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I. Experimental Section

Chemicals and Materials

Tetrakis(acetonitrile)copper(I)  hexafluorophosphate  (Cu(CH;CN)4PFq,  98%),
potassium tetrachloroplatinate(Il) (K,PtCly, 98%), 4-(trifluoromethyl) phenylacetylene
(CF3-PhC=CH, 97%), 4-biphenylacetylene (BiPh-C=CH, 97%), 2-ethynyl-naphthalene
(Nap-C=CH, 98%), 4-fluorophenylacetylene (F-PhC=CH, 98%) were purchased from
Bidepharm. Platinum(II) acetylacetonate (Pt(acac),, 97%) was purchased from Meryer;
diphenyl-2-pyridylphosphine  (dppy, 97%), 4-methoxyphenylacetylene (MeO-
PhC=CH, 98%)were purchased from Macklin; sodium hydroborate (NaBH,, AR) and
other reagents employed were purchased from GHTECH. All reagents were used as

received. [CugHg(dppy)s](PFs), was prepared according to the reported method.!

II.  Physical measurements

'H and *'P NMR spectra were recorded on a Bruker Biospin Avance instrument (400
MHz). Fourier transform infrared (FT-IR) spectra were collected on Thermo Scientific
FT-IR Nicolet iS10 spectrophotometer. Powder X-ray diffraction (PXRD) patterns
were recorded on Rigaku Ultima IV X-ray Diffractometer (Cu Ko, L = 1.5418 A) in a
step of 0.02° at 40 kV and 40 mA. X-ray photoelectron (XPS) spectroscopy spectra
were performed by a Thermo ESCALAB 250XI system. Electron Paramagnetic
Resonance (EPR) analysis was carried out on Bruker Magnettech ESR5000 in ESI,
Bruker A300 in article. The solid-state UV-Vis-NIR diffuse reflection spectra and
solution-state UV-vis spectra were recorded by with Agilent Cary 4000 UV-vis
spectrophotometer. The PL and PLE spectra at room temperature were performed on
an FLS1000 fluorescence spectrophotometer (Edinburgh Instruments Ltd., U. K.)
equipped with a continuous xenon lamp (450 W) as an excitation source and a liquid-
nitrogen cooled NIR photomultiplier tube as the detector (Hamamatsu, R5509,
InP/InGaAsP). The PL decay curve was also measured by FLS1000 instrument using a

microsecond flash lamp (LF900) as the excitation source with data collection for 5000



counts. The quantum efficiency at room temperature was measured by an absolute PL
quantum yield spectrometer (Quantaurus-QY Plus C13534-12, Hamamatsu Photonics).
X-ray Crystallography. Intensity data of five Cu4Pt, clusters were collected an
Oxford Cryo stream system on a XtaLAB PRO MMO007-DW diffractometer system
equipped with HyPix-6000HE Hybrid Photon Counting (HPC) X-ray detector (Rigaku,
Japan, Cu Ka, graphite monochromator, A = 1.54 A). Absorption corrections were
applied by using the program CrysAlis (multi-scan). The structures were solved by
direct methods, and non-hydrogen atoms were refined anisotropically by least-squares

on F? using the SHELXTL program.
III. Computational details

All calculations were performed by using density functional theory (DFT) and time-
dependent density functional theory (TDDFT) within Gaussian09 suite of program?.
The hybrid functional B3LYP? with dispersion correction* (B3LYP-D3) and effective
core potential and the corresponding basis set SDD’ was applied for Cu and Pt atoms,
double zeta basis set 6-31G(d)® was applied for other atoms. The geometries of MeO-
CuyPt, in ground state were full optimized based on the X-ray crystal structures. The
singlet vertical excitation energy and corresponding electron transitions as well as the
frontier molecular orbital analysis was based on the ground state geometry. Based on
the excitation energy, E, .., and oscillator strength f, the absorption spectra were
simulated using Gaussian functions. A full-width at half-maximum (FWHM), that is,
the broadening of each peak (individual transition) of 0.30 eV was applied. The
geometries of five deprotonated ligands were fully optimized as well. The
corresponding electronic structure analysis were accomplished by Multiwfn 3.87 and
the visualization of the frontier molecular orbitals were done by Gaussview 6 and VMD

1.9.38.



