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1. Synthesis of H3TTCA-F
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Scheme S1. Synthetic procedures of the H3TTCA-F ligand.

(1) 4-fluoro-3,5-diiodobenzoic acid

According to literature,1 to finely powdered iodine (5.08 g, 20.0mmol) 

suspended in H2SO4(90%, 100ml, V/V) was added CrO3 (2.0g, 20.0 mmol). The 

mixture was stirred at about 30℃ for 30 min. To the solution was added 4-

fluorobenzoic acid (2.10 g, 15.0 mmol). The mixture was stirred at 25-30℃ for 

24 h and then poured into ice/water and filtered by a vacuum. The solid was 

washed with cool water and then dried by vacuum at 50 ℃. Crude (3.41 g, 58%) 

as a white solid which was used without further purification.

(2) Methyl 4-fluoro-3,5-diiodobenzoate

A sample of 4-fluoro-3,5-diiodobenzoic acid (19.6 g, 50.0 mmol) was suspended 

in 200 ml of absolute methanol at room temperature. Concentrated H2SO4 

(9.5ml) was added slowly with rapid stirring and then the reaction mixture was 

heated at reflux for 48 h. At the end of the reflux period, TLC (silica, CH2Cl2) 

indicated the complete consumption of the starting material. The solution was 

initially cooled to room temperature, and then in an ice bath to precipitate the 

product. Vacuum filtration afforded 18.87 g (93%) of a white solid. 1H NMR 

(400 MHz, CDCl3) 3.88 (s, 3 H), 8.32 (s, 2 H). Anal. Calcd. for C8H5I2FO2 (mw 

406): C, 23.65; H, 1.23. Found: C, 23.63; H, 1.21.
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(3) Trimethyl 2'-fluoro-[1,1':3',1''-terphenyl]-4,4'',5'-tricarboxylate

Methyl 4-fluoro-3,5-diiodobenzoate (1.62 g, 4 mmol), Methyl 4-boronobenzoate 

(1.57 g, 9.6 mmol), Pd(PPh3)4 (0.15 g, 0.13 mmol) and K3PO4 (3.82 g, 18.0 mmol) 

were placed in a 500 ml two-necked round bottom flask under a N2 gas 

atmosphere. The flask was further charged with a 200 mL of dry 1,4-dioxane, 

and the contents were heated for 48 h. After the mixture was cooled to room 

temperature, the solvent was removed, water was added. The water phase was 

washed with CH2Cl2. The mixed organic phases were dried with MgSO4. After 

the solvent was removed, the crude product was purified by column 

chromatography with CH2Cl2 as the eluent. 1H NMR (400 MHz, CDCl3) 3.87(s, 

3H), 3.96(s, 6H), 7.81(d, 4H), 8.16(s, 2H), 8.29(d, 4H). Anal. Calcd. for C24H19FO6 

(mw 422): C, 68.25; H, 4.50. Found: C, 68.27; H, 4.55.

(4) 2'-fluoro-[1,1':3',1''-terphenyl]-4,4'',5'-tricarboxylic acid

Trimethyl 2'-fluoro-[1,1':3',1''-terphenyl]-4,4'',5'-tricarboxylate (2.0 g, 4.7 mmol) 

was dissolved in 50 ml MeOH, 50 ml 2 M NaOH aqueous solution was added. 

The mixture was stirred at 50 ℃ overnight. The organic phase was removed, 

the aqueous phase was acidified with diluted hydrochloric acid to give yellow 

precipitate, which was filtered and wased with water several times. 1H NMR 

(400 MHz, CDCl3) 7.66(d, 4H), 7.94(s, 2H), 8.06(d, 4H), 12.78(s, 3H). Anal. Calcd. 

for C21H15NO6 (mw 377): C, 66.84; N, 3.71; H, 4.01. Found: C, 66.78; N, 3.73; H, 

4.00.
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2. Synthesis of UPC-104.

