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Experimental Section

1. General Remarks

The reagents were obtained from commercial sources and used without further
purification. The new ligand H;L? was prepared according to our designed method as
shown in Scheme S1. Melting points were determined with an X-4 digital microscope
melting-point apparatus (Beijing) and are uncorrected. Elemental analyses (C, H, N)

were carried out with a PerkinElmer 240 microanalyzer. '"H NMR spectra in solution
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were recorded on a Bruker AM 500 Hz spectrometer. Chemical shifts are given in
ppm. IR spectra were recorded in the range 4000-400 cm™! using KBr pellets on a
Nicolet 380 FT-IR spectrometer. Powder X-ray diffraction patterns (PXRD) were
measured using a Bruker D8 Advance diffractometer. The photoluminescence spectra
were recorded on a Hitachi F4600 spectrophotometer. Thermogravimetric analyses
(TGA) were performed on a NETZSCH STA 449C thermal analyzer under a N,

atmosphere at a heating rate of 10°C min'.

2. Synthesis of H;L? Ligand

N=N N=N
/ \ / \
CN HN_ N HN._ N
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HN NH HOOCH,C NH
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—N
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Scheme S1 The synthetic route of 4,5-di(tetrazol-5-yl)imidazolylacetic acid (H;L?)

4,5-dicyanoimidazole (11.8096 g, 0.1 mol) and ammonium chloride (16.0474 g,
0.3 mol) were dissolved in 150 mL DMF. Then, sodium azide (19.5030 g, 0.3 mol)
was added. The mixture was refluxed at 120°C with stirring for 24 h. After cooled to
room temperature, DMF solvent was removed by rotary evaporation, and the reaction
solution was adjusted to pH = 10-11 with NaOH and then filtered. The filtrate was
adjusted to pH = 2 with HCI, and the 4,5-di(tetrazol-5-yl)imidazole was obtained as a
white solid of 14.9651 g, yield 73.3%. FT-IR (KBr, cm): 3156, 3014, 2765, 2373,
1633, 1568, 1506, 1403, 1160, 1068, 1007, 885.

After 4,5-di(tetrazol-5-yl)imidazole (4.0831 g, 0.02 mol) was dissolved in 30 mL
methanol, CICH,COONa (11.6479 g, 0.1 mol) was added, and pH of the solution was
adjusted with 1 M NaOH solution to 11, the mixture was refluxed at 100°C under
stirring for 48 hours. After cooled to room temperature, methanol solvent was
removed by rotary evaporation, the residue was acidified with HCI, and the precipitate
was separated by filtration, and washed with water, then dried under vacuum to give
the target ligand H;L? in a yield of 84.6%. m.p. 121-123°C. Anal. caled. for
C7HgN 100, (%): C, 32.07; H, 2.31; N, 53.42. Found (%): C, 32.19; H, 2.13; N, 53.24.
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FT-IR (KBr, cm™): 3500, 3002, 1737, 1631, 1579, 1437, 1401, 1343, 1310, 1207,
1062, 1004, 954, 885, 808. 'H NMR (500 MHz, DMSO), 13.38 (1H, s, tetrazolyl-H),
12.99 (1H, s, tetrazolyl-H), 10.28 (1H, s, COOH), 8.00 (1H, s, imidazolyl-H), 5.11
(2H, s, CH,).

3. Molecular Structures of MOFs 1-3
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Fig. S1 The asymmetric units of 1, hydrogen atoms are omitted for clarity.
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Fig. S2 The asymmetric units of 2, hydrogen atoms are omitted for clarity.
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Fig. S3 The asymmetric units of 3, hydrogen atoms are omitted for clarity.
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Fig. S4 The hydrogen bond interactions in 1

ovgllit---@

usw.
"
.

N

oW
HIWB

i L HI4B

@or

o
HIIAQ ‘\HHI’!

o £
v e ab
[}
N
¥
1 ®
- A)
¢ HEWA *
bof,w HSWB
#HowB 05w
d S HSWA
‘le"
\ |
. ’
.
A Y
LHIWE

olw
“HIWA
P
L

o5W!