IV. Supporting figures
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Figure S1. (a) ESI-MS spectra of MeO-CuyPt,. (b) Experimental (black trace) and
simulated (red trace) isotopic patterns of [CusPty(MeO-CsHs-C=C),4(dppy)s]** (caled.
m/z 970.38), which is a fragment ion of MeO-Cu4Pt; after losing one dppy ligand.
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Figure S2. The comparison of simulated and as-synthesized PXRD patterns of

MeO-Cu4Pt2.
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Figure S3. 'H NMR spectrum of the MeO-CuyPt,.
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Figure S4 FT-IR spectra of MeOQ-CuyPt,.
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Figure S5. TEM image of MeO-CuyPt; in acetone.
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Figure S6. XPS full spectrum of MeO-CuyPt;.
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Figure S7. Cu LMM spectrum of MeO-CuyPt,.
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Figure S8. EPR spectra of MeO-CuyPt, in crystal state and in CH,Cl, solution (2

mg/mL) under ambient conditions.
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Figure S9. Two [CuyPt,(MeO-C=C),(dppy)s4]** cluster and four [PF4] anions exist in

one unit cell. Color codes: Pt, pink; Cu, light blue; N, dark blue; P, purple; F, brown;
O, red; C, gray.

300 400 500 600 700
Wavelength (nm)

Figure S10. Monitoring solution-state stability of MeO-Cu4Pt, cluster in CH,Cl,

under ambient conditions (25 °C in air).
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Figure S11. TEM images of MeO-Cu4Pt; in acetone with different proportions of
Ethylene glycol (a) 45%; (b) 90%.
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Figure S12. UV-vis absorption of MeO-CuyPt, in DMSO/H,0 (1:99, v/v).



Figure S13. Two side views of frontier molecular orbitals for MeOQ-Cu,4Pt,.
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Figure S14. Partial frontier molecular orbital diagrams of MeOQ-Cu,Pt,.
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Figure S15. Bader charges of the metal atoms and the corresponding coordinated atoms

n MEO-CU4Pt2.

100 oA A Au,C
UqglUg
20 B UJN-Cug
80+ C R/S-CS1
__ 70} D UJN-Cu,
X 60} E Cls
; 50 *B F Ag,,Cu,
eC o G Cug(CsH;N,0,8)s
g 40 - MOl H CugSe-2
o 30} eD | KF-CupPt, |I CucPd,
20l ° J R/S-CS2
J K Cu,
10} E .
of GH K MeO-Cu,Pt,
0 1 L ) * F-Cu,Pt,

700 750 800 850 900
Wavelength (nm)

Figure S16. Summary of the PLQY for atomically copper-containing clusters with NIR

emission.
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Figure S17. The intra- and intermolecular interactions in MeO-Cuy4Pt,.
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Figure S18. Positive mode ESI-MS spectra of F-CuyPt, (a), CF;-Cu4Pt; (b), BiPh-
CuyPt; (c), and Nap-CuyPt; (d). Insets: the measured (black line) and simulated (red

line) isotopic distribution patterns of the corresponding molecular ion peaks.
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Figure S19. Experimental (black trace) and simulated (red trace) isotopic patterns of
corresponding fragment ion peaks for (a) [CuyPty(F-CsHs-C=C)4(dppy)s]** (calcd. m/z
955.31) of F-CuyPt;, (b) [CuyPty(Nap-C=C),(dppy):]*" (calcd. m/z 1019.45) of Nap-
CuyPt;, (¢) [CuysPty(BiPh-C=C)4(dppy)s]** (caled. m/z 1071.52) of BiPh-CuyPt,, and
(d) [CusPty(BiPh-C=C),(dppy)4sCH3OH]*" (calcd. m/z 1187.41) of Biph-Cu4Pt,.
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Figure S20 FT-IR spectra of four CuyPt, crystal samples.
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Figure S21. The comparison of simulated and as-synthesized PXRD patterns of F-
Cll4Pt2.
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Figure S22. The comparison of simulated and as-synthesized PXRD patterns of CFj3-
Cll4Pt2.
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Figure S23. The comparison of simulated and as-synthesized PXRD patterns of Biph-
Cll4Pt2.
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Figure S24. The powder XRD pattern of experimental (black) and simulation (red) of

