgOPh. The concentration of cluster was fixed at 1.0 x 107> mol L%,
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To better understand the ligand-induced chirality inversion
in these clusters, a detailed investigation was conducted on
single crystal structures. It was found that the ligand-induced
CD inversion of the cluster resulted from the opposite arrange-
ment of peripheral ligands. Taking R-type AgSMe, AgOMe,
AgOPh, and S-AgSPh clusters as examples, the ligands are
arranged alternately on the nuclear periphery. When the three
chosen clusters were fixed in the same direction, the two
adjacent methyl and phenyl groups in the packing chains of
R-AgSMe, R-AgOMe, and S-AgSPh are arranged in a clockwise
direction (Fig. 4e-g). In contrast, the two adjacent phenyl
groups in the chain of R-AgOPh are arranged in a counter-
clockwise direction (Fig. 4h). Therefore, the opposite arrange-
ments of peripheral ligands could have a significant impact on
the CD signal and even lead to chirality inversion of clusters.

Based on the effective chirality transmission and bright
photoluminescence performance of Ags clusters, CPL investiga-
tions were conducted accordingly. As shown in Fig. 5a and b,
the clusters AgSMe, AgSPh, AgOMe, and AgOPh displayed
decent CPL emissions at 525 nm, 533 nm, 568 nm, and
563 nm, respectively, in ethanol or methanol suspensions.
Compared with the relatively low gy, of the clusters (Fig.
S13-S16, ESIt), the S-AgSPh cluster had a maximum gj,,, value
of 2.77 x 107 (Fig. 5c). Intriguingly, supramolecular chirality
inversion has also been observed in CPL investigations.
As described in Fig. 5a, the R-AgSMe cluster displayed a right-
handed CPL at 525 nm, while the R-AgSPh cluster displayed a
left-handed CPL at 533 nm (and vice versa). CPL inversion was

N

o
N
o
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in good agreement with CD inversion, as shown in Fig. 4a and c.
This CPL inversion was further demonstrated by the S-AgOMe and
S-AgOPh cluster systems (Fig. 5b), although the CPL intensity of
the R-AgOPh cluster was too weak to be detected. This means that
if the side chain group of the ligand is methyl, both R-AgSMe and
R-AgOMe clusters show negative CPL signals. However, both
R-AgSPh and R-AgOPh showed positive CPL signals (Fig. 5a and b).
Compared with the previously reported side group-induced supra-
molecular chirality inversion in the assembly hydrogel system,>*>*
the side-chain group of the ligand-induced supramolecular
chirality inversion could also be achieved in a chiral nanocluster
system.

Ligand-induced CPL inversion of nanoclusters could also
provide insight into the stacking mode of the single-crystal
structure of various clusters. Taking the R-AgOMe and R-AgOPh
clusters as examples, except for the different orientations of the
methyl and phenyl substituents shown in Fig. 4f and h, the
stacking mode and the main driving forces in the single crystals
of R-AgOMe and R-AgOPh clusters are very different. As clearly
shown in Fig. 5d, the R-AgOMe cluster was stacked in a left-
handed (M-type) helix, mainly driven by the H-C---H interaction
between the adjacent cluster units. However, for the R-AgOPh
cluster shown in Fig. 5e, the main driving force was the C-H---nt
interaction, which promoted the adjacent cluster units to pack
in a right-handed (P) helical mode. This suggests that CPL
inversion might originate from the different helical stacking
modes of the cluster units between R-AgOMe and R-AgOPh
since the left-helical stacking of the R-AgSMe cluster driven by
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(a) CPL spectra of R/S-AgSMe and R/S-AgSPh in EtOH suspension, (b) CPL spectra of R/S-AgOMe in EtOH suspension and R/S-AgOPh in MeOH

suspension, (c) gum factors of various clusters detected in (a) and (b), (d) H-C---H interaction-driven left-handed (M) helical stacking of the R-AgOMe
cluster in a single-crystal structure, (e) C—H---n interaction-driven right-handed (P) helical stacking of the R-AgOPh cluster in a single-crystal structure,
(f) C=H---S interaction-driven left-handed (M) helical stacking of the R-AgSMe cluster in a single-crystal structure, and (g) H-C- - -S interaction-, H-C. - .S
interaction- and C-H- - -t interaction-driven left-handed (M) double helix of the S-AgSPh cluster in the single-crystal structure.
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the C-H---S interaction (Fig. 5f) also exhibited a negative CPL
emission (Fig. 5a). The S-AgSPh packed in a left (M) helical
mode was driven by the H-C-. - -S, H-C: - -S and C-H- - -1 inter-
actions between the adjacent cluster units (Fig. 5g). Different
helical senses of the cluster chains are clearly observed in
Fig. S17 (ESIf). Additionally, for the R-AgSMe cluster, apart
from the C-H---S interaction driving the helical stacking of the
cluster unit in the left-handed chain, there were S- - -S interac-
tions in the multi-layer stacking of chains (Fig. S18, ESIft).
Therefore, we speculated that both the absolute R/S configu-
ration of the peripheral substituents of methyl/phenyl and the
stacking mode of the cluster units collectively determine the
final CPL performance and induce CPL and CD inversion.

4. Conclusions

In summary, we synthesized four pairs of thiazithione- and
oxazinthione ligand-protected chiral AgesLs nanoclusters with
O/S-dependent emissive performances and found methyl/
phenyl-directed chirality inversion using both CD and CPL
measurements. First, the chiral silver clusters protected by a
methyl-modified ligand showed significantly higher emission
intensity than those protected by phenyl-modified ligands,
which is attributed to the shorter Ag-Ag bonds in the cluster
core. Additionally, silver clusters protected by thiazide cyclo-
thione exhibited obviously greater emission intensity than the
clusters modified by the oxazine cyclothione ligands, owing
to the S---S interactions between the adjacent thiazithione-
protected clusters. Secondly, the exchange of methyl/phenyl
induced CD/CPL inversion in Ag¢Ls nanoclusters, as evidenced
in both thiazithione- and oxazinthione-modified clusters. This
inversion was attributed to the different interactions between
adjacent cluster units in the assembled cluster chains with
opposite helical senses.

Overall, the ligands played an important role in both the
photoluminescence properties, such as emissive wavelength
and QY, as well as supramolecular chirality performances like
CD and CPL inversion of AgesLes nanoclusters. Through the
analysis of PL, CD and CPL spectra, as well as the single-
crystal structure, we gained insights into the intrinsic chirop-
tical properties of silver nanoclusters at the atom-precise level.
This also sheds light on the mechanism of chirality transmis-
sion and regulation at the supramolecular scale, which benefits
the development of CPL-active nanoclusters with precise chir-
ality modulation in chiral sensors, optoelectronic engineering
and even asymmetric catalysis.
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