Fig. S6 The hydrogen bond interactions in 3



4. Tables of Selected Bond Distance and Angles and Weak Interactions for 1-3

Table S1 Selected bond distance (A) for MOFs 1-3

1
Bal-O1 2.764(4) Bal-O1W 2.710(4) Ba2-08ii 2.850(4)
Bal-03 2.766(4) Bal-02W 2.750(4) Ba2-03W 2.938(5)
Bal-O3i 2.850(4) Ba2-01 2.835(4) Ba2-04W 2.751(5)
Bal-O4i 2.870(4) Ba2-02 3.023(5) Ba2-05W 2.832(6)
Bal-O5 2.650(4) Ba2-0O2ii 2.681(4) Bal---Ba2 4.6793(18)
Bal-N1 3.054(5) Ba2-04i 2.752(4) Bal---Ball 4.5173(13)
Bal-N6 3.106(5) Ba2-07i 2.763(4) Ba2---Ba2ii 4.7945(14)

2
Bal-Ol 2.911(3) Bal-O3il 2.687(3) Bal-O5iv 2.831(3)
Bal-O1! 2.765(3) Bal-Oa3ii 2.804(3) Bal-O5Y 2.831(3)
Bal-O1W 2.797(4) Bal-O4ii 2.989(3) Bal-06" 3.034(4)
Bal-O2 2.885(3) Bal---Balvi 4.284(3)

3
Bal-Ol! 2.766(3) Ba2-02 2.760(3) Ba3-N2 2.883(3)
Bal-O1 2.939(3) Ba2-O4iil 2.677(3) Ba3-N3vi 2.854(4)
Bal-02 2.796(3) Ba2-N4iv 3.182(4) Ba3-N7 2.933(4)
Bal-O3ii 2.668(3) Ba2-N12 2.882(3) Ba3-N9w 3.025(4)
Bal-O3iil 2.863(3) Ba2-N13ii 2.948(4) Ba3-N14vi 2.935(3)
Bal-O4iil 2.860(3) Ba2-N16v 2.935(3) Ba3-O1W 2.783(3)
Bal-N5 3.091(4) Ba2-N20 3.007(4) Ba3-02W 2.797(3)
Bal-N6! 2.942(4) Ba2-03W 2.901(3) Ba3-03Wvi 2.807(3)
Bal-N19 2.901(4) Ba2-04W 2.909(3) Bal---Balx 4.554(3)
Bal---Ba2 4.396(3) Ba2---Ba3Vi 4.950(2) Ba3---Ba3vi 8.214(2)

Symmetry codes: 1: 1) 1-x, 1-y, 1-z; ii) 1-x, 1-y, 2-z; iii) 1+x, y, z. 2: (1) 0.5-x, -0.5, 1.5-z; (ii) 1-x, -y, 2-z; (iii) x-0.5,
0.5-y, z-0.5; (iv) 1-x, y, 1.5-z; (v) x-0.5, y-0.5, z; (vi) 0.5-x, 0.5+y, 1.5-z. 3: 1) 1-x, 1-y, 1-z; ii) x, y-1, z; iii) 2-x, 2-y,

1-z; 1v) 1+x, y, z; v) 1-x, 2-y, 1-z; vi) 1-x, 1-p, -z; vii) 2-x, 1-p, -z; viii) x, y-1, z-1; ix) 1-x, 1-p, 1-z.

Table S2 Selected bond angles (°) for MOFs 1-3

1

01-Bal-03
01-Bal-03i
01-Bal-O4i
O1-Bal-N1
01-Bal-N6
03-Bal-03i
03-Bal-0O4i
03i-Bal-04i
03i-Bal-N1
03-Bal-N1
03-Bal-N6
03i-Bal-N6
04i-Bal-N1

151.50(12)
110.32(12)
66.66(12)
59.81(12)
112.43(12)
72.91(13)
104.69(12)
45.71(11)
169.57(11)
117.28(12)
62.51(12)
134.75(12)
125.59(12)

02W-Bal-N6
05-Bal-02W
01-Ba2-08ii
02i-Ba2-01
02-Ba2-02i
02i-Ba2-04i
02i-Ba2-03W
02i-Ba2-04W
04i-Ba2-01
04i-Ba2-07i
04i-Ba2-08ii
04i-Ba2-03W
07i-Ba2-01

131.47(14)
75.19(13)
75.23(12)
109.48(12)
65.73(15)
143.60(14)
72.97(14)
143.90(15)
67.31(12)
123.40(15)
128.37(12)
70.66(14)
146.78(13)



