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Computational Details:

characterization of single X-ray diffraction

Data collections were performed using ¢ and @ scan. Non-hydrogen atoms
located from the difference Fourier maps were refined anisotropically by full-
matrix least-squares on F?, using SHELXS-97. All hydrogen atoms were
included in the calculated positions and refined isotropically using a riding
model. Determinations of the crystal system, orientation matrix, and cell
dimensions were performed according to the established procedures. Lorentz
polarization and multiscan absorption correction were applied. All calculations
were performed using SHELXL 97 and PLATON 99. The crystallographic data
for 1-5 are listed in Table 1. Moreover, the selected bonds distances and bond

angles are summarized in Supporting Information Table S1.

DFT calculations

Density function theory (DFT) calculations were carried out using Gaussian 16
programs' throughout this manuscript. Geometric optimizations of the reactants,
transition states, and products were performed using TPSSh hybrid function?. The
standard 6-31G(d,p) basis set*> for H, C, N and O was used. For the Cu atoms, the
SDD basis set and its corresponding effective core potential® was used. Harmonic
vibration frequency calculations were performed for all stationary points to confirm
them as a local minima or transition state. The intrinsic reaction coordinate (IRC)
scheme’® was applied for the calculations of the reaction coordinates to confirm
whether or not the transition states were directly connected to the reactants and

products. Gibbs free energy (G) was calculated using Shermo software®.

Heats of Formation

The heat of formation (4H;) of MOFs were calculated using the following reaction!*:
Cu(s) + C(s) + Hy(g) + 05(g) + N,(g) — C,H,Cu 04N,

These calculations were performed by using CP2K 2023.1!'. Hybrid function
PBEO function'> combined with Grimme D3 dispersion correction!? were employed.
And the plane wave energy cutoff was set as 400 eV. All structure was first optimized
under the DZVP-MOLOPT-SR-GTH basis set!“, and then the single point energy was
calculated under the pob-TZVP basis set'>. The optimization was considered to
converge when the following criteria were met: a maximum energy change of 106 eV
per atom and a maximum force on atom of 0.00045 eV-A-l. The input files were
obtained with the assistance of the Multiwfn software!®.
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The calculation results of the catalysts are shown in Table S1.

Table S1 Heats of formation of MOFs 1-4.

Sample MOF 1 MOF 2 MOF 3 MOF 4
AHj (solid, 298K, kJ-mol!) -3642.4 -3575.1 -8454.3 -9802.4

To the MOF + [BMIM]N(CN), mixtures, the heat of formations were calculated
through Equations 1-4. MOF: Fuel = x: y = 0.99:0.01, 0.97:0.03, 0.95:0.05, 0.93:0.07,
0.91:0.09, 0.89:0.11, 0.87:0.13, 0.85:0.15. The AH, of [BMIM]N(CN), was obtained

from the literature!”.

Nyvor = X ( 1 )
Muor
ni = L (2)
Mn

Nsum = Nmor + N = + L (3)
Mwuor M

AHumix = fhor s AHwmor + A AHi (4)
Nsum Nsum
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Table S2 Crystallographic data and structure refinement details for MOFs 1-4

MOF 1 2 3 4
formula CsH;CuN»,Os s CsHppCuN»0O,y  CraHaoCuy Ci5HasCuy019
fw 583.48 581.88 475.40 531.5
/K 118.1 123.0 273 273
crystal system orthorhombic orthorhombic monoclinic monoclinic
space group P2na Pbcn P2i/mn C2/c
a(A) 13.4957(5) 15.0819(19) 7.6004(4) 37.398(3)
b(A) 9.9441(6) 13.4307(14) 9.0452(5) 6.9621(4)
c(R) 15.0536(7) 9.9113(14) 14.0935(9) 18.7788(14)
o (deg) 90 90 90 90
B (deg) 90 90 97.329(2) 97.255(3)
y (deg) 90 90 90 90
v (A3) 2020.24(16) 2007.6(4) 960.97(10) 4850.3(6)
Z 4 4 2 8
p (g-em) 1.918 1.925 1.643 1.456
abs coeff (mm!) 2.172 2.185 2.260 1.799
F(000) 1168 1165 484.0 2192.0
GOF 1.043 1.014 0.943 1.089
data/restraints/parame 3441/19/326 1949/6/159 3809/0/139 5579/376/277
Ri(1> 20(1))* 0.0438 0.0934 0.0292 0.0529
wRy(I > 20(1))® 0.0963 0.2067 0.0789 0.1439

