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Experimental Section 

1. Materials and Equipment

All commercially available chemicals were of analytical grade and used as 

received. Ligand H2L was synthesized according to our previous work (Scheme S1).1 
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In(NO3)3∙4.5H2O (99.9%), DMF (99.5%), hydrochloric acid (36~38%), acetone 

(99.5%) and carbon tetrachloride (CCl4, 98%), were purchased from Sinopharm 

Chemical Reagent Co., Ltd, Shanghai, China. Benzaldehyde (BA, 99%) and trimethyl 

orthoformate (TMOF, 99.8%) were purchased from Aladdin Biochemical Technology 

Co., Ltd, Shanghai, China.

Melting point was determined with an X4 digital microscope melting-point 

apparatus (Beijing) and uncorrected. Elemental analyses (C, H, N) were carried out 

with a Elementar Vario EL cube elemental analyzer. 1H NMR spectra in solution were 

recorded on a Bruker AM 400 Hz spectrometer. Chemical shifts were given in ppm. 

IR spectra were measured in the range 4000-400 cm-1 using KBr pellets on a 

ThermoFisher Nicolet iS10 FT-IR spectrophotometer. Thermogravimetric analyses 

(TGA) were performed on a NETZSCH STA 449C thermal analyzer under a nitrogen 

atmosphere at a heating rate of 10°C min-1. Powder X-ray diffraction (PXRD) data 

were collected on a Bruker D8 Advance diffractometer equipped with Cu Kα radiation 

(λ = 1.5406 Å). The gas adsorption experiment was performed on a Micromeritics 

3Flex automated micropore gas analyzer. Gas chromatography with a 0.32 mm × 30 

m SE-54 capillary column and flame ionization detector (FID) was used for the 

analysis of the catalytic experiment.

2. Synthesis of H2L Ligand

Scheme S1. Synthetic route of 2,2'-dimethylbiphenyl-4,4'-dicarboxylic acid (H2L).
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The synthetic route of H2L was illustrated in Scheme S1. The commercially 

available 4-amino-3-methylbenzoic acid reacting with potassium iodide and iodine in 

20% H2SO4 solution gave 3-methyl-4-iodobenzoic acid (I) in a yield of 52%.2 Brief 

treatment of I with CH3OH produced methyl 4-iodo-3-methylbenzoate (II) in a yield 

of 88%.3 By use of the Ullmann reaction II was converted into dimethyl 2,2'-

dimethylbiphenyl-4,4'-dicarboxylate (III) in a yield of 65% under argon atmosphere.4 

Dimethyl 2,2'-dimethylbiphenyl-4,4'-dicarboxylate (2.0 g, 6.7 mmol) was dissolved in 

a mixture of THF/MeOH (50 mL, V/V = 1/1, THF = tetrahydrofuran, MeOH = 

methanol) and 20 mL of 2 M KOH aqueous solution. Then the mixture was stirred 

and refluxed for 12 hours. After cool to room temperature, THF and MeOH were 

removed by evaporation under vacuum. The remaining solution was acidified with 1 

M HCl to give a white solid of H2L (1.6 g, 88.4%). m.p. 213-215 C. 1H NMR 

(DMSO-d6, 400 MHz) δ: 2.05 (s, 3H, CH3), 7.21-7.23 (d, 1H, Ph-H6), 7.82-7.84 (d, 

1H, Ph-H5), 7.91 (s, 1H, Ph-H3), 12.97 (s, 1H, CO2H). IR (cm-1): 3435(w), 2981(m), 

1687(s), 1605(m), 1427(s), 1307(s), 1007(w), 772(m), 759(m). Anal. Calcd. for 

C16H14O4 (%): C, 71.08, H, 5.26. Found: C, 71.10, H, 5.22.