041-Bal-N6 153.23(13) 07i-Ba2-02i 137.62(14)
05-Bal-O1 136.30(13) 07i-Ba2-0gii 74.99(14)
05-Bal-03 71.79(13) O7i -Ba2-03W 130.12(14)
05-Bal-O4i 123.05(13) 07i-Ba2-05W 63.51(18)
05-Bal-N1 102.70(14) 08-Ba2-02ii 75.68(13)
05-Bal-N6 77.28(13) 08iii-Ba2-03W 138.18(14)
05-Bal-O1W 147.00(14) O3W-Ba2-02 63.83(14)
O1W-Bal-0O1 74.77(13) 04W-Ba2-02i 128.18(16)
O1W-Bal-03 76.74(14) 04W-Ba2-04i 71.96(15)
O1W-Bal-O4i 74.34(14) 04W-Ba2-07i 69.18(15)
O1W-Bal-N6 79.64(14) 04W-Ba2-0g8ii 72.57(16)
O1W-Bal-O2W 137.54(14) 04W-Ba2-03W 142.22(15)
02W-Bal-01 66.95(12) 05W-Ba2-01 147.29(16)
02W-Bal-03 139.06(13) O5W-Ba2-02 130.94(18)
02W-Bal-03i 79.29(14) O5W-Ba2-08ii 137.44(17)
02W-Bal-04i 74.18(14) O5W-Ba2-0O3W 71.80(19)
O1-Bal-Oli 138.19(6) 03ii-Bal-O4ii 138.31(9)
O1-Bal-06" 110.42(9) 03ii-Bal-05" 70.59(10)
Oli-Bal-O2 143.25(9) 03i-Bal-05" 72.27(10)
Oli-Bal-O4ii 70.69(9) 03i-Bal-O51 72.73(10)
O1-Bal-O4iii 106.59(8) 03ii-Bal-05" 131.53(9)
O1i-Bal-05" 66.59(9) 03i-Bal-06 74.74(12)
O1i-Bal-O5" 74.89(9) 03ii-Bal-06" 143.18(12)
Ol1i-Bal-06" 108.15(9) 03i-Bal-O1W 140.81(12)
O1i-Bal-O1W 128.83(11) 04ii-Bal-06" 114.08(11)
02-Bal-O1 45.23(8) 051¥-Bal-O4ii 101.72(9)
02-Bal-04ii 144.81(9) 051"-Bal-06" 143.14(11)
02-Bal-06" 70.87(9) 05'-Bal-06" 44.07(9)
03i-Bal-0O1 107.57(9) 05"¥-Bal-O1 64.69(9)
03ii-Bal-01 64.45(8) 05iiBal-01 154.33(9)
03i-Bal-O1i 67.98(9) 05'-Bal-02 112.72(9)
03ii-Bal-02 109.18(8) 05"¥-Bal-0O5" 135.20(8)
03i-Bal-02 76.81(9) O1W-Bal-O3ii 76.81(12)
03i-Bal-03ii 142.04(5) O1W-Bal-O4ii 67.18(11)
03ii-Bal-O4ii 138.31(9) O1W-Bal-O5" 140.85(11)
03iii-Bal-04ii 44.87(8) O1W-Bal-06 66.42(12)
Oli-Bal-O1 74.08(9) 02-Ba2-N4ii 62.59(9)
Oli-Bal-02 107.11(9) 02-Ba2-N12 123.72(9)
O1i-Bal-O3ii 140.94(9) 02-Ba2-N13ii 131.53(9)
Oli-Bal-O4ii 158.16(8) 02-Ba2-N16" 73.43(9)
O1-Bal-N5" 72.23(9) 02-Ba2-N20 70.43(9)
Oli-Bal-N5¥ 137.89(9) 02-Ba2-04W 142.83(9)
O1-Bal-N6i 141.57(9) O4iii-Ba2-02 76.62(9)
02-Bal-O1 45.59(8) O4ii-Ba2-N13ii 74.71(10)
02-Bal-O3iii 111.91(9) O4ii-Ba2-N16 143.19(9)



02-Bal-0O4iii 73.15(8) 041i-Ba2-N20 59.66(10)