Ry =2NFo| = |[FAZIFo|. "wRy = {Z[W(F = FEPVE[w(E?)P T}




Table S3 Selected bond lengths and bond angles of MOF 1

Atom Length (A) Atom Length (A)
Cul-N18 2.013(7) Cu2-N162 2.434(6)
Cul-N22 1.997(8) Cu2-N10 1.998(7)
Cul-N4! 2.292(7) Cu2-N19 2.011(7)
Cul-N14 2.031(7) Cu2-N20 2.006(7)
Cul-N21 2.031(8) N4-Cul! 2.292(7)
Cu2-N6 2.013(8) N16-Cu2? 2.434(6)

Atom Angle (°) Atom Angle ()
N18-Cul-N4! 96.8(3) N19-Cu2-N162 83.2(3)
N18-Cul-N14 85.5(3) N20-Cu2-N6 173.9(3)
N18-Cul-N21 169.1(3) N20-Cu2-N162 89.8(3)
N22-Cul-N18 91.7(3) N20-Cu2-N19 92.0(3)
N22-Cul-N4! 92.5(3) N5-N6-Cu2 122.3(5)
N22-Cul-N14 171.1(3) C1-N6-Cu2 132.0(5)
N22-Cul-N21 92.8(3) N17-N18-Cul 121.5(5)
N14-Cul-N4! 96.2(3) C7-N18-Cul 131.7(5)
N14-Cul-N21 88.5(3) N3-N4-Cul! 124.1(5)
N21-Cul-N4! 93.0(3) N5-N4-Cul! 125.3(5)
N6-Cu2-N162 94.5(3) N15-N16-Cu2? 127.8(6)
N10-Cu2-N6 85.7(3) N17-N16-Cu2> 121.9(4)
N10-Cu2-N162 93.9(3) C5-N14-Cul 133.7(7)
N10-Cu2-N19 176.6(3) N9-N10-Cu2 121.0(5)
N10-Cu2-N20 89.8(3) C4-N10-Cu2 134.9(7)
N19-Cu2-N6 92.6(3)

Noted: +X,-1-Y,-1-Z; >+X,-2-Y,-1-Z
Table S4 Selected bond lengths and bond angles of MOF 2

Atom Length (A) Atom Length (A)
Cul-N9! 2.013(8) Cul-N1! 1.987(9)
Cul-N72 2.329(7) N9-Cul! 2.013(8)
Cul-N2 2.004(8) N7-Cul? 2.329(7)
Cul-N10 2.008(7)

Atom Angle (°) Atom Angle (°)
N9!-Cul-N72 96.5(3) N11-Cul-N2 174.5(4)
N2-Cul-N9! 84.7(3) N11-Cul-N10 92.4(4)
N2-Cul-N72 96.1(3) N8-N9-Cul! 122.3(6)
N2-Cul-N10 90.0(3) C4-N9-Cul! 131.8(6)
N10-Cul-N9! 170.4(3) N8-N7-Cul? 122.7(6)
N10-Cul-N7? 92.0(3) N6-N7-Cul? 126.2(6)
N11-Cul-N9! 92.2(3) CI1-N2-Cul 133.5(7)
N11-Cul-N7? 88.8(4) N3-N2-Cul 120.8(6)

Noted: 1-X,2-Y,-Z; 2-X,+Y,-1/2-Z




Table S5 Selected bond lengths and bond angles of MOF 3

Atom Length (A) Atom Length (A)
Cul-Cul! 2.6201(3) Cul-04 1.9678(11)
Cul-O1! 1.9561(11) Cul-05 2.1812(12)
Cul-02 1.9473(11) O1-Cul! 1.9561(11)
Cul-03! 1.9831(11) 0O3-Cul! 1.9831(11)

Atom Angle (°) Atom Angle (°)

O1!-Cul-Cul! 81.81(4) 03!-Cul-05 91.87(5)
01!-Cul-03! 89.60(5) 04-Cul-Cul! 85.68(3)
01!-Cul-04 90.17(5) 04-Cul-03! 168.77(5)
01!-Cul-05 93.20(5) 04-Cul-05 99.35(5)
02-Cul-Cul! 86.94(4) 05-Cul-Cul! 172.96(5)
02-Cul-O1! 168.75(5) C3-01-Cul! 125.33(11)
02-Cul-03! 89.38(5) C3-02-Cul'! 120.14(10)
02-Cul-04 88.66(5) C6-03-Cul! 123.90(9)
02-Cul-05 98.03(5) C6-04-Cul! 122.18(10)
03!-Cul-Cul! 83.17(3) C7-05-Cul! 124.68(12)

