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Controlled synthesis of metal clusters through minor changes in surface ligands holds significant interest
because the corresponding entities serve as ideal models for investigating the ligand environment’s
stereochemical and electronic contributions that impact the corresponding structures and properties of
metal clusters. In this work, we obtained two Ag(0)-containing nanoclusters (Agy; and Agsz) with near-
infrared emissions by regulating phosphine auxiliary ligands. Agyz and Ags, bear similar shells wherein
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Agi; features a trigonal bipyramid Ags kernel while Ags, has a bi-icosahedral interpenetrating an Agxg
kernel. Agy7 and Ags, showed a near-infrared emission (NIR) of around 830 nm. Benefiting from the rigid
structure, Agy7 displayed a more intense near-infrared emission than Ags,. This work provides new insight
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Introduction

Metal nanoclusters have attracted wide attention because of
their atom-precise structures and quantum size effects, which
provide an ideal platform for investigating the connection
between simple metal complexes and bulk metal
nanoparticles.” ® In addition, their potential applications in
optics,"”2° catalysis,*>*> and biomedicine®®*® encourage us
to synthesize novel structured nanoclusters to exploit versatile
properties. Among these, nanoclusters with valence electron
structures similar to atomic electron structures are considered
“superatomic nanoclusters”.>>* The regulation of supera-
tomic nanocluster structures and nuclearities is beneficial for
broadening the diversity of properties and facilitating the
exploration of the structure-property correlation at the atomic
level. The synthesis of structurally well-defined Ag(0)-contain-
ing nanoclusters has been performed for over a decade, but
the instability of silver nanoclusters restricts their structural
modulation.*>°
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into the construction of novel superatomic silver nanoclusters by regulating phosphine ligands.

Currently, several effective methods have been developed to
fine-tune the nanocluster structures, including heterometal
doping,*®**  ligand  engineering,"*™*®  counter  ion
template, and so on. The ligand engineering strategy is
considered one of the most effective ways to regulate the struc-
ture and supramolecular assembly of nanoclusters. Ligand
engineering strategies have been reported to adjust the struc-
tures and properties of nanoclusters by the steric hindrance
effect, electron-withdrawing and donating effects, etc.”>>*
Surface ligand regulation includes the primary ligands (such
as thiolate ligands) and auxiliary ligands. Although manipulat-
ing primary ligands is effective for achieving higher nucleari-
ties and electron counts, it is often a time-consuming and
laborious process.”>” In contrast, the use of readily available
auxiliary ligands, such as phosphine ligands, has the potential
to be more efficient.*®>°

Herein, by regulating the auxiliary phosphine ligands, we
synthesized two cases of superatomic silver nanoclusters, for-
mulated as [Ag;;(L);2(PPh;)s](NOs); (L = quinoline-2-thiol
(deprotonation)-4-carboxyl, PPh; = triphenylphosphine,
denoted as Ag;;) and [Agss(L);s(P(PhCHj;)3)6Cl,](NO3)s (L =
quinoline-2-thiol (deprotonation)-4-carboxyl, P(Ph-*CHj;); = tri-
p-tolylphosphine, denoted as Agj,). The atomically precise
structures of two silver nanoclusters were determined by
single-crystal X-ray diffraction (SC-XRD) and further confirmed
by electrospray ionization mass spectrometry (ESI-MS)
measurements. Both Ag;; and Ag;, feature Ag,L,P, unit-based
surface structures, but Ag,; has an Ags trigonal bipyramid
kernel while Ag;, has the Ag,, inner core with the fusion of
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two classical Ag;; icosahedrons. Both of them have emissions
in the near-infrared region under ambient temperature. The
quantum yield of the Ag,;, solution is 3.09%, while the
quantum yield of the Agj;, solution is below 0.1%. Ag;; shows
superior luminescence properties compared to Ags, due to its
rigid surface structure.