02-Bal-N5iv 63.92(9) 02-Ba2-N12 123.72(9)
02-Bal-N6i 170.84(8) 04ii-Ba2-O3W 132.52(9)
02-Bal-N19 78.18(10) N2-Ba3-N14vii 130.58(10)
03ii-Bal-O1 135.56(9) N3Vi-Ba3-N14vii 70.78(10)
03i-Bal-02 115.02(9) N7-Ba3-N9v 137.49(10)
03ii-Ba]-03ili 79.04(9) N14vii-Ba3-N9iv 137.89(10)
03ii-Bal-O4ill 116.80(9) O1W-Ba3-N2 134.96(10)
03iii-Bal-N5 63.47(9) O1W-Ba3-N3vi 136.83(10)
03ii-Bal-N5" 67.01(10) O1W-Ba3-N9i 115.96(11)
03ii-Bal-N6 74.02(10) O1W-Ba3-N14vii 67.54(10)
03ii-Bal-N6t 67.18(10) O1W-Ba3-02W 74.78(10)
03i-Bal-N19 166.80(10) 02W-Ba3-N2 70.91(10)
04ii-Bal-01 115.41(8) 02W-Ba3-N3Vi 148.29(10)
04ii-Ba]-Q3fi 45.56(8) 02W-Ba3-N9iv 70.86(11)
04ii-Ba]-N5iv 62.69(9) 02W-Ba3-N14vii 140.21(10)
04ii-Ba]-N6i 101.85(9) 02W-Ba3-O3Wvil 109.45(10)
04ii-Bal-N19 65.36(9) O3Wvii-Ba3-N2 142.59(9)
N6i-Bal-N5iv 121.11(9) O3Wvii-Ba3-N7 154.58(9)
N19-Bal-O1 110.49(10) O3Wvii-Ba3-N9iv 66.88(9)
N19-Bal-N5 122.03(10) O3WVi-Ba3-N14vii 74.18(9)

Symmetry codes: 1: i) 1-x, 1-y, 1-z; ii) 1-x, 1-y, 2-z; iii) 1+x, y, z; 2: (i) 0.5-x, -0.5-y, 1.5-z; (ii) 1-x, -y, 2-z; (iii) x-
0.5, 0.5-y, z-0.5; (iv) 1-x, y, 1.5-z; (v) x-0.5, y-0.5, z; 3: 1) 1-x, -y, 1-z; ii) x, y-1, z; iii) 2-x, 2-y, 1-z; iv) 1+x, p, z; V)
1-x, 2-y, 1-z; vi) 1-x, 1-y, -z; vii) 2-x, 1-y, -z; viii) x, y-1, z-1.

Table S3 Hydrogen-bond geometry (A, °) in 1-3

D-HA d(D-H) dH-A)  dD-A) /D-H-A
1
O1W-H1WA:--N10i 0.85 2.29 3.028(4) 146
O1W-H1WB:+-06ii 0.85 2.01 2.735(4) 142
O2W-H2WA - 06 0.85 1.86 2.710(4) 178
O2W-H2WB:--03W 0.85 2.11 2.964(4) 179
N5-H5---N13" 0.86 2.12 2.952(4) 164
O3W-H3WA-06W 0.85 2.06 2.897(4) 166
O3W-H3WB:-08" 0.85 2.05 2.882(4) 165
O4W-H4WA - 06l 0.85 2.59 3.111(3) 121
O4W-H4WB:--08" 0.85 2.10 2.897(3) 156
O5W-H5WA - 07 0.85 2.48 2.944(3) 116
O5W-H5WB:--O7WB 0.85 2.29 2.951(3) 135
O6W-H6WA - --N8gil 0.85 2.39 3.197(4) 158
O6W-H6WB:--O7TWA 0.85 2.21 3.000(4) 155
O7TWA-HTWC:--OTWAYi  0.85 1.74 2.340(4) 126
O7WA-H7WD:--N3viii 0.85 2.48 3.137(4) 134
O7WB-H7WE--O7TWA 085 1.94 2.558(3) 129




