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1. Computational details
Text S1:

For molecular-level DFT calculations, the Gaussian 09 D.01 program was used.’ The Becke’s
three-parameter hybrid exchange functional and Lee—Yang—Parr’s (B3LYP), correlation
functional with Pople’s 6-31G* basis set was used for non-metal elements along with
LANL2DZ-ECP (effective core potential) for Cu atoms, respectively.6-13

In the TD-DFT calculations the PBEPBE and B3LYP functionals found to be accurately
replicate the experimentally observed absorption bands for Cuy and Cug, respectively. All the
calculations were performed implicit conductor-like polarizable continuum model (CPCM)
with acetonitrile solvent ([J = 35.09) in order to mimic experimental conditions (J. Comput.
Chem., 2003, 24, 669—681; J. Phys. Chem. A, 1998, 102, 1995-2001). To identify the orbital
contribution to molecular orbitals and corresponding energies, multi wave function 3.6 was

employed to perform Kohn-Sham orbital analysis. '4

Vienna Ab-Initio Simulation Package (VASP) was employed for periodic boundary condition-
based calculations with Generalized gradient approximation of Perdew—Burke—Ernzerhof
(PBE) functional.'>!7 The Projector augmented wave (PAW) method was used to treat ion-
electron interactions.!®!° The ionic relaxations were carried out using a Conjugate gradient
algorithm with convergence criterion of 104 eV for minimum energy and 0.02 eV A-! for
Hellmann-Feynman forces on atoms. Due to the large size of the unit cells of the compounds,
the Brillouin zone was sampled at the Gamma point (1x1x1). For the PDOS calculation, a

higher (3x3%3) K-point was used.
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Table S1. Crystal data and structure refinement for Cuy NC

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

Cus SD

Ces Hsg Cuy N, O4 P4 S,
1357.25

1732) K

0.71073 A
Orthorhombic

Pna2,

a=19.2367(15) A a=90°
b=21.2522(17) A B=90°.

c=14.6063(11) A v=90°.
5971.4(8) A3

4

1.510 Mg/m3

1.632 mm-1
2768

0.238 x 0.152 x 0.038 mm3
3.064 to 28.301°

25<=h<=25, -28<=k<=28, -19<=1<=19

283464

14836 [R(int) = 0.0908]

99.7 %

Semi-empirical from equivalents

0.7459 and 0.6417

Full-matrix least-squares on F2

14836 /1/722

1.077

R1 =0.0345, wR2 = 0.0726
R1=0.0470, wR2 = 0.0783
0.033(10)

n/a

0.770 and -0.391 e.A-3
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Table S2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx

103) for Cuy-rl. U(eq) was defined as one third of the trace of the orthogonalized Ulltensor.

X y z U(eq)
Cu(1) 1882(1) 4694(1) 5328(1) 37(1)
Cu(2) 769(1) 5292(1) 4426(1) 42(1)
Cu(3) 3254(1) 4846(1) 4217(1) 37(1)
Cu(4) 4279(1) 5312(1) 5351(1) 43(1)
C(1) 1053(3) 6251(2) 3059(3) 42(1)
C(Q2) 1820(2) 6213(2) 3285(3) 38(1)
C(3) 2218(3) 6745(2) 3153(4) 57(1)
C(4) 2919(3) 6749(2) 3355(5) 64(2)
C(5) 3217(3) 6206(2) 3680(4) 51(1)
C(6) 2165(2) 5673(2) 3621(3) 32(1)
C(7) 3866(2) 6260(2) 6683(3) 39(1)
C(8) 3098(2) 6106(2) 6540(3) 35(1)
C(9) 2821(2) 5562(2) 6149(3) 31(1)
C(10) 1700(2) 5952(2) 6291(4) 48(1)
C(11) 1927(3) 6490(2) 6698(4) 57(1)
C(12) 2632(3) 6564(2) 6818(4) 50(1)
C(13) -793(2) 4784(2) 4921(3) 42(1)
C(14) -943(3) 4985(3) 4043(4) 63(2)
C(15) -1500(4) 4757(4) 3568(5) 86(2)
C(16) -1915(3) 4300(3) 3969(5) 82(2)
Cc(17) -1767(3) 4085(3) 4818(5) 74(2)
C(18) -1210(2) 4327(2) 5310(4) 57(1)
C(19) -264(2) 5799(2) 6116(3) 42(1)
C(20) -515(4) 5770(3) 6995(5) 83(2)
C(21) -629(5) 6315(4) 7504(6) 105(3)
C(22) -524(4) 6890(3) 7114(6) 85(2)
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C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)