Experimental section
Materials and reagents

All chemicals and solvents obtained from suppliers were used
without further purification. All solvents were analytical-grade
reagents. Silver nitrate (AgNO;, 98%), triphenylphosphine
(PPhj3, 97%), tri-p-tolylphosphine (P(Ph-"CHj;)3, 97%), 2-chloro-
quinoline-4-carboxylic acid (2-Cl-4-COOH-QL, 96%), thiourea
(CH4N,S, 99%), sodium borohydride (NaBH,, 98%), sodium
hydroxide (NaOH, 98%), and hydrochloric acid (HCI, 38%)
were used.

Synthesis of quinoline-2-thiol (deprotonation)-4-carboxyl (L)

L was synthesized according to the procedures described in
the literature.®® 2-Cl-4-COOH-QL (1 mol) was added to the
EtOH solution of thiourea (1.2 mol) and the mixture was
refluxed for 15-30 min. Then the solution was diluted to twice
its volume with H,O, and the yellow product obtained was dis-
solved in 10% NaOH. The yellow filtrate was acidified with
10% HCI and the yellow precipitate obtained was collected by
filtration, washed with H,O, and dried. It was recrystallized
from EtOH to give yellowish-orange needles. The 'H NMR
spectra confirmed the structure (Fig. S1, ESIf). § = 13.99 (s,
1H), 8.34-8.33 (d, 1H), 7.69-7.68 (d, 2H), 7.58 (d, 1H),
7.43-7.40 (m, 1H).

Synthesis of [Ag;(L):2(PPh;)s](NOs); (Ag17)

AgNO; (12 mg, 0.07 mmol) was dissolved in a mixed solvent of
4 mL of methanol and 4 mL of dichloromethane at room
temperature. Then L (10 mg, 0.05 mmol) and PPh; (13 mg,
0.05 mmol) were added under vigorous stirring to afford Ag-S-
P complex. About 5 min later, freshly prepared NaBH, (2 mg,
0.052 mmol) in 1 mL of methanol was added dropwise under
stirring. The color of the solution changed from yellow to
brown-black. Five hours later, the brown-black solution was
collected after centrifuging. The mixture evaporated slowly at
room temperature and orange crystals were obtained for five
days. Yield: 15% (based on Ag). Elemental analysis (found
(caled.), %; based on CyygH;6,Ag17N15033P6S15): C, 44.86
(45.31); H, 2.62 (2.70); N, 3.19 (3.48); S, 6.48 (6.37); O 8.54
(8.74).

Synthesis of [Ags,(L);s(P(PhCHj3);)6CL](NO;),4 (Ag32)

AgNO; (17 mg, 0.1 mmol) was dissolved in a mixed solvent of
4 mL of methanol and 4 mL of dichloromethane at room
temperature. Then L (12 mg, 0.06 mmol) and P(PhCHj;);
(25 mg, 0.082 mmol) were added under vigorous stirring.
About 5 min later, freshly prepared NaBH, (2 mg, 0.052 mmol)
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in 1 mL of methanol was added dropwise under stirring. The
color of the solution changed from yellow to brown-black. Five
hours later, the brown-black solution was collected after cen-
trifuging. The mixture evaporated slowly at room temperature
and black block crystals were obtained for five days. Yield:
27% (based on Ag). Elemental analysis (found (calcd.), %;
based on CjoeH234A3:N2,048P6S15Cly): C, 39.91 (39.64); H,
2.32 (2.54); N, 3.41 (3.32); S, 6.39 (6.22); O, 8.35 (8.28).

Characterization

'H NMR spectroscopy was carried out on a Bruker 400 spectro-
meter operating at 600 MHz with DMSO-d6 as the solvent.
Electrospray ionization mass spectrometry (ESI-MS) was per-
formed on a X500R QTOF spectrometer. Powder X-ray diffrac-
tion (PXRD) patterns of the samples were recorded on a D/
MAX-3D diffractometer. Elemental analyses (EA) were carried
out with a PerkinElmer 240 elemental analyzer. Fourier trans-
form infrared (FT-IR) spectra were recorded on a Bruker
ALPHA 1II spectrometer. UV-vis absorption spectra were
obtained by means of a Hitachi UH4150 UV-visible spectro-
photometer. The NIR luminescence spectra were measured
with an Edinburgh FLS 980 fluorescence spectrometer. The
luminescence lifetime was measured on an Edinburgh FLS
980 fluorescence spectrometer operating in time-correlated
single-photon counting (TCSPC) mode. The quantum yield
(QY) was measured using an integrating sphere on an
Edinburgh FLS 980 fluorescence spectrometer. X-ray photo-
electron spectroscopy (XPS) was conducted using a Thermo
ESCALAB 250XI with Al Ka radiation as the excitation source.
C 1s calibrated binding energies at 284.8 eV. Energy-dispersive
spectroscopy and elemental mapping measurements were per-
formed via a Zeiss Sigma 500.