O7WB-H7WF---N4viii 0.85 2.55 3.113(5) 124

O7W-H7WA:---O6W! 0.85 1.74 2.584(4) 176
O7W-H7WB---04WB 0.85 2.44 3.289(3) 177
N14-H14---N9V 0.86 2.02 2.874(3) 171
2
OIW-HIWA:---O2W 0.85 2.04 2.797(2) 149
OIW-HIWB:---0O5W! 0.85 2.31 3.084(3) 152
O2W-H2WA - -N5il 0.85 2.01 2.851(3) 167
O2W-H2WB---N9iii 0.85 2.21 3.047(2) 168
O3W-H3WA:--04W 0.85 2.05 2.878(2) 165
O3W-H3WB:--04W 0.85 2.05 2.878(2) 165
O4W-H4WA:--05V 0.85 2.07 2.903(3) 165
O4W-H4WB---04v 0.85 2.12 2.942(3) 164
O5SW-H5WA - -N6vii 0.85 2.31 3.157(2) 172
O5SW-H5WB---O3W 0.85 2.08 2.924(3) 172
N13-HI3A---O2WVi 0.90 2.34 3.104(3) 143
N13-H13B---O2Vi 0.90 1.97 2.871(3) 176
C16-H16A --N12¥ 0.96 2.72 3.348(2) 123
Cl16-H16C---N4* 0.96 2.55 3.446(3) 155
C2-H2A---O44 0.97 2.34 3.241(3) 155
C2-H2B---N11xi 0.97 2.47 3.331(3) 147
Cl11-H11A---O2xii 0.97 2.46 3.332(3) 149
C11-H11B---O4Wxiv 0.97 2.54 3.419(2) 151
Cl14-H14B---O1* 0.97 2.66 3.410(3) 135
3
OIW-HIWA:---O5W! 0.85 2.03 2.880(4) 174
OlW-HIWB---N15i 0.85 2.49 3.232(5) 146
O2W-H2WA---O6Wii 0.85 1.90 2.736(4) 169
O2W-H2WB---N18ii 0.85 2.07 2.916(4) 171
O3W-H3WA:---04W 0.85 2.20 2.714(4) 119
O3W-H3WB---N15iii 0.85 2.66 3.184(5) 121
O4W-H4WA---O5W" 0.85 2.00 2.794(5) 155
O4W-H4WB---O2WY 0.85 2.20 2.921(4) 143
O5SW-H5WA:---N17 0.85 1.93 2.766(4) 166
O5SW-H5WB---Ngi 0.85 2.26 3.074(5) 162
O6W-H6WA---N10v 0.85 2.17 2.936(4) 150
O6W-H6WB---O3iii 0.85 2.28 3.110(5) 166
C2-H2A---N3 0.97 2.90 3.494(5) 121
C9-H9A---O2ili 0.97 2.28 3.215(4) 161
C9-H9B---O6Wiii 0.97 2.60 3.287(4) 128

Symmetry codes: 1: 1) 1+x, y, z; ii) 1-x, 1-y, 2—z; iii) —x, 1=y, 2—z; iv) 1=x, =y, 2-z; V) —x, 1=y, 1—=z; vi) 1—x, 1-y, 1-
z; vii) 1-x, 2-y, 1-z; viii) x, 1+y, z. 2: 1) 0.5—x, 1.5-y, 1-z; ii) 0.5—x, 0.5-y, 2—z; iii) x-0.5, y-0.5, z; iv) 1—=x, y, 0.5—=z;
v) 1=x, 1=y, 1—z; vi) 1-x, y, 1.5—z; vii) 1=, 1+y, 1.5—z; viii) 0.5-x, 0.5y, 1-z; ix) 1-x, =y, 1-z; X) X, ¥, z—1; Xi) 1-x,
1-y, 2—z; xii) x-0.5, 0.5+y, z; xiii) 1-x, —y, 2—z; xiv) 1=x, y—1, 1.5—z; xv) 0.5+x, 0.5, z. 3: 1) x, y-1, z—1; ii) 1-x,
1—y, 1—=z; iii) 1-x, 2y, 1—z; iv) 2—x, 2y, 1—z; v) x, 1+y, z; vi) —x, 1=y, 1—z.



Table S4 7---x interactions (A, °) for the MOFs 2 and 3

cent:--cent (A)

dihedral angle (°)

MOFs 7T interaction
: n(tez) - w(Ph)ix
m(Ph)- - z(tez)*

3 x(im)- - - z(tez)Vi

n(tez) - mw(im)Vil

3.951
3.951
3.852
3.852

4.7(2)
4.7(4)
7.2(2)
7.2(3)

Symmetry codes: 2: ix) 1-x, -y, 1—z; 3: vii) 1—x, 1-y, —z.