Nap-Cu4Pt2.
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Figure S25. 3'P NMR spectrum of the F-CuyPt,.
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Figure S26. *'P NMR spectrum of CF3-CuyPt;.
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Figure S27. 3'P NMR spectrum of Nap-CuyPt,.
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Figure S28. 3'P NMR spectrum of Biph-Cu4Pt;.
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Figure S29. The total crystal structure of (a) F-Cu4Pt,, (b) CF;3;-CusPt,, (c) Nap-
CuyPt;, and (d) Biph-CuyPt,. Color codes: Pt, pink; Cu, light blue; N, dark blue; P,

purple; F, green; O, red; C, gray.
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Figure S30. Illustration of the inter- and intramolecular interactions within F-Cu,Pt,.
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Figure S31. Illustration of the inter- and intramolecular interactions within CFj;-

Cll4Pt2.
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Figure S32. Illustration of the inter- and intramolecular interactions within Biph-

Cll4Pt2.
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Figure S33. Illustration of the inter- and intramolecular interactions within Nap-

Cll4Pt2.
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Figure S34. The molecular orbitals contour maps of the alkynyl ligands for F-/CF;-
/Biph-/Nap-Cu,Pt,.
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Figure S35. UV—vis DRS of five Cu4Pt, crystal samples.
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Figure S36. The optical gap of all R-Cu4Pt; clusters.
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Figure S37. PL decay profiles of R-CuyPt; in the crystalline state at room temperature,

which uses the single exponential function.



Table S1. Summary of NIR luminescence properties of all reported atomically metal

nanoclusters.
Sample State Aem (nM) QY (%) Ref.
A AusCug solution 720 95 9
B UJN-Cus solid 738 52 10
C R/S-CS1 solid 776 45 11
D UJIN-Cuy4 solid 768 30 10
E Cuys solid 720 3.2 12
F Ag,Cuy solid 730 1.5 13
G Cug(CsH3N,0,8)6 solid 765 1 14
H CueSe-2 solid 776 1.1 15
I Cuy6Pd, solid 823 23 16
J R/S-CS2 solid 858 12 11
K Cug solid 876 0.01 17
- Cuyg solid 750 - 18
- [(SbiPr3)4Cus(I)4] solid 711 - 19
- AupsCuy solid 1006 -- 20
- Au;Cuy solid 965 - 20
- Cujs-a solid 726 - 21
- Cuys-c solid 820 - 21
- Cus, solid 1250 -- 22
- Cuys solid 710 - 23
[Agso(BDT),»(PPhs),]>" solution 715 27.5 24
[Au;3(NHCBn)yCl;]?* solution 730 16 25
Pt;Agsp-SbFg solution 740 54 26
R /S-Ag; solid 745 8 27
[Auy;(SR)12(PCP)]*/PS solution 750 40 28
- Agy(BDT)(TPP),NC solution 770 39 29
[Auyy(CZ-PrA) 6> solution 820 1.42 30
Augy(SR)s; solution 875 3.2 31
Ausy(p-MBT);, solution 900-938 18.3 32
Au;5S,(S-Adm)y solution 910 15 33
Auyy solution 925 12 34
[Auyo(CZ-PrA) s> solution 940 4.84 30
Au,ysrod solution 990 8 35
MeO-Cu,Pt, solid 824 36 this work

F-Cu,Pt, solid 840 31 this work




Table S2. Crystal data and structure refinement for MeO-Cuy4Pt,.

Identification code

MeO-Cu4Pt2

Empirical formula
Formula weight
Temperature/K
Crystal system

Space group
alA
b/A
c/A

a/®

Pl
y/°
Volume/A3
Z
Pealc glem’
wmm!
F(000)
Crystal size/mm3

Radiation

20 range for data collection/°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

C111H;74N5O3F24P1,ClsCusPty

5278.59
173.00(10)
triclinic
P-1
14.8492(3)
15.4702(4)
22.7707(6)
89.501(2)
84.631(2)
86.3650(19)
5197.4(2)

1
1.686
8.008
2602.0
0.2 x0.15x0.12
CuKa (A =1.54184)
6.836 to 130.288

Bshs17,-4<k< 18,26 <1<

31741

17173 [Rip, = 0.0403, Ryigma = 0.0565]

17173/36/1283
1.113

R, =0.0393, wR, =0.0976
R;=0.0520, wR, =0.1030

1.70/-0.94




Table S3. Crystal data and structure refinement for F-Cu,Pt,.