-290(3)
-152(3)

204(2)

460(2)
1625(2)
1122(3)
1331(5)
2021(6)

6929(3)
6381(2)
4530(2)
3909(2)
3685(2)
3547(3)
3431(3)
3439(4)

S6

6229(5)
5736(4)
6347(3)
5926(3)
7132(3)
7793(3)
8684(4)
8909(5)

71(2)
54(1)
38(1)
36(1)
39(1)
60(1)
89(2)
102(3)



C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
Cc(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)
C(64)

2514(4)
2315(3)
1530(2)
1707(3)
1736(4)
1614(3)
1466(4)
1422(4)
3495(2)
3902(3)
3586(4)
2882(4)
2479(4)
2783(3)
4026(2)
3553(3)
3621(3)
4176(3)
4661(3)
4584(3)
4717(2)
5271(2)
5964(2)
5901(4)
6469(5)
7105(4)
7166(3)
6597(3)
5336(2)
5558(3)
5629(4)
5485(4)
5277(4)
5198(3)

3560(3)
3692(3)
3084(2)
3077(3)
2513(3)
1961(3)
1963(2)
2523(2)
3716(2)
3422(3)
3091(3)
3038(3)
3340(3)
3676(3)
3425(2)
3284(2)
2762(2)
2359(3)
2499(3)
3023(2)
4360(2)
4488(2)
5093(2)
4750(3)
4642(4)
4897(4)
5236(3)
5338(3)
5858(2)
5817(3)
6349(3)
6935(3)
6982(3)
6451(2)
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8269(5)
7376(4)
5387(3)
4479(3)
4003(4)
4437(5)
5337(6)
5823(4)
2486(3)
1822(4)
1119(4)
1071(4)
1691(5)
2399(4)
4211(3)
4897(4)
5436(4)
5292(5)
4614(5)
4062(4)
3064(3)
3768(3)
5195(3)
5992(4)
6541(5)
6305(6)
5547(6)
4965(5)
3747(3)
2846(4)
2327(5)
2682(5)
3572(5)
4110(4)

86(2)
57(1)
35(1)
57(1)
80(2)
76(2)
87(2)
70(2)
39(1)
61(1)
77(2)
75(2)
73(2)
54(1)
38(1)
49(1)
61(1)
70(2)
74(2)
60(1)
46(1)
47(1)
44(1)
64(2)
86(2)
88(2)
83(2)
66(2)
43(1)
60(1)
78(2)
81(2)
76(2)
58(1)



N(1)
N@)
S(1)
S(2)
O(1)
0(2)
0(3)
oC))
P(1)
P(2)
P@3)
P(4)

2854(2)
2132(2)
1763(1)
3294(1)

893(2)

621(2)
4298(2)
4015(2)

-16(1)
1410(1)
3856(1)
5187(1)

5673(2) 3795(2) 35(1)
5487(2) 6024(2) 36(1)
4935(1) 3804(1) 34(1)
4882(1) 5815(1) 34(1)
6515(2) 2348(3) 60(1)
6035(2) 3631(3) 70(1)
6089(2) 6089(3) 66(1)
6570(2) 7362(3) 58(1)
5101(1) 5466(1) 35(1)
3844(1) 5939(1) 30(1)
4106(1) 3492(1) 35(1)
5184(1) 4489(1) 39(1)