Results and discussion

Ag,; and Ag;, were prepared by a one-pot reduction method.
Briefly for Ag;;, AgNO; was dissolved in a mixed solvent of
methanol and dichloromethane at room temperature followed
by the addition of L and PPh; under vigorous stirring to afford
the Ag-S-P complex. Subsequently, freshly prepared NaBH, in
methanol was added dropwise under stirring. The color of the
solution changed from yellow to brown-black. The raw
product solution was collected after centrifuging. Orange crys-
tals were obtained by evaporating slowly in darkness for five
days. Ags;, was prepared by a similar method but with
P(PhCHj;); instead of PPh;, and the black block crystals of
Ags, were obtained (Scheme 1).

The chemical compositions of Ag;; and Agj;, were con-
firmed by electrospray ionization mass spectroscopy (ESI-MS).
As shown in Fig. 1a, the ESI-MS spectrum of Ag;, shows a pro-
minent signal at m/z 1952.70, which corresponds to the
[Ag17(PPh;)e(L)1,]*" species (caled. m/z 1952.69). Agy, exhibits a
2-electron configuration (17 — 12 — 3 = 2e). As shown in
Fig. 1b, the ESI-MS spectrum of Ag;, shows a prominent signal
at m/z 2256.26, which corresponds to the

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Synthetic routes for Ag;7 and Ags,.
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Fig. 1 (a) Positive-ion mode ESI-MS of Ag,7 in CH3OH. (Inset) Measured
(black line) and simulated (red line) isotopic distribution patterns of the
molecular ion peak. (b) Positive-ion mode ESI-MS of Ags, in CHzOH.
(Inset) Measured (black line) and simulated (red line) isotopic distribution
patterns of the molecular ion peak.

[Ags2(P(Ph-"CH,)3)(L)15Clo]*" species (caled. m/z 2256.24). It
bears an eight-electron closed-shell (32 — 18 — 2 — 4 = 8e)
structure. The presence of NO; ™ in Agy, and Ags, was also con-
firmed by Fourier transform infrared (FT-IR) spectra and nega-
tive-ion mode ESI-MS spectra (Fig. S2 and S3, ESIf). Powder
X-ray diffraction (PXRD) further verified the phase purity of
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Agy; and Ags, (Fig. S4, ESIT). X-ray photoelectron spectroscopy
(XPS) and energy dispersive X-ray spectrometry (EDS) elemen-
tal mapping of Ag;; and Ags, revealed all of the expected
elements and the presence of Ag(0) in Agy,; and Ags, (Fig. S5—
S8, ESTY).

Single-crystal X-ray diffraction (SC-XRD) analysis revealed
that Ag,, crystallized in the P31c space group. The overall struc-
ture of Ag,;, shows a 3-fold rotational symmetry (Fig. 2a and
Fig. S9, ESIf). Ag;; has an Ags trigonal bipyramid (Fig. 2b)
covered by the Ag;,(L):»(PPhs)s shell (Fig. S10a, ESIf). The
3-fold axis passes through the top and bottom of the two ver-
texes of the kernel. Thus, the Ag;,(L);2(PPh;)s shell could be
regarded as a trimeric structure of the Ag,L,(PPh;), unit
(Fig. 2c and d). Each Ag,L,(PPhs), is located on one side of the
trigonal bipyramid. The thiolates in the “equatorial” position
of the kernel adopt a p4 bridging mode and the other thiolates
near the vertexes of the kernel adopt a p; bridging mode. The
Ag atoms located above the triangular Ag; face of the Ags trigo-
nal bipyramid are quadruply coordinated to three sulfur atoms
of three L ligands and one phosphorus atom of PPh;. The
other Ag atoms located near vertexes of the kernel are quadru-
ply coordinated to two sulfur atoms and two nitrogen atoms of
the neighboring two L ligands. In addition, the free carboxylic
acid functional groups impart potential for post-modification
to Agy5.

