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Experimental Details

Materials and reagents.
All the chemicals and reagents used in our study were of commercially available reagent grade
and were used as received without any additional purification, including silver nitrate (AgNOs,
Aladdin), benzyl mercaptan (HSCH,Ph, Aladdin), triphenylphosphine (PPh;, Aladdin),
Tetrakis(triphenylphosphine)palladium (Pd(PPh;),, Energy Chemical), sodium borohydride
(NaBH4, 99.9%, Sinopharm chemical reagent co.), 9,10-Dimethylanthracene (DMA, Energy
Chemical). N, N-bis(diphenylphosphanylmethyl)-3-aminopyridine (3-bdppmapy) was
synthesized as reported before.! All reagents were purchased from Tianjin Kemiou Chemical
Reagent Co., Ltd..
Characterization.
The thermogravimetric analyses (TGA) of the as-synthesized nanoclusters were performed on
a SDT 2960 thermal analyzer from room temperature to 400 °C at a heating rate of 10 °C/min
under oxygen atmosphere. UV-vis absorption spectra were recorded with a U-2000
spectrophotometer, and solution samples were prepared using CH,Cl, as the solvent. Solid UV-
Vis diffuse reflectance spectra were recorded with Hitachi UH4150 spectrometer. Electron
paramagnetic resonance (EPR) spectroscopy was performed using a Bruker EMX plus 10/12
system (equipped with an Oxford ESR910 Liquid Helium cryostat). X-ray photoelectron
spectroscopy (XPS) measurements were carried out using a VG Scientific ESCALAB 250
system with an Al Ka (300 W) X-ray resource. Fourier transform infrared (FT-IR) spectra were
recorded on a Bruker ALPHA II spectrometer. The far infrared (FIR) spectra were recorded on
a BROKER TENSOR II spectrometer. ICP-OES measurements were carried out using the
ICAP6000 SERIES spectrometer. EDS measurement was collected using Zeiss Sigma 500. The
photoluminescence (PL) emission spectra were measured by using a Horiba FluoroLog-3
spectrofluorometer. Singlet oxygen was generated from Perfect Light PCX-50A Discover
(power density was 80 mW/cm?).
X-ray crystallography.

SCXRD measurements were performed using Bruker ApexIl charge-coupled detector

equipped with Mo-Ka radiation (A = 0.71073 A) for Agss and a Rigaku XtaLAB Pro
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diffractometer with Cu-Ka radiation (A = 1.54184 A) for PdAg;s. The structures were solved
using intrinsic phasing methods (SHELXT-2015) and refined by full-matrix least squares on F?
using OLEX?, which utilizes the SHELXL-2018/3 module?. All hydrogen atoms were placed
in their calculated positions with idealized geometries, and they possessed fixed isotropic
displacement parameters.

Appropriate restraints and/or constraints were applied to the geometry, and the atomic
displacement parameters of the atoms in the cluster were determined. All non-H atoms were
located in the electron density and refined with anisotropic thermal parameters. Due disorder
of the CF;COO-, FLAT restraints were applied to keep the planarity of F atoms; SADI and
DFIX were applied to keep the distances of C—F (ca. 1.45 A), C—C (ca.1.51A) and F--F of the
CF;COO in reasonable range; SAME restraints were applied to keep similar configurations of
CF;COO ligands. Besides, DFIX restraints were applied to keep the distances of C=0 (ca. 1.2
A), and C-N (ca.1.45A) of the DMF molecules in reasonable range; AFIX 66 restraints were
applied to keep the standard six-membered ring configuration of the phenyl group in the ligands
(PPh; and PhCH,S"). ISOR, DELU and SIMU restraints were used for some atoms, especially
peripheral F atoms with large thermal motion. All structures were examined using the Addsym
subroutine of PLATON? to ensure that no additional symmetry could be applied to the models.
For Agss, a solvent mask has been used due to severely disorder of free solvent molecules
around the cluster and diffract weakly. According to PdAgss data without solvent mask and TG
data, the solvent molecules (ca. 10 DMF and 2 H,0) are removed through solvent mask in the
refinement.