A mixture of H3TTCA-F (10.0 mg, 0.026 mmol) and In(NO3)3·4.5H2O (15.0 mg, 

0.04 mmol) were ultrasonically dissolved in DMF (2 mL) solution in 10 mL vial, 

then 6d of HNO3 (1:5) was added. The mixtures were slowly heated to 115 °C 

from room temperature in 5 hours, then kept at 115 °C for 2 days. After slowly 

cooled to 30 °C in 10 hours, the colourless block crystals were separated in 37% 

yield based on H3TTCA-F. Phase purity of the crystals was confirmed by 

powder X-ray diffraction (PXRD). FT-IR (KBr, cm-1): 3401(w), 3069(w), 1658 (s), 

1597(s), 1549(w), 1407(s), 1317(w), 1253(w), 1217(w), 1181(w), 1099(m), 1019(m), 

870(m), 784(s), 724(s); elemental analysis (EA, %) calculated for {[In1.5(µ3-O)(F-

TPTA)(Me2NH2)(H2O)]·4DMF·3H2O}: C, 43.05; H, 5.54; N, 7.18; found: C, 43.12; 

H, 5.49; N, 7.10.



SUPPORTING INFORMATION

6

2. Crystal data, structure and characterization of UPC-104.

Table S1. Crystal data and structure refinement of UPC-104 with CCDC 1837588.

Identification code UPC-104

Empirical formula C20.5H11.83FIn1.5O7.67

Formula weight 572.03
Temperature/K 150.01(10)
Crystal system trigonal

Space group R-3c
a/Å 27.3963(13)
b/Å 27.3963(13)
c/Å 75.861(3)
α/° 90
β/° 90
γ/° 120

Volume/Å3 49310(5)
Z 36

ρcalc mg/mm3 0.693
µ/mm-1 5.270
F(000) 10032.0

2Θ range for data collection 7.34 to 141.558°
Reflections collected 37141

Independent reflections 10368 [Rint = 0.0475, Rsigma = 0.0732]
Data/restraints/parameters 10368/0/288

Goodness-of-fit on F2 1.093
Final R indexes [I>=2σ (I)] R1 = 0.0843, wR2 = 0.2675
Final R indexes [all data] R1 = 0.1080, wR2 = 0.2991

Largest diff. peak/hole /e Å-

3

1.37/-1.16
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Table S2. Selected bond lengths (Å) and selected bond angles (º) for UPC-104.

Atom Atom Length/Å Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚

In1 O4 2.176(6) O4 In1 O51 169.3(3) O32 In1 O4 90.2(3)

In1 O30 2.136(8) O30 In1 O4 84.7(3) O32 In1 O51 93.7(3)

In1 O1 2.040(4) O30 In1 O51 85.7(3) O6 In2 O64 171.2(4)

In1 O21 2.130(6) O1 In1 O4 96.7(2) O6 In2 O8 85.6(2)

In1 O52 2.194(7) O1 In1 O30 177.7(3) O6 In2 O75 92.5(4)

In1 O33 2.153(7) O1 In1 O23 94.9(2) O1 In2 O6 94.4(2)

In2 O6 2.124(6) O1 In1 O51 93.0(2) O1 In2 O8 180.0

In2 O64 2.124(6) O1 In1 O32 92.4(3) O1 In2 O75 92.0(3)

In2 O1 2.025(8) O23 In1 O4 85.7(3) O1 In2 O72 92.0(3)

In2 O8 2.199(12) O23 In1 O30 87.0(4) O72 In2 O8 88.0(3)

In2 O73 2.182(9) O23 In1 O51 89.2(3) O75 In2 O8 88.0(3)

In2 O75 2.182(9) O23 In1 O32 172.0(3) O75 In2 O72 176.0(6)
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Figure S1. (a,b)The prime network of UPC-104 consists of two different types of hollow 
cages. (c) The dihedral angles between two sloping pendant benzene groups and the 
central benzene ring in TTCA-F for UPC-104.