Table S3. Crystal data and structure refinement for Cug NC

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Cug SD

Cs7 H73 Cug Ni3 Oy9 Se
1817.88

296(2) K

0.71073 A

Triclinic

P-1

a=13.248(3) A
b=13.622(3) A

c=13.8813) A

1923.8(8) A3
1

1.569 Mg/m3

1.863 mm-!
928

o= 114.754(9)°.
B=96.758(10)°.

v=115.050(8)°.

0.267 x 0.207 x 0.070 mm3

3.300 to 26.000°

-16<=h<=16, -16<=k<=16, -17<=I<=17
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Reflections collected 85081
Independent reflections 7547 [R(int) = 0.1101]
Completeness to theta = 25.242° 99.8 %

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Semi-empirical from equivalents

0.7457 and 0.6283

Full-matrix least-squares on F2
7547/ 67 /478

1.064

R1=0.0454, wR2 = 0.0981
R1=0.0822, wR2 =0.1196

n/a

1.082 and -0.502 e.A-3

Table S4. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters

(Azx 103) for Cug. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
Cu(1) 5900(1) 4151(1) 4150(1) 42(1)
Cu(2) 4372(1) 3368(1) 5155(1) 44(1)
Cu(3) 3428(1) 4015(1) 3613(1) 41(1)
C(1) 3290(4) 1424(4) 2739(4) 34(1)
C(2) 2546(4) 217(4) 1752(4) 41(1)
C(@3) 1784(5) -774(5) 1862(5) 57(1)
C#4) 1795(5) -584(5) 2920(6) 66(2)
C(5) 2580(5) 610(5) 3857(5) 51(1)
C(6) 2499(5) -75(4) 571(4) 51(1)
C(7) 1842(3) 2956(4) 4678(3) 32(1)
C(8) 835(4) 2082(4) 4731(4) 37(1)
C©) -209(4) 1288(5) 3798(5) 55(1)
C(10) -234(5) 1368(6) 2829(5) 65(2)

S9



c(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
N(D)
N(2)
N@3)
N4)
N(5)
N(6)
Oo(1)
0(2)
0(3)
04)
0(5)
O(6)
O(7)
O(8)
0(9)
S(1)
S(2)

797(4)

872(4)
7017(4)
7760(4)
8557(6)
8570(6)
7774(5)
7697(5)
2394(6)
1375(8)
3562(7)
1521(6)
1300(8)
1826(12)
6294(10)
6224(8)
5191(8)
3324(3)
7014(3)
1820(3)
2432(5)
1575(5)
5896(5)
3534(4)
1571(4)
1474(4)

363(5)
6762(4)
8709(3)
1421(5)
1761(5)
6382(6)
4149(1)
3181(1)

2221(5)
2028(5)
3741(4)
3448(4)
3262(6)
3306(7)
3532(6)
3293(5)
6822(6)
6073(11)
7392(8)
2522(6)
3585(8)
1974(11)
9816(11)
9261(10)

10291(8)
1594(3)
3749(4)
2998(4)
6752(5)
2717(5)
9810(5)

385(4)
~740(5)
1560(4)
2384(6)
2740(5)
3775(4)
6347(6)
1776(5)

10060(7)
2804(1)
4039(1)
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2830(4)
5793(4)
5780(4)
6256(4)
5757(5)
4780(6)
4332(5)
7253(5)
86(6)
-1859(7)
-1013(8)
8642(5)
10437(6)
10040(8)
2086(8)
3443(10)
3246(10)
3774(3)
4809(3)
3723(3)
-878(4)
9666(4)
2902(4)
487(3)
213(4)
5999(3)
6384(4)
7359(5)
7977(3)
227(5)
7959(4)
1502(5)
2699(1)
5873(1)