Detailed information with respect to the X-ray crystal data, intensity collection procedure, and
refinement results for the entire cluster compounds are summarized in Tables S2-S4.
Preparation of Ag'(PPh;)NO; complex.

The Ag'(PPh;)NO; complex was prepared according to a previous report.* Specifically,
AgNO; (0.17 g, 1 mmol) was dissolved in CH;CN (5 mL). PPh; (0.29 g, 1.1 mmol) was
dissolved in CH3CN (10 mL) and added to the first solution in a dropwise manner under
vigorous stirring (~1200 rpm) and the stirring was continued for 15 min. The resulting mixture
was then filtered. The filtrate was slowly rotary evaporated under vacuum. The final product

Ag!(PPh3;)NO; was directly used in the next step (73.5% based on AgPhCH,S).
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Preparation of [Ag;4(PhCH,S)5(CF;COO)o(DMF)g].

[Ags34(PhCH,S),5(CF;COO)o(DMF)s] nanoclusters were synthesized according to the
previous report.> AgPhCH,S (0.2 g, 0.9 mmol), CF;COOAg (0.3 g, 1.4 mmol) and 3-bdppmapy
(0.2 g, 0.4 mmol) were dissolved in a mixed solvent of CH,Cl,, and DMF (1:1) with the addition
of 10 uL. NEt; under stirring. The red solution was slowly evaporated in room temperature.
After twenty days 29.5 mg black hexagons was obtained (8.3% based on AgPhCH,S).
Preparation of [Ag;s(PhCH,S)5(CF;COO)((DMF)4(PPh;),]- 10DMF-2H,0.

Firstly, PhCH,SAg (0.2 g, 0.9 mmol), CF;COOAg (0.3 g, 1.4 mmol) were dissolved in a
mixed solvent of CH,Cl, and DMF (1:1). Then, Ag'(PPh;)NO; (0.4 g, 0.9 mmol) were added
to the above solution, after 30 minutes, NaBH, (1 mL) aqueous solution (0.5 mg mL") was
added quickly to the above mixture. The reaction was allowed to proceed for 10 h. After that,
the supernatant was collected by centrifugation (3 min at ~10000 rpm). Then supernatant was
gradually evaporated at room temperature. After approximately 5~6 days, few square black
crystals were harvested (18.7 % based on PhCH,SAg).

Preparation of [PdAg;s(PhCH,S)5(CF;COO)((DMF)(PPh;),]-10DMF-2H,0.

Firstly, PhCH,SAg (0.2 g, 0.9 mmol), CF;COOAg (0.3 g, 1.4 mmol) were dissolved in a
mixed solvent of CH,Cl, and DMF (1:1). Then, Ag'(PPh;)NO; (0.4 g, 0.9 mmol) were added
to the above solution, after 30 minutes, 3-bdppmapy (0.2 g, 0.4 mmol), Pd(PPh;), (0.46 g, 0.4
mmol) and 10 pL. NEt; were added to the above mixture. The reaction was allowed to proceed
for 10 h. After that, the supernatant was collected by centrifugation (3 min at ~10000 rpm).
Then supernatant was gradually evaporated at room temperature. After approximately 5~6
days, few square black crystals were harvested (10.5 % based on PhCH,SAg).

Detection of '0,,

4 mg DMA dissolved in 12 ml ethanol were used as stock solution. Before test, 1 ml D,0O
were added into 2 ml stock solution, which makes the final test solution. Then, we put 0.4 mmol
nanoclusters into the solution, and monitored each nanocluster with a fluorescence spectrometer

under light irradiation.