Noted: '1-X,1-Y,1-Z

Table S6 Selected bond lengths and bond angles of MOF 4

Atom Length (A) Atom Length (A)
Cul-Cul! 2.5835(8) Cu2-Cu2? 2.5823(8)
Cul-O1 1.944(3) Cu2-06 1.953(3)
Cul-02! 1.955(3) Cu2-072 1.962(3)
Cul-03 1.957(3) Cu2-08 1.959(3)
Cul-04! 1.947(3) Cu2-09? 1.952(3)
Cul-05 2.135(3) Cu2-010 2.136(3)
02-Cul! 1.955(3) 07-Cu2? 1.962(3)
04-Cul! 1.947(3) 09-Cu2? 1.952(3)

Atom Angle (°) Atom Angle (°)
O1-Cul-Cul! 84.65(9) 06-Cu2-Cu2? 84.41(9)
01-Cul-02! 168.78(13) 06-Cu2-072 168.64(12)
01-Cul-03 88.80(15) 06-Cu2-08 89.84(15)
01-Cul-04! 90.96(13) 06-Cu2-010 95.95(12)
01-Cul-05 96.23(13) 072-Cu2-Cu2? 84.34(9)
02!-Cul-Cul! 84.28(10) 072-Cu2-010 95.35(12)
02!-Cul-03 88.30(17) 08-Cu2-Cu2? 85.35(10)
02!-Cul-05 94.85(13) 08-Cu2-072 87.69(16)
03-Cul-Cul! 84.55(9) 08-Cu2-010 96.70(13)
03-Cul-05 95.81(13) 092-Cu2-Cu2? 83.61(9)
04!-Cul-Cul! 83.95(8) 092-Cu2-06 89.86(14)
04!-Cul-02! 89.72(15) 092-Cu2-072 90.45(15)
04!-Cul-03 168.47(12) 092-Cu2-08 168.93(13)



04!-Cul-05
05-Cul-Cul!
C4-01-Cul
C4-02-Cul!
C8-03-Cul
C8-04-Cul!
C9-05-Cul

95.67(12)
179.05(11)
123.3(3)
122.8(3)
123.1(3)
124.3(2)
127.2(3)

092-Cu2-010
010-Cu2-Cu2?
C13-06-Cu2
C13-07-Cu2?
C17-08-Cu2
C17-09-Cu2?
C18-010-Cu2

Noted: 12-X,1-Y,1-Z; 23/2-X,3/2-Y,1-Z

94.33(13)
177.91(10)
123.6(3)
123.3(3)
122.3(3)
124.8(3)
125.4(3)
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Fig. S1 Angles of the plane formed by the para-tetrazole ring in 1 (a), and 2 (b)
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Fig. S2 Structures of H4TTP single molecule (a) and stacking diagram (b)
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Fig. S3 FT-IR spectra of MOFs 1-4
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Fig. S5 PXRD patterns for MOFs 1-4.
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Fig. S11 The charge density difference plots for MOFs 1 (a) and 4 (b) The green and blue areas
denote the electron accumulation and depletion regions, respectively. The C, N, O, Cu, and H

atoms are represented by gold, blue, red, silver white balls, respectively
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Fig. S12 EPR spectra (a) DMPO--OH and (b) DMPO--OOH in MOF 1 + [BMIM]N(CN), + H,0,

system

() (b)

- -
55 B pmpo--O0OH 02 g
pMpo--OH & &
= 0w &
] =
5 4
0.2
02 2 a2
0.4
-0.4
3460 3480 3500 3520 3540 3560 3460 3480 3500 3520 3540 3560

Magnetic Field (G) Magnetic Field (G)

Fig. S13 EPR spectra (a) DMPO--OH and (b) DMPO--OOH in MOF 2 + [BMIM]N(CN), + H,0,

system

13



()

(b)

3460

3480

3500 3520

Magnetic Field (G)

pMPO--OOH

.
pmpo--OH 2
(=
‘®
=
<~
b
=
-
B
3540 3560 3460 3480 3500 3520 3540 3560

Magnetic Field (G)

¢ £ £ £
Intensity (a.u.)

£
=

Fig. S14 EPR spectra (a) DMPO- * OH and (b) DMPO- * OOH in MOF 3 + [BMIM|N(CN), +
H,0; system

Solvated Free Energy (eV)

3.6

0.8

0.4

0.0

H,0,

IM1

Reaction Process
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