3. Crystal-Structure Determination

The diffraction data for 1 were collected on a Bruker Smart APEX II CCD 

diffractometer with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) at 

room temperature. Empirical absorption corrections were applied by using the 

SADABS program. The structure was solved by direct method and refined by the full-

matrix least-squares based on F2 using SHELXTL-18 program.5-7 All non-hydrogen 

atoms were refined anisotropically. The atoms C3, C4, C6, C12, C13, C15 and C16 

were disordered over two positions and refined with an occupancy of 0.42(3) for C3, 

C4, C6, C12, C13, C15 and C16, and 0.58(3) for C3A, C4A, C6A, C12A, C13A, 

C15A and C16A. Hydrogen atoms were placed on calculated positions (C-H 0.96 Å) 

and assigned isotropic thermal parameters riding on their parent atoms. Some 

restraints (DFIX, SIMU, ISOR and OMIT) were used during the refinement. The 

solvent molecules in 1 were highly disordered and could not be modeled properly, so 

the SQUEEZE8 routine in PLATON9 was applied to obtain the solvent-free structure. 
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The final formulae of 1 was assigned by elemental analysis, IR, TGA and single-

crystal X-ray crystallography. The crystallographic data have been deposited with the 

Cambridge Crystallographic Data Centre as CCDC number 2258553. Crystal data, 

data collection and structure refinement details for 1 were summarized in Table 1. 

Selected bond lengths and angles of 1 are listed in Table S2.

Table S1 Crystallographic data for InOF 1

Empirical formula C111H127Cl6In8N5O42

Formula weight 3334.46
Crystal system trigonal
Space group R-3c
a (Å) 18.1442(4)
b (Å) 18.1442(4)
c (Å) 81.274(6)
γ (°) 120
V (Å3) 23172(2)
Z 6
Dc (g.cm-3) 1.246
μ (mm-1) 1.329
F (000) 8508
Crystal size (mm3) 0.20 × 0.20 × 0.15
θ Range (°) 2.70-25.05
Reflections collected 74873
Independent reflections 4573 [Rint = 0.0637]
Reflections observed [I > 2σ(I)] 4251
Data/restraints/parameters 4573/157/280
Goodness-of-fit on F2 1.183
R1/wR2 [I > 2σ(I)] 0.0799/0.1929
R1/wR2 (all data) 0.0847/0.1958
Max., Min. Δρ (e.Å-3) 1.945, -1.201

Table S2 Selected bond lengths (Å) and angles (°) for 1

In1-O5 2.131(5) In1-O3iii 2.168(6)
In2-O4iv 2.164(7) In2-O1W 2.093(4)
In2-O1 2.154(6) In2-O2vi 2.187(7)
In2-Cl1 2.461(5) In2-O5 2.079(6)

O5-In1-O5i 91.5(2) O5-In1-O3iii 98.0(3)
O3iii-In1-O3v 80.3(3) O5-In1-O3v 170.3(3)
O4iv-In2-O2vi 84.6(4) O5-In2-O1W 173.2(19)
O5-In2-O1 89.3(2) O1-In2-O4iv 177.3(3)
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O1W-In2-O2vi 87.9(3) O2vi-In2-Cl1 176.3(3)
O1W-In2-O1 93.6(2) O1W-In2-O4iv 86.2(3)
O1W-In2-Cl1 91.3(2) O5-In2-O2vi 85.8(3)
O4iv-In2-Cl1 91.8(3) O1-In2-O2vi 92.6(3)
O5-In2-Cl1 94.8(2) O1-In2-Cl1 91.0(3)
Symmetry codes: i) 1-y, 1+x-y, z; iii) 5/3-x+y, y+1/3, z-1/6; iv) x-1/3, x-y+1/3, z-1/6;
v) 5/3-y, 7/3-x, z-1/6; vi) y, x, 1/2-z.

4. Crystal Structure of 1

Fig. S1 The asymmetric unit of 1. Displacement ellipsoids are drawn at the 30% 
probability level (Hydrogen atoms were omitted for clarity).

 
Fig. S2 Crystal structure of 1 showing the coordination environments of In1 and 

In2 cations (Hydrogen and the disordered atoms were omitted for clarity).
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Fig. S3 The hydrogen bond in 1. 

Table S3 Hydrogen-bonding geometry (Å, °) for 1.

D-H∙∙∙A d(D-H) d(H∙∙∙A) d(D∙∙∙A)
∠D-H∙∙∙A

O5-H5∙∙∙Cl1i 0.93 2.434 3.325(4) 160
Symmetry code: i) 2-y, 1+x-y, z.