Calculations Details

The calculations were performed using the semiempirical quantum mechanical methods
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GFN1-xTB packages.®® The single crystal structure was chosen as initial guess for ground state
optimization at tight level. The optimized structure of the clusters preserved the basic
characteristics of the input structure, only with slightly change in the bond length, bond angles
and dihedral angles, which confirming the feasibility of GFN1-xTB methods for cluster

calculations. The UV-Vis spectra were calculated by sTDA.% 1
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Supporting Figures

PdAg,,/Ag,, Ag,:S,s PdAg;s/Agag (PhCH,S),5(CF,C00),,(DMF),(PPhy),

Figure S2. Anatomy of the structure of Ag;s (PdAgss). () Agis (PdAg),) centered icosahedral core; (b)
simplified shell with omit the CF;COO-, DMF and PPh; ligands; (c¢) the CF;COO-, DMF and PPh; ligands
and their arrangement; (d) The overall structure of Agss (PdAgss). Color codes: green and light blue, Ag;
turquiose, Pd; yellow, S; red, O; purple, P; light green, F; blue, N; gray, C. For clarity, all H atoms are

omitted.
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Figure S3. FT-IR spectra of Ags;s, PdAgss,
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Figure S4. PXRD spectra of (a) Agsq, (b) Agssand (c) PAAg;s.
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Figure S5. (a) XPS survey scan of Agss; (b) Ag 3d XPS spectra of Agse.
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Figure S6. (a) XPS survey scan of PdAgss; (b) Ag 3d XPS spectra of PAAg;s.
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Figure S7. Thermogravimetric analysis (TGA) of as-synthesized (a) Agss and (b) PdAgss under O,

atmosphere.
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Figure S8. Morphologies of single crystals and energy dispersive spectroscopy (EDS) mapping results
of PdAg;s.
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Figure S9. Far-IR spectra of (a) Agsg; (b) PdAgss; (¢) Pd(mpo),.

The far-IR spectra of Agss, PdAgss and model compound Pd(mpo), (mpo = 2-mercaptopyridine N-
oxide) further support the rationality assignment of the crystal structures. The far-IR spectra of Pd(mpo),
clearly shows the bands centered at 319 and 392 cm-!, which are corresponding to the Pd-S and Pd-O,

respectively!!. By comparison, these bond peaks are absent in PAAg;s.
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Figure S10. Time-dependent UV-vis spectra of (a) Agse, (b) PdAg;s in CH,Cl, solution.
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Figure S11. Selected molecular orbitals of the Agse nanocluster. Color codes: light blue, Ag; yellow, S;

red, O; orange, P; cyan, F; blue, N; gray, C. For clarity, all H atoms are omitted.
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Figure S12. Selected a molecular orbitals of the Ags4 nanocluster. Color codes: light blue, Ag; yellow,

S; red, O; cyan, F; blue, N; gray, C. For clarity, all H atoms are omitted.
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Figure S13. EPR spectra of PdAg;s.
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Figure S14. NIR spectra of Ags4, Agss and PdAg;s.
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Figure S15. Comparison of the fluorescence intensity of DMA quenched by singlet oxygen of (a) DMA
(blank); (b) DMA+Ags4; (¢) DMA+PdAg;s; (d) DMA+ Agse; in 2 ml EtOH and 1 ml D,O (excited at
300 nm).
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Supporting Tables

Table S1. The atom ratio of PdAg;s nanoclusters calculated from inductively coupled plasma
(ICP) measurements.

Pd atom Ag atom
ICP Experiment ratio
2.91% 97.09%
of PdAg35
Theoretical ratio of PdAgss 2.78% 97.22%

Table S2. Comparison of bond lengths in Ags,, Agss and PdAg;s clusters.