Ag;, adopts the P43n space group with a formula
[Ags,(P(PhCH3)3)6(L)1sCly]. The overall structure of Ags, is
shown in Fig. 2e. Structurally, Ags, features an Ag,, kernel,
which is the fusion of two classical Ag;; icosahedrons (Fig. 2f).
Alternatively, the Ag,, kernel could also be regarded as the
fusion of the Ags trigonal bipyramid by sharing the icosahe-
dral central Ag atom. Probably due to Ag;, and Agj;, having an
Ag; trigonal bipyramid-based kernel, they have similar surface
structures (Fig. S10b, ESIT). Compared to Agy, with a trimeric
structure of Ag,L,(PPh;3), units, Agz;, has three monomeric

Fig. 2 (a) The overall structure of Ags7. (b) The Ags kernel of Agi7. (c) The Ag,S, motif of Agsz. (d) The Ags7 peripheral Ag4L4(PPhs), unit. (e) The
overall structure of Ags,. (f) The Ag,o kernel of Ags, (the polyhedron highlighted is an Ags unit). (g) The Ag4Se motif of Ags,. (h) The Ags, peripheral
Ag4Le(P(Ph-PCHj3)3), unit. Atom colors: Ag, dark green, turquoise and orange; P, purple; N, blue; S, yellow; C|, light green; C, gray; O, red. All hydro-

gen atoms are omitted for clarity.

This journal is © The Royal Society of Chemistry 2024
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Ag,L,(P(Ph-CHy;);), units (Fig. 2g and h). The additional two L
ligands capping the Ag,L,(P(PhCHj;);), units prevent their
polymerization. There are two Cl-terminated atoms at both
ends of Ag,, and each Cl atom caps the Ag; triangular face
(Fig. S11, ESIf). Each silver atom of the Ag; triangular face is
not only coordinated with Cl but also protected by S and N
(deprotonation) from two quinoline ligands. The distances
between Ag and Cl atoms in Ags;, were 2.589 and 2.606 A
(average 2.60 A), which were not only much shorter than the
sum of van der Waals radii of Ag and Cl atoms (1.72 A + 1.80 A
= 3.52 A), but also shorter than the sum of the atomic radii of
Ag and Cl atoms (1.44 A + 1.62 A = 3.06 A). Accordingly, the
interactions between Ag and Cl atoms in Agj;, could be con-
sidered covalent interactions. The Ag-Ag bond distances of Ag;
are 3.276 A and 3.288 A. The average Ag-Ag distance between
the Ag atoms in the outer shell to the core in Ags, is 2.9575 A,
which is shorter than that of Agy, (3.3109 A). All the thiolates
in Ags, are p; coordination modes. Twelve of the -SR groups
were co-coordinated with two Ag atoms in the core and one Ag
atom in the shell layer, and the remaining six -SR groups were
coordinated with one Ag atom in the core and two Ag atoms in
the shell layer. Due to the change of the phosphine ligand
(replace PPh; with P(Ph#CHj;);), the =---m interactions
(Fig. S12, ESIf) and the change in steric hindrance caused by
the alteration of the phosphine ligand, which affected the
arrangement of the peripheral ligands, ultimately resulted in
two different structures of Ag,; and Ags,.

As illustrated in Fig. 3a and b, Ag;; and Ag;, in CH;0H
exhibit distinct UV-vis absorption spectra with molecule-like
optical transitions. The UV-vis spectrum of Ag;, shows optical
absorption bands at 330, 387, 487, and 597 nm. Likewise, Ags,

—
Q
~—
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= Experimental

Absorbance

\.