Figure S2. Powder X-ray diffraction (PXRD) of UPC-104 under different temperatures.

Figure S3. N2 sorption isotherms at different activation temperatures of UPC-104.



SUPPORTING INFORMATION

9

Figure S4. Cycles of C3H8 (a), C3H6 (b) and C2H2 (c) adsorption for UPC-104 at 298 K.

Figure S5. The IR of UPC-104.
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Figure S6. The TGA of UPC-104.

Figure S7. The Qst for CH4, C2H2, C2H4, C2H6, C3H6, C3H8 , n-C4H10, and i-C4H10 for UPC-
104.

3. Hydrogen and light hydrocarbon adsorption of UPC-104.

Table S3. Single component gas adsorption Data for UPC-104.



SUPPORTING INFORMATION

11

Gas T 
[K]

Vads 
[cm3·g-1] 

Amount 
[mmol·g-1] 
[wt%]

Qst 
[KJ·mol-1]

273 26.6 1.19 1.90CH4

298 18.1 0.81 1.30

8.8

273 187.0 8.35 21.71C2H2

298 131.0 5.85 15.21

10.3

273 139.1 6.21 17.39C2H4

298 108.7 4.85 13.59

10.4

273 180.6 8.06 24.18C2H6

298 133.8 5.97 17.92

15.1

273 276.5 12.34 51.84C3H6

298 253.9 11.33 47.61

14.6

273 250.4 11.18 49.19C3H8

298 232.8 10.39 45.73

26.5

273 176.1 7.86 45.60n-C4H10

298 165.1 7.37 42.75

19.7

273 178.8 7.98 46.30i-C4H10

298 164.8 7.36 42.67

41.7

Table S4. UPC-104: adsorption selectivity of hydrocarbon at 1 bar for different molar 
fraction of binary mixtures.

binary gas mixtures molar fraction Selectivity
(273K)

Selectivity 
(298K)

50:50 12.0 11.8C2H2/CH4

10:90 11.6 11.7

50:50 8.5 8.9C2H4/CH4

10:90 8.4 8.7

50:50 14.3 12.3C2H6/CH4

10:90 13.9 12.0

50:50 122.5 97.9C3H6/CH4

10:90 83.7 71.1

50:50 126.9 79.0C3H8/CH4

10:90 99.6 58.0

50:50 26.1 28.5n-C4H10/CH4

10:90 19.7 19.9

i-C4H10/CH4 50:50 241.5 163.7
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10:90 327.0 212.2
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Table S5. Comparison of H2 Adsorption Data for Selected MOFs.

H2 uptake 
(77K, 1bar, wt%) ref H2 uptake (wt%) ref

UPC-104 2.06 This work SNU-1 1.90 11
NOTT-400 2.14 2 SNU-77H 1.79 12
CUK-1 1.6 3 FJI-1 1.02 13
SNU-5 1.83 4 MOF-

74(Mg) 2.2 14

SNU-6 1.68 5 PCN-9 1.53 15
ZIF-8 1.27 6 PCN-6 1.9 16
ZIF-11 1.35 6 PCN-6’ 1.35 17
SNU-4 2.07 7 UMCM-150 2.1 18
MOF-646 1.75 8 TUDMOF-1 1.75 19
MOF-5 1.32 9 PCN-21 1.6 20
MOF-177 1.25 9 PCN-46 1.95 21
IRMOF-11 1.62 9 SNU-21S 1.95 22
IRMOF-8 1.50 9 SNU-21H 1.64 22
IRMOF-9 1.17 10 SNU-50’ 2.1 23
IRMOF-2 1.21 10 PCN-61 2.25 24
IRMOF-6 1.48 10 PCN-66 1.79 24
IRMOF-3 1.42 10 PCN-68 1.87 24
IRMOF-20 1.35 10 NOTT-119 1.4 25
IRMOF-13 1.73 10 PCN-69 1.7 26
MOF-
74(Zn) 1.77 10 NU-100 1.82 27
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Table S6. Comparison of gas sorptions with C2H2 for selected MOF.