Agsy Agse PdAg;s
M. M. 2.796-2.807 A 2.800-2.820 A 2.794-2.810 A
e ieo (average: 2.802 A) (average: 2.810 A) (average: 2.804 A)
Ag -Ag. 2.874-3.097 A 2.898-3.290 A 2.890-3.108 A
ieo e (average: 2.947 A) (average: 2.997 A) (average: 2.988 A)
Ag S 2.508-2.578 A 2.514-2.598 A 2.520-2.591 A
0 (average: 2.543 A) (average: 2.560 A) (average: 2.562 A)

Table S3. Comparisons of bond lengths in M13 icosahedron with the similar structures
in the reported nanocluster.

Icosahed Bond length (A
Molecular formula cosahecron gth (A) Refs
core[a] Mcen-'Mico[b] Mico-'Mico
Ags6(SR)15(CF5CO0),0-
&3s(SR)1s(CF:CO0) 10 Agi[Ag] 2.80-2.82  2.89-3.29  This work
(DMF)4(TPP),
PdAg;5(SR),5(CF;CO0),-
&35(SR)15(CF;CO0) 10 Agy,[Pd] 2.79-2.81  2.89-3.11  This work
(DMF)4(TPP),
Ag34S5(SR),5(CF;CO0),-
g45:SR)1x(CFCO0) Agp[Ag] 2.80-2.81  2.87-3.10 s
(DMF)

Ag33(SR)»u(PPh), Agi[Ag] 2.78-2.80  2.82-3.08 12
Ag2Pd(SR) 5 Ago[Pd] 2.73-277  2.82-2.97 13,14
Ag2Pt(SR) 6 Ag[Pt] 2.73-2.78  2.83-3.00 13,14

Agy5(SR) s Agi[Ag] 2.72-279  2.82-3.00 15
Ag24Au(SR)1g Aglg[Au] 2.74-2.80 2.86-2.98 14,16
Agao(BDT),2(TPP), Agi[Ag] 2.75-277  2.83-2.97 17
AUZS(SR)lg Aulg[Au] 2.76-2.79 2.80-2.99 18,19

[a]. The icosahedron structure is formatted by the atoms compositions. Centered atom in the
icosahedron is bracketed by [ ] for distinguishing.
[b]. Acen and Aico denote the centered atom in the icosahedron and atom on the vertex of the

icosahedron, respectively.
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Table S4. Crystallographic data and structure refinement for Agzs and PdAg;s.

Identification code

Agse

PdAg:s

CCDC number
Empirical formula

Formula weight
Temperature/K
Crystal system
Space group
a/A

b/A

c/A

o/°

pre

Y/
Volume/A3

Z

Pealcg/cm’
wmm-!
F(000)
Crystal size/mm?
Radiation
20 range for data
collection/®

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c
D]

Final R indexes [all data]

Largest diff. peak/hole/e
A3

2150327
Ca24Has3Ag36E30N14036P2S 15

8814.77
200.00(10)
monoclinic

C2/c

40.552(10)
30.945(7)
22.193(5)

90

99.116(12)

90

27497(11)

4

2.129

2.727

17072.0

0.13 x0.12 x 0.1
Mo Ka (A= 0.71073)

3.922 to 50

48 <h<48,
-36 < k <36,
226 <1<26
650255

24206 [R,,, = 0.1231,
Riigna = 0.0332]
24206/1100/1414
1.134

R, =0.0959,

wR; = 0.2080

R, =0.1400,

wR; = 0.2606

2.18/-1.89

2150328

C224H258Ag35F30N14036P2Pd1SIS

8813.30
199.99(10)
monoclinic
C2/c
41.1371(3)
30.7832(2)
21.93730(10)
90
98.3850(10)
90

27482.9(3)

4

2.130

22.094
17068.0
0.3x0.2x0.2
CuKa (A=1.54184)

4.342 to 148.29

46 <h<51,
37 <k<23,
22 <1<26
75567

27045 [R;,, = 0.0636,
Riigna = 0.0545]
27045/446/1687
1.060
R,;=0.0722,
wR;=0.1877
R, =0.0906,
wR; = 0.2066

2.53/-3.27
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