5. Coordination Mode of L2- Ligand

Fig. S4 The coordination mode of L2- ligand in 1.

Table S4 Dihedral angles (°) for InOF 1.

Ph/Ph CO2
-/Ph

87.6(3) 17.0(2), 25.8(3)
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Table S5 The reported trinodal 3,3,4-connected 3D complexes.

Complexes Schläfli symbol Ref.
[Cu2(pzca)2(Mo8O26)0.5(H2O)4]·H2O (2) (83)4(86) 10

[Zn1.5(2,5-PYDC)(ATZ)(H2O)]2 (2) (4·102)2(102·12)2(42·102·122) 11

Cu2(S,S,R,R-cptc)(bpe)(H2O)2·2H2O (1) (82·10)(83)(84·10·12) 12

[Zn3(bcba)2(Hbpt)2(H2O)2]n (4) (83)4(82·102·122) 13

[Zn3(otba)2(bidpe)2(H2O)2] (5) (6·82)2(62.82·102) 14

[Ag2(NO2)2L]·H2O (83)2(86) (tfa) 15

[Zn2L(HL)(SIP)(H2O)]⋅4H2O (3) (83)2(85⋅10) (tfc) 16

{[(CH3)2NH2]2(CdL)}·x(solvent) (1) (83)2(86) 17

[Ni2(detc)(bpea)2·3H2O]·3H2O (8) (6·82)(64·8·10)(83) 18

[Cu2(bpp)Cl2] (1) (5·82)(52·83·9)(52·8) 19

{[Co2L(4,4′-bibp)(H2O)4]·H2O}n (3) (63·83)(63)(83) 20

[Ag3(HDIBA)2(H2O)][(P2W18O62)0.5]·4H2O (4) (4·82)(4·85)(83) 21

[Cu2L(1,3-BDC)]n (1) (4·7·9)(7·8·9)(4·7·8·93) 22

[Co3(3-bpha)2(1,3,5-BTC)2(H2O)4]·2H2O (6) (83)4(84·102) 23

[Zn3L2(oba)3(H2O)2]·4H2O (1) (63)2(65·8) 24

{[Cd2(4,4′-sdb)2(tib)(H2O)3]·H2O}n (1) (6·82)(64·82)(83) 25

{[Cu2L(1,3-bdc)2]·2H2O}n (3) (4·6·8)2(6·84·10) 26

[Mn3L2(bib)2(H2O)4]·4H2O (2) (6·82)2(62·8)2(8·104·12) 27

[Cu6O(TZI)3(H2O)9(NO3)]n·(H2O)15 (1) (6·82)6(62·84)3(83)2 (ntt) or 3,24-(rht) 28

[Cu3(BHB)(H2O)3]·(DMF)6(H2O)2.5 (UTSA-20) (412·68·86) (zyg) 29

[CdL2]·H2O (6) (83)2(85·9) (cda) 30

[Ni2(odip)(H2O)4(DMF)]·DMF·2H2O (1) (62·8)2(64·82) 31

[Cd3(H2O)2(bmp)2(DMF)(BTC)2·3.5H2O·1.5DMF] (2) (4·92)(42·82·92)2 32

[Co(OBA)(L1)0.5]n (1) (4·82)2(63·83) 33

[Cd2L(pycy)(Cl)]·2H2O (1) (4·6·8)(4·62·83)(62·8) 34

[Ag4(bimpy)2(H2O)2(α-SiWVI
12O40)]·2H2O (3) (62·8)2(66) 35

{[Zn3(bdc)2(tib)2(HCO2)2]·4H2O·0.5CH2Cl2}n (2) (83)2(86)2(8·102) 36

[Zn2(L1)(dib)(H2O)2]n (2) (4·102)(4·6·84)(62·8) 37

[In8(μ2-OH)6(μ2-H2O)3L6Cl6]·5DMF·4H2O (1) (4·8·10)3(4·83·102)3(83) This work
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6. FT-IR Spectra of 1

Fig. S5 The IR spectra of 1 for as-synthesized, before and after the NH3 adsorption.

7. PXRD Pattern of 1

Fig. S6 Simulated and experimental PXRD patterns for 1.
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8. Thermogravimetric Analysis of 1

Fig. S7 TGA curve for 1.