53(1)
46(1)
36(1)
44(1)
63(2)
81(2)
65(2)
54(1)
72(2)
158(5)
108(3)
73(2)
113(3)
173(6)
176(6)
145(4)
145(4)
40(1)
46(1)
40(1)
73(1)
74(2)
71(1)
79(1)
98(2)
63(1)
97(2)
99(2)
72(1)
109(2)
86(1)
133(3)
36(1)
37(1)



S(3) 6123(1) 4227(1) 6450(1) 37(1)
N(7) 5070(40) 5080(40) 0(30) 150(6)
C(28) 5150(30) 5050(40) 1020(20) 213(14)
C(29) 5010(30) 4110(30) -870(20) 179(9)
C(30) 4270(30) 5460(40) -220(40) 276(16)
0(10) 5060(20) 3380(20) -600(20) 255(11)
Table S5. List of mechanoresponsive copper nanoclusters
Molecular formula Amax, (€mission) Reference
[Cuyl4(PPhy(CH,CH=CH,))4] 440 nm/530nm/580 nm 1
Cuyl4(PPh3)y 520 nm/560 nm 2
Cuy(0CBT)4/Cus(mCBT)y/Cu4(ICBT)4 | 525nm/533nm/595nm 3
(CBT=carborane thiol)
AuyCu,(decz),(POP), 576 nm 4
(Hsdecz= 3,6-di-tert-butyl-1,8-
diethynyl-9H-carbazole, POP= bis(2-
diphenylphosphinophenyl)ether
[Cuy(MNA),(DPPE),]* and 560 nm and 755 nm This work

[Cus(MNA-H)c]"
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Table S6. List of solvents used for the recovery of luminescence.

Luminescence recovery

CH;OH v \'
H,O X v
CH;COCH; v v
CH,Cl, v X
HCON(CH,), v \'
CH5CN ' '
(CH,),0 o v
CH;0CH; X X
SO(CHs), v v
CHCl, X X

S12
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[Cu,sH,;(DPPE)¢]*
—— [CuygH, gDPPEYG] _ Experimental
1.0
s — — Theoretical
2 —
2 o0sd
- o - -
0.0 T : : : 3549.66 (11)
400 500 600 700 800
Wavelength (nm) 1 I
i ¥ T ¥ T T T y i
1000 2000 3000 4000 5000
m/z

Figure S1. Characterization of [CugH s(DPPE)s]>" nanocluster. a) UV-vis spectrum (inset shows a
photographic image of Cu;g NC in dichloromethane). b) ESI MS spectrum in the positive ion mode (inset shows

good agreement between experimental and theoretical spectra).

a b
(a) (b))
0.16 4
298 nm
012 207 nm
@ o 044
@ A sprepared bt m— Asprepared
g —— Sday g = 5 day
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— 20 day e i
- ‘ ¥ - 0.2 20 day
0.04
0.00 , . , ; . . ; . 0.0l — e TR ‘ ‘
300 400 500 600 225 300 375 450 525

Wavelength (nm) Wavelength (nm)

Figure S2. UV-vis. absorption spectra of (a) Cuy and (b) Cug NCs in acetonitrile solvent. Insets show photographs

of the solutions.
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25um

CuK
SK
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oK
CK

50 pm

64.61
17.24
2.18
4.83
11.14

25um

Figure S3. FESEM images of agglomerated single crystals of (a) Cuy and (d) Cug NCs, (b, c) single crystals to

determine EDS mapping, (e, f) EDS spectra of the same (inset shows weight and atomic percentages, respectively), (g,

h) EDS mapping of each element present in Cuy and Cug NCs.
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“"”"wkZ%QBB