Table S5 Dihedral angles (°) of the ligands in MOFs 1-3

MOFs Tez/Tez?

Ph/Tez

Im¢/Tez

H,L!

9.98(2) (C3/C4-Tez)
6.80(2) (C9/C10-Tez)

H,L2

H3L3

4.7(1) (C3-Tez)

3.6(5) (C10-Tez)
7.7(4) (C13-Tez)

71.8(6) (C13-Tez)
18.7(9) (C14-Tez)

aTez: Tetrazole ring; PPh: Phenyl ring; °Im: Imidazole ring

5. The FT-IR Spectra of MOFs 1-3
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6. The PXRD Patterns of MOFs 1-3
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Fig. S10 The PXRD patterns of 1.
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Fig. S11 The PXRD patterns of 2 in water (a) and different organic solvents (b)

compared to the as-synthesized sample.
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Fig. S12 The PXRD patterns of 3.

7. The Thermogravimetric Analyses of MOFs 1-3
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Fig. S13 Thermogravimetric analysis curve of 1.
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Fig. S14 Thermogravimetric analysis curve of 2.
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Fig. S15 Thermogravimetric analysis curve of 3.

8. Luminescence Spectra
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Fig. S16 Solid state emission spectra of the free ligands H,L!, H;L?, H;L? and MOFs

1, 2, 3 at room temperature

9. Proton Conductivity Measurement
The resistance value was determined from equivalent circuit fits of the first semi-
circle using ZView Software.

Proton conductivity was calculated using the following equation:

o= M

where [ and S are the length (cm) and cross-sectional area (cm?) of the samples
respectively, and R, which was extracted directly from the impedance plots, is the
bulk resistance of the sample (). Activation energy (F,) for the materials

conductivity was estimated from the following equation:
E

oT = o,exp (— k_‘;‘) (2)
B

where o is the proton conductivity, o, is the preexponential factor, kp is the Boltzmann

constant, and 7 is the temperature.
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Table S6 Proton conductivities at 25°C with different relative humidity and at 98% relative

humidity with different temperature

25°C 98% RH
RH (%) o (S cm) T (°C) o (S cm!)
50 1.90 x 10° 35 2.93 x 10
60 4.56 x 10 45 6.77 x 104
70 1.21 x 103 55 9.32 x 104
80 3.25x 107 65 1.40 x 1073
90 1.03 x 10 75 2.49 x 1073
98 1.72 x 10 85 4.47 x 1073

Table S7 Proton conductivities of representative MOFs materials above 90% RH

MOFs Conductivity (S cm™) Condition Ref.
H,SO,@MIL-101-SO;H 1.82 70°C 90% RH 1
BUT-8(Cr)A 1.27 x 107! 80°C 100% RH 2
Ui0-66(SO;H), 8.4 x 102 80°C 90% RH 3
{H[(N(CH3))>][Gds(NIPA)s]} -3H,0  7.17 x 102 75°C 98% RH 4
Im@MOF-808 3.45 x 102 65°C 99% RH 5
PCMOF-2,), 2.1 x 1072 85°C 90% RH 6
PCMOF20 1.3 %1072 85°C 95% RH 7
PCC-72 1.2 x 102 95°C 95% RH 8
MIP-202(Zr) 1.1 x 1072 88°C 95% RH 9
JLU-Liu44 8.4 x 103 27°C 98% RH 10
[Zn(L)CI], 473 x 1073 100°C 98% RH 11
Co-MOF-74 4.5x103 90°C 95% RH 12
(Me;NH,)[Ba(L2)(H,0)]-3H,0 4.47 % 1073 85°C 98% RH  This work
(Me;NH,)[In(EBTC)]-DMF-5H,0 3.49 x 107 25°C 99% RH 13
(N,Hs)[CeEu(C,04)4(N>Hs)]-4H,0 3.42 % 107 25°C 100% RH 14
MFM-512 2.9 %103 25°C 99% RH 15
[Me>NH,][Eu(0x),(H,0)]-3H,0 2.73 x 103 55°C 95% RH 16
UiO-66(Zr)-(CO,H) 2.3 % 103 90°C 95% RH 17
JUC-200 1.62 x 1073 80°C 98% RH 18
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