300 400 500 600 700 800
Wavelength (nm)

(b)

= Calculated
= Experimental

Absorbance

\"-.\
300 400 500 600 700 800
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Fig. 3 Experimental (black) and calculated (red) absorption spectra of
Ag17 (@) and Ags; (b) in CH3OH.
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has absorptions at 357, 499, and 653 nm. The similar absorp-
tion in the high-energy region may derived from their similar
surface structures. To gain an insight into the electronic struc-
tures and absorption characteristics of Ag;; and Agj,, time-
dependent density functional theory (TD-DFT) calculations
were performed to simulate the optical absorptions (Fig. 3,
Fig. S13 and S14, ESIf). The calculated UV-vis absorption
spectra of Agy; and Ags, match well with the experimental
ones with slight shifts. For Ag;-, the transition for the peaks of
423 nm is mainly from the outer shell. The lowest-energy
absorption band at 618.2 nm is attributed to electronic tran-
sition from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO). For the Ags.,
the transitions for the peaks of 362.5 nm and 451.0 nm are
from the outer shell. The lowest-energy absorption band at
597.7 nm is attributed to the electronic transition from the
HOMO to the LUMO. The two nanoclusters of 2e Ag;; and 8e
Ags, exhibit clear super-atomic orbital characteristics with 1S
and 1S*1P° (Fig. S15, ESI{).

Both Ag;; and Ag;, have emissions in the near-infrared
region in solution (Fig. 4 and Fig. S16, ESIT). The Agy; NCs in
CH3;O0H show the maximum emission peak remaining at
830 nm. The HOMO of Ag;; mainly lies on the Ags kernel,
while the LUMO is located on the surface ligands. Thus, the
emission is mainly derived from the metal-to-ligand charge
transfer (MLCT). The Ags, nanocluster in CH;OH shows the
maximum emission peak at 840 nm, mainly from the mixed
MLCT and cluster-centered transition. It can be found that the
luminescence intensity of Agy; is an order of magnitude
higher than that of Ags,. The quantum yield (QY) of Ag;; in
the CH;0H solution is 3.09%, while the QY of Ags, is below
0.1%. The lifetimes of Agy; and Ag;, are 1.47 ps and 1.61 ps
(Fig. S17 and S18, ESI}), respectively, indicating phosphor-
escence. Similarly, the emission peak intensity of Ag,;; in the
near-infrared region is stronger than that of Ags, in the solid
state (Fig. S19 and S20, ESI}). As mentioned above in the struc-
tural analysis section, Ag,; has a trimeric structure of
Ag,L4(PPh;), units and Agj, has three discrete monomeric

Ag17
— Agsz
S
S
2
‘0
[
Q
£
800 1000 1200

Wavelength (nm)

Fig. 4 Emission spectra of Ag;; and Ags, in CHzOH solution (excited at
400 nm).

This journal is © The Royal Society of Chemistry 2024
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Ag,L,(P(Ph-’CHy;)3), units. Therefore, the rigid structure of
Agy, decreases the nonradiative decay, resulting in enhanced
luminescence. Besides, rotation of the methyl groups on the
phosphine ligands of Agj, also dissipates energy, facilitating
nonradiative decay that converts light into heat.®*

Conclusions

In conclusion, we synthesized two new superatomic silver
nanoclusters Ag;; and Ags, by adjusting phosphine ligands.
The structural anatomy indicated that the kernel of Ag;, is Ags
and the kernel of Ags, is Ag,o. The inner cores of Agy,; and Ag;,
have huge distinctions while the peripheral Ag-S motifs have
some similarities. In addition, both the solution states and the
solid states of Ag;, and Agj, have luminescence properties in
the near-infrared region. Due to the rigid structure of Ag;, and
the high-frequency vibrations of the methyl groups of Ag;,,
Agy; shows stronger near-infrared emission intensity and
higher QY. This work provides new insight into the construc-
tion of novel superatomic silver nanoclusters by co-reduction
by regulating phosphine ligands.
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