*oae,

Figure S4. Structural packing per unit cell of (a) Cuyand (b) Cug NCs. (c,e) Bond distances in Cuy and (d,f) Cug NC
along b-axis. Atomic color code: Orange=copper, yellow=S, Red=oxygen, blue=nitrogen, grey=carbon and

white=hydrogen.
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Figure S5. Ligand-centered non-covalent short contact interactions involve solid-state supramolecular packing

of (a) Cuy and (b) Cug NCs. Atomic color code: Orange=copper, yellow=S, Red=oxygen, blue=nitrogen,

grey=carbon and white=hydrogen.
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Figure S6. ORTEP structures of (a) Cu, and (b) Cug NCs having 50% thermal ellipsoid parameters.
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Figure S7. (a,b) Experimental and theoretical mass spectra of sodium and potassium attached to Cuy NC.
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Figure S8. FTIR spectrum of Cuy NC compared with that of the free ligand. Stretching vibrations are

mentioned.
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Figure S9. FTIR spectrum of Cus NC compared with that of the free ligand. Stretching vibrations are

mentioned.
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Figure S10. XPS spectrum of Cuy NC. (a) Survey spectrum of the respective elements. Expanded peak fittings of (b)
Cu 2p, (¢) S 2p, (d) N 1s, (e) Ols, (f) C 1s, and (g) P 2p spectral regions.
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Figure S11. XPS spectrum of Cug NC. (a) Survey spectrum of respective elements. Expanded peak fitting of (b) Cu 2p,
(c) S2p,(d)N 1s, (e) O 1s, (f) C 1s spectral regions.
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Figure S12. DFT optimized structural details of Cuy NC. (a) Full structure, (b) core cluster, (¢) NBO charge distribution,and
(d) bond distances in the optimized structure.
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Figure S13. (a) Molecular orbitals involved in the electronic transitions of Cuy NC, calculated from TDDFT, (b) Khan-

Sham molecular orbital diagram of Cuy NC.
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Figure S14. DFT optimized structural details of Cug NC. (a) Full structure, (b) core cluster, (¢) NBO charge distribution

and (d) bond distances in the optimized structure.
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Figure S15. (a) Molecular orbitals involved in the electronic transition of Cug NC, calculated from TDDFT, (b) Khan-Sham

molecular orbital diagram of Cug NC.
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Figure S16. Photoluminescence emission spectrum of Cuy NC in the solid and solution state. Inset shows the optical

photographs of the cluster under UV light.
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Figure S17. Photoluminescence emission spectrum of Cug NC in the solid and solution states. Inset shows the

optical photographs of the cluster under UV light.
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Figure S18. Photoluminescence (PL) emission spectra of Cuy NC in the solid state before and after O, exposure

(Exc.370nm and Emi. 560 nm).
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Figure S19. Photoluminescence (PL) emission spectra of Cug NC in the solid state before and after O, exposure

(Exc. 410 nm and Emi. 755 nm).

S25



- - = Exc.
/
-\ 450
17 N 25°C
7~ \\ - -50°C
N
3.7 I”/ R\ - - 75°C
: P 1/ \
s \ mw ! W - = 100°C
2 \ 14 v
g III, - LW\ - =125 OC
2 ' y 4 N \ 0
k= \ P VN - - 150 %
3 \ 7/ W™ o
o v ', -~ W - - 175°C
‘ L A v 0
& / -~ ~ \ \
7, /7 - R
N RPN N
= = Zz- - = S\e
T T T T T T -I
375 45 525 600 675
Wavelength (nm)

Figure S20. Photoluminescence emission spectra of Cuy NC crystals upon heating at different temperatures

(Excitation at 370 nm and emission at 560 nm).
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Figure S21. Photoluminescence emission spectra of Cus NC crystals upon heating at different temperatures

(Excitation at 410 nm and emission at 755 nm).
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Figure S22. Thermogravimetry (TG) and derivative thermogravimetry (DTG) of Cu, NC. Initial mass loss is likely to be due to

the fragmentation of ligands.
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Figure S23. TG and DTG traces of Cug NC. Initial mass loss is likely to be due to the solvent molecules.
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