9. Gas Sorption Experiments of 1

Fig. S8 CO2 sorption isotherms at 195 K for 1 activated with supercritical CO2.

Fig. S9 CO2 and N2 adsorption isotherms for 1 at 273 (left) and 298 K (right).
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Fig. S10 Selective separation ratio of CO2/N2 for 1 at 273 (left) and 298 K (right).

Fig. S11 C2H2, C2H4, C2H6 and CH4 adsorption isotherms for 1 at 273 (left) and 298 
K (right).

Fig. S12 Selective separation ratio of C2H2/CH4 for 1 at 273 (left) and 298 K (right).
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Fig. S13 Adsorption-desorption cycles of NH3 by 1 at 273 (left) and 298 K (right).

Fig. S14 The PXRD patterns of 1 after the adsorption-desorption cycles of NH3.

Calculation of adsorption heat Qst for NH3 uptake using Virial model

        
𝑙𝑛𝑃= 𝑙𝑛𝑁+ 1/𝑇

𝑚

∑
𝑖= 0

𝑎𝑖𝑁
𝑖+

𝑛

∑
𝑗= 0

𝑏𝑗𝑁
𝑗 𝑄𝑠𝑡=‒ 𝑅

𝑚

∑
𝑖= 0

𝑎𝑖𝑁
𝑖

The above virial expressions were used to fit the combined isotherm data for 1 at 

273 and 298 K, respectively, where P is the pressure, N is the adsorbed amount, T is 

the temperature, ai and bi are virial coefficients, and m and N are the numbers of 

coefficients used to describe the isotherms. Qst is the coverage-dependent enthalpy of 

adsorption and R is the universal gas constant.
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Fig. S15 Virial fitting of the NH3 adsorption isotherms for 1. Dots are experimental 
data; lines are fitting curves; inset is the fitting parameters.

Fig. S16 Calculated NH3 adsorption heats (Qst) of 1 via the virial method.

Table S6 Some MOFs showing reversible NH3 uptake at 1 bar.

MOFs
Desorption

condition
Stability

Uptake

(mmol/g)

Temperatur

e
Ref.

MIL-101/-100
25°C and 

vacuum, 30 min
5 cycles 10/8 298 K 38

Ni_acryl_TMA RT and vacuum 5 cycles 23.5 298 K 39

InOF 1
60°C and 

vacuum, 2 h
10 cycles 10.4 273 K

This 

work

NU-1000-F-60 60°C and 3 cycles 7.6 298 K 40
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vacuum, 12 h

SION105-Eu 75°C, 30 min 5 cycles 5.7 303 K 41

JCM-1(Cl-) 85°C and 5 h 6 cycles 7.2 298 K 42

LiCl@MIL-53-(OH)2-
43.4 wt%

100°C and 

vacuum, 2 h
15 cycles 33.9 298 K 43

[BOHmim][Zn2Cl5]@
MIL-101(Cr)

100°C and 

vacuum, 12 h
5 cycles 24.12 298 K 44

MOF-253(Al)-NiCl2-
2

120°C and 

vacuum, 12 h
6 cycles 18.0 298 K 45

UiO-66-CuII
120°C and 

vacuum, 24 h
15 cycles 16.9 273 K 46

[Cu(cyhdc)] 125°C 6 cycles 18.7 273 K 47

NH2-MIL-53
150°C and 

vacuum, 30 min
5 cycles 5.4 298 K 38

[Co(NA)2]
150°C and 

vacuum, 70 min
3 cycles 17.5 298 K 48

MOF-303(Al)
150°C and 

vacuum, 2 h
20 cycles 19.7 298 K 49

MFM-300 (Sc)
180°C and 

vacuum, 6 h
5 cycles 13.1 298 K 50

MFM-300 (Al)
200°C and 

vacuum, 24 h

Over 50 

cycles
15.7 273 K 51

MFM-300 

(Cr/Fe/VIII/VIV)

200°C and 

vacuum, 24 h

Over 20 

cycles

14.0/16.1/

15.6/17.3
273 K 52

ECUT-36 200°C, 24 h 2 cycles 6.6 273 K 53

[Ni2(adc)2(dabco)] 200°C and 3 h 3 cycles 12.1 295 K 54

[M(BDC)] (M = 

Cu/Zn)

250°C and 

vacuum, 80 min
3 cycles 17.2/14.1 298 K 55

[M2(dobpdc)] (M = 

Mg/Ni)

250°C and 

vacuum, 24 h
3 cycles 23.9/20.82 298 K 56

Table S7 Hydrogen bonds between NH3 and μ2-OH-/Cl- ions in 1 calculated by DFT.