Materials C2H2 uptake 
(cm3 g-1)

ref
Materials C2H2 uptake 

(cm3 g-1)
ref

UPC-104 187 This work 1-Cu2(bpz) 58 51
ZJU-26 84 28 1-Ag2(bpz) 44 51
Cu-TDPAT 155.7 29 Cu(etz) 70 52
ZJU-40a 216 30 MOF-505 148 53
NOTT-101a 184 30 MOF-508 90 53
MOF-1 100 31 MIL-53 72 53
MOF-2 31 31 MOF-5 26 53
PCP-33 121.8 32 ZIF-8 25 53
UTSA-74 145 33 CoMOF-74 197 54
UTSA-68a 70.1 33 MnMOF-74 168 54
UTSA-50a 90.6 34 MgMOF-74 184 54
HKUST-1 201 35 ZnMOF-74 122 54
ZJNU-47a 214 36 FeMOF-74 156 55
ZJNU-61 48 37 UMCM-150 129 56
ZJU-30a 52.6 38 PCN-16 176 56
ZJU-199 128 39 NOTT-101 184 56
ZJU-72a 167.7 40 NOTT-102 146 56
UTSA-5a 59.8 41 UTSA-20 150 56
MMOF-20a 21 42 UTSA-33a 84 57
FJI-C4 72.5 43 UTSA-34b 121 58
UTSA-72a 27.8 44 UTSA-35a 65 59
ZJU-10a 174 45 UTSA-36a 57 60
FJU-C1 93.8 46 UTSA-38a 64 61
BUT-70A 69.5 47 Cu2(ebtc) 160 62
BUT-70B 87.1 47 Zn5(bta)6(tda)2 44 63
Cu2(pzdc)2(pyz) 42 48 Zn4(OH)2(1,2,4-btc)2 53 64
Mg(HCO2)2 66 49 Cu(bdc-OH)(4,40-bpy) 35 65
Mn(HCO2)2 51 49 Cu(bdc-OH) 43 66
Cu2(bdc)2(dabco
)

60 50
Cu4Lg 154 67

Cu2(ndc)2(dabco
)

97 50
Yb(bpt) 24 68

Cu2(adc)2(dabco) 82 50 HOF-3a 47 69
Zn2(bdc)2(dabco) 93 50 UPC-21 196.5 70
Zn2(ndc)2(dabco) 106 50 UPC-33 65.1 71
Zn2(adc)2(dabco) 101 50 UPC-30 30.9 72
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Figure S8. UPC-104: the parameters and optimized adsorption isotherms for calculated Qst 
of H2 using a variant of the Clausius-Clapeyron equation.

Figure S9. UPC-104: the parameters and optimized adsorption isotherms for calculated Qst 
of CH4 using a variant of the Clausius-Clapeyron equation.
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Figure S10. UPC-104: the parameters and optimized adsorption isotherms for calculated 
Qst of C2H2 using a variant of the Clausius-Clapeyron equation.

Figure S11. UPC-104: the parameters and optimized adsorption isotherms for calculated 
Qst of C2H4 using a variant of the Clausius-Clapeyron equation.
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Figure S12. UPC-104: the parameters and optimized adsorption isotherms for calculated 
Qst of C2H6 using a variant of the Clausius-Clapeyron equation.

Figure S13. UPC-104: the parameters and optimized adsorption isotherms for calculated 
Qst of C3H6 using a variant of the Clausius-Clapeyron equation.
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Figure S14. UPC-104: the parameters and optimized adsorption isotherms for calculated 
Qst of C3H8 using a variant of the Clausius-Clapeyron equation.

Figure S15. UPC-104: the parameters and optimized adsorption isotherms for calculated 
Qst of n-C4H10 using a variant of the Clausius-Clapeyron equation.
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Figure S16. UPC-104: the parameters and optimized adsorption isotherms for calculated 
Qst of i-C4H10 using a variant of the Clausius-Clapeyron equation.