Identification code F-Cu,Pt,
Empirical formula Cio1H74N4F [ ¢PsCl,Cu,Pt,
Formula weight 2548.70
Temperature/K 173.00(10)
Crystal system monoclinic
Space group P2,/c
alA 27.8806(11)
b/A 14.6603(4)
c/A 29.4612(11)
al® 90
p/° 117.331(5)
y/° 90
Volume/A3 10697.7(8)
Z 4
Peale g/om’ 1.582
w/mm-! 7.562
F(000) 4992.0

Crystal size/mm?
Radiation
20 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

0.1 x 0.08 x 0.06
CuKo (A= 1.54184)
6.91 to 130.08

32<h<23,-17<k=<16,-34<1<33

36737
17554 [Ry, = 0.0700, Ryigma = 0.0942]
17554/384/1219
1.033
R, =0.0947, wR, = 0.2342
R;=0.1368, wR, = 0.2639
3.20/-2.32




Table S4. Crystal data and structure refinement for CF3;-Cu,Pt,.

Identification code CF;-CuyPt,
Empirical formula C1o5H74N4F24PsCl,Cu,Pt,
Formula weight 2748.74
Temperature/K 173.00(10)
Crystal system monoclinic
Space group P2,/c
alA 30.1604(8)
b/A 14.9159(3)
c/A 25.3705(8)
al° 90
p/° 110.963(3)
/° 90
Volume/A3 10658.0(5)
Z 4
Peale glem? 1.713
w/mm-! 7.753
F(000) 5376.0

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 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

0.15 % 0.12 x 0.08
CuKa (A= 1.54184)
7.004 to 130.074

35<h<23,-16<k<17,-29<1<28

35641
17574 [Rin = 0.0646, Rigma = 0.0904]
17574/244/1405
1.039
Ry =0.0596, wR, =0.1366
R; =0.0948, wR, = 0.1548
1.46/-1.34




Table S5. Crystal data and structure refinement for BiPh-Cu,Pt,.

Identification code

BiPh-CU4Pt2

Empirical formula
Formula weight
Temperature/K
Crystal system

Space group
alA
b/A
c/A

o/°

B
y/°
Volume/A3
zZ
Pealc g/em?
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 (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A~

C13gH08N4F1,PsCuyPty
2878.42
100.00(11)
monoclinic
P2,/c
24.0292(3)
23.4432(3)
20.9407(3)

90
90.2540(10)

90
11796.2(3)

4
1.621
6.480
5728.0
0.15x 0.1 x0.1
CuKa (A = 1.54184)
5.266 to 119.988

26<h<16,-26<k=<26,-23<1<23

49189
16568 [R;y; = 0.0542, Ryigma = 0.0682]
16568/228/1473
1.021
R, =0.0584, wR, = 0.1495
R, =0.0752, wR, = 0.1577
2.08/-1.29




Table S6. Crystal data and structure refinement for Nap-Cu,Pt,.

Identification code Nap-Cu,Pt,
Empirical formula C116HgaN4F,PsCu,Pt,
Formula weight 2592.03
Temperature/K 100.01(11)
Crystal system monoclinic
Space group C2/c
alA 22.2403(3)
b/A 19.9911(2)
c/A 22.5255(3)
al° 90
B/° 94.3900(10)
/° 90
Volume/A3 9985.6(2)
Z 4
Peale glem’ 1.724
w/mm-! 7.575
F(000) 5112.0

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 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

0.15 x 0.1 x 0.08
CuKo (A= 1.54184)
5.952 to 156.528

-13<h<28,-24<k<21,-27<1<27

22880
10183 [R;y, = 0.0353, Ryigma = 0.0390]
10183/78/650
1.090
R, =0.0469, wR, = 0.1313
R, =0.0527, wR, = 0.1350
1.73/-1.60




Table S7. Optical parameters of the absorption transition of Cu4Pt, clusters in

CH,Cl,.
Mabs e (M lem™)
Clusters
(nm) /104
CF3-CU4Pt2 555 3.29
BiPh-Cu,Pt, 555 3.21
F-Cu,Pt, 559 2.72
Nap-Cu,Pt, 570 3.63

MeO-Cu4Pt2 572 3.15
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