D-H∙∙∙A d(D-H) /Å d(H∙∙∙A) /Å d(D∙∙∙A) /Å D-H∙∙∙A /°
O12-H12∙∙∙N1 1.04 1.680 2.711 173
N1-H1A∙∙∙Cl5 1.02 2.643 3.352 126
N1-H1B∙∙∙Cl3 1.02 2.816 3.438 120
N1-H1C∙∙∙Cl1 1.03 2.714 3.700 162
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Table S8 The geometry data (Å, °) for 1-opt-without hydrogen-bonds.

D-H∙∙∙A d(D-H) d(H∙∙∙A) d(D∙∙∙A)
∠D-H∙∙∙A

O12-H12∙∙∙N1 1.04 2.957 3.984 172
N1-H1A∙∙∙Cl5 1.02 3.344 3.896 116
N1-H1B∙∙∙Cl3 1.02 3.443 3.999 116
N1-H1C∙∙∙Cl1 1.03 3.411 3.889 110

10. DFT Calculations

DFT calculations were carried out using CP2K code (freely available at 

http://www.cp2k.org),57 based on the mixed Gaussian and plane-wave scheme58 and 

the Quickstep module.59 The calculation used molecularly optimized Double-Zeta-

Valence plus Polarization (DZVP) basis set,60 Goedecker-Teter-Hutter 

pseudopotentials,61 and the Perdew-Burke-Ernzerhof (PBE)62 exchange correlation 

functional with the D3 dispersion corrections proposed by Grimme.63 The plane-wave 

energy cutoff was 400 Ry. The calculation was performed on Gamma point only, with 

no symmetry constraint. Structural optimization was performed using the Broyden-

Fletcher-Goldfarb-Shannon (BFGS) optimizer, until the maximum force is below 

0.00045 Ry/Bohr (0.011 eV/Å). The cluster/adsorbate systems were modelled within 

the repeated scheme, that is, a simulation cell containing one In7 cluster and 

adsorbates (NH3). 40 Å of vacuum were included in the simulation cell to decouple 

the system from its periodic replicas in the direction perpendicular to the surface. All 

atoms were relaxed until forces were lower than 0.005 eV Å−1.

     
Fig. S17 Isosurface view showing physical absorption of NH3 in 1 with (left) and 

without (right) hydrogen bonds.
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11. Catalytic Experiments of 1

Fig. S18 Effect of reaction conditions on the catalytic property of 1: (a) Reaction 
time; (b) Reaction temperature; (c) Amount of catalyst; (d) The molar ratio of 

BA/TMOF.

Fig. S19 The recycling tests of catalyst 1.
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Fig. S20 The PXRD patterns of 1 before and after catalytic reaction.

Table S9 A comparison of the catalytic property of 1 with the known InOFs.

In-MOF T (°C)
Catalyst 

(mmol%)

BA/TMOF 

(molar ratio)

Time 

(h)

Conversion 

(%)

Selectivity

(%)
Refs.

[In(BDC)1.5(bipy)] 60-70 10 1.95:1 4 22 NA 64

[In2(OH)2(BDC)2(phen)2] 60-70 10 1.95:1 6 56 NA 64

[In(BTC)(H2O)(bipy)] 60-70 10 1.95:1 6 60 NA 64

[In(BTC)(H2O)(phen)] 60-70 10 1.95:1 6 76 NA 64

[In2(OH)3(BDC)1.5] 60-70 10 1.95:1 6 68 NA 65

[In(OH)(L)]·0.3py 100 10 1.95:1 0.5 90 NA 65

1 70 6.9 1:1.5 4 99 96 This work
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