Figure S17. UPC-104: the parameters and optimized adsorption isotherms of CH4 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 273K.
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Figure S18. UPC-104: the parameters and optimized adsorption isotherms of C2H2 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 273K.

Figure S19. UPC-104: the parameters and optimized adsorption isotherms of C2H4 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 273K.
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Figure S20. UPC-104: the parameters and optimized adsorption isotherms of C2H6 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 273K.

Figure S21. UPC-104: the parameters and optimized adsorption isotherms of C3H6 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 273K.
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Figure S22. UPC-104: the parameters and optimized adsorption isotherms of C3H8 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 273K.

Figure S23. UPC-104: the parameters and optimized adsorption isotherms of n-C4H10 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 273K.
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Figure S24. UPC-104: the parameters and optimized adsorption isotherms of i-C4H10 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 273K.

Figure S25. UPC-104: the parameters and optimized adsorption isotherms of CH4 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 298K.
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Figure S26. UPC-104: the parameters and optimized adsorption isotherms of C2H2 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 298K.

Figure S27. UPC-104: the parameters and optimized adsorption isotherms of C2H4 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 298K.
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Figure S28. UPC-104: the parameters and optimized adsorption isotherms of C2H6 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 298K.

Figure S29. UPC-104: the parameters and optimized adsorption isotherms of C3H6 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 298K.
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Figure S30. UPC-104: the parameters and optimized adsorption isotherms of C3H8 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 298K.

Figure S31. UPC-104: the parameters and optimized adsorption isotherms of n-C4H10 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 298K.



SUPPORTING INFORMATION

27

Figure S32. UPC-104: the parameters and optimized adsorption isotherms of i-C4H10 for 
calculated selectivity by using Ideal Adsorbed Solution Theory (IAST) at 298K.

4. Computational methods

Density Functional Theory (DFT) Calculations: DFT calculations were 

performed to provide the optimized structures and energies of acetylene and 

propylene interaction with the frameworks of UPC-104. We used the 

Perdew−Burke−Ernzerhof (PBE)73 functional under the generalized gradient 

approximation (GGA) functional with the double-ξ numerical polarization 

(DNP) basis set implemented in the DMol3 program package in the Materials 

Studio of Accelrys Inc for our calculations. Since calculations using the whole 

unit cells are too large, we used fragmented cluster models cleaved from the 

unit cells for modeling the partial charges, structures, and energies. The cleaved 

bonds at the boundaries of the clusters were saturated by protons (Fig. S30). 

The tolerances of energy, gradient and displacement convergence were 1 × 10-5 
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hartree, 2 × 10-3 hartree/Å, and 5 × 10−3 Å, respectively. The adsorption energies 

(Ead)74 of C3H6 and C2H2 molecules with the framework cluster of UPC-104 

were calculated by Ead = Egas + Ecluster – Egas-cluster, where Egas, Ecluster, and Egas-cluster 

are the total energies of the gas molecule, the fragmented cluster, and the 

adsorption system at their optimized geometries, respectively.

Grand Canonical Monte Carlo (GCMC) Calculations: In this work, the 

GCMC calculations,75 which were performed by Sorption code embedded in 

the Material Studio (MS) software, were carried out to study the C3H6 

adsorption capacity of UPC-104 at given adsorption 298 K and 5 kPa. Periodic 

boundary conditions were applied in three dimensions. In addition, the 

Dreiding force field,76 which was a purely diagonal force field with harmonic 

valence terms and a cosine-Fourier expansion torsion term, was used to 

describe the interatomic interaction. Specifically, the van der Waals interactions 

with a cutoff of 8 Å were depicted by the Lennard−Jones potential and the 

electrostatic interactions were described via atomic monopoles and a screened 

(distance-dependent) Coulombic term.
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Fig. S33 Preferential C2H2 and C3H6 adsorption sites and corresponding adsorption energies in UPC-

104 obtained from first-principles calculations.
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