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Additional experimental details

Synthesis and Characterization

Synthesis of NAP(COOH),(SO;H), and H,BDS ligands. The
NAP(COOH),(SO3H), and H,BDS ligands were synthesized following previous
reports.2

Warning: HCI gas can be released during synthesizing TGU-7~TGU-10.
To minimize exposure, the initial grinding process and autoclave opening
should be performed inside a well-ventilated fume hood while wearing
appropriate personal protective equipment.

Synthesis of TGU-7. CrCl;-6H,0 (233 mg, 0.875 mmol) and Ho,NDS (144
mg, 0.5 mmol) were manually ground in an agate mortar by hand for 15
minutes. The resulting mixture was sealed in a Teflon-lined stainless-steel
autoclave and heated at 220 °C for 48 h. After cooling to room temperature, the
crude product was washed five times with deionized water and twice with
ethanol. A pale green powder was obtained after centrifugation and drying in a
vacuum at 80 °C for 12 hours. Elemental analysis (EA) for TGU-7:
CooH26Cr050S4 (FW: 818.66): calculated (%): Cr, 12.70; C, 29.34; H, 3.20 and
S, 15.66. Found (%): Cr, 12.65 (ICP); C, 30.00; H, 3.51; and S, 16.02.

Synthesis of TGU-8. TGU-8 was synthesized similarly to TGU-7, except
adopting the chromium chloride tetrahydrate (201mg, 0.875 mmol) and grinding
in a glovebox under a nitrogen atmosphere to prevent exposure to moisture in
the air. Yield, 85 mg, 95.45% based on based on H,NDS. EA for TGU-8:
C45H47CrO43S; (FW: 553.48): calculated (%): Cr, 9.40; C, 32.54; H, 3.09; and
S, 17.38. Found (%): Cr, 9.51 (ICP); C, 32.75; H, 3.21; and S, 17.02.

Synthesis of TGU-9. TGU-9 was synthesized similarly to TGU-7, except
using the NAP(COOH),(SO3H), ligand (0.875 mmol, 329 mg). Yield, 368 mg,
94.65% based on NAP(COOH),(SO3H),. EA for TGU-9, C1,H;CrO441S, (FW:
444 .30): calculated (%): Cr, 11.70; C, 32.43; H, 1.59; and S, 14.46. Found (%):
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Cr, 12.00 (ICP); C, 31.53; H, 1.81; and S, 15.20.

For a 10-gram scale synthesis, the procedure for TGU-9 was proportionally
scaled up 30 times using a 100 mL Teflon-lined stainless-steel autoclave,
heated at 220 °C for 48 hours. The yield was 10.10 g.

Synthesis of TGU-10. TGU-10 was synthesized similarly to TGU-9,
except using the H,BDS ligand (260 mg, 1.09 mmol) and performing the
grinding in a glovebox under nitrogen atmosphere due to the high hygroscopic
property of H,BDS. The reaction temperature and time were 220 °C and 12
hours, respectively. Yield, 110 mg, 59.68% based on H,BDS. EA for TGU-10,
CgH40CrO441S3 (FW: 442.36): calculated (%): Cr, 11.76; C, 24.43; H, 2.28; and
S, 21.74. Found (%): Cr, 11.00 (ICP); C, 23.51; H, 2.00; and S, 20.20.

Synthesis of TGU-11. Cr(NO3);-9H,O (600 mg, 1.5 mmol),
NAP(COOH),(SO3H), (376 mg, 1 mmol), hydrofluoric acid (~40 wt%, 15 uL),
and H,O (2 mL) were mixed and sealed in a Teflon-lined stainless-steel
autoclave and then heated at 220 °C for 10 h. After cooling, the product was
collected by centrifugation and washed six times with deionized water. The
sample was then dried in a vacuum at 80°C for 12 hours, yielding a green
powder. Yield, 121 mg, 27.11% based on NAP(COOH),(SO3H),. EA for TGU-
11, C36H29Cr3034Ss.

3D ED structure analysis. The cRED method and liquid nitrogen sample
holder were combined to collect the 3D ED data of the TGU-7, TGU-8, TGU-9
and TGU-10 nanocrystals to prevent the electron beam damage. For TGU-7,
TGU-9 and TGU-10 samples, the cRED operations were conducted on JEOL
2100 transmission electron microscopy (TEM) at 200 kV by the Gatan oneview
camera with the InsteaDMatic script. For TGU-8 sample, the data collection
was performed on Themis Z transmission electron microscopy at 200 kV by the
ASI medpix camera. The collected frames were then processed by the XDS
software to search peaks,® find unit cell and space-group and integrate

intensities. The unit cell parameters were finally determined by Pawley method
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against the high resolution PXRD patterns.* The 3D reciprocal space hkl was
reconstructed by REDp software and the 0k/, hO/ and hkO planes were
sectioned for symmetry analysis.®

Structure construction of TGU-11. The subsequent structure
determination by Shelxt method by using atomic structure factors for
electrons.®” The structure model of TGU-11 was built based on the pawely
refinement and the MIL-101 topology by substituting the ligand molecules.

Proton conductivity measurement. The proton conductivity
measurements were conducted following the same procedure outlined in our
previous work." In this work, we adopted two different sample geometries—
cylindrical and cuboid—to accurately evaluate the proton conductivities of TGU-
9, TGU-10, and TGU-11. The pressing molds and the corresponding test
schematic representation is shown in Fig. S46. Figs. 6d, 6e and S47 were
obtained using cuboid samples with dimensions of 0.2 x 0.4 x 1 cm3, while Figs.
S48, S49, and S53 were obtained using cylindrical pellets with a diameter of 6
mm (the thickness is added into each figure caption). The use of different
sample shapes ensured the appearance of complete semicircles in the Nyquist
plots under various relative humidity (RH) and temperature conditions for
accurately calculating proton conductivity.

For cuboid plates, approximately 90 mg corresponding powder was
pressed used the customized cuboid mold under 1,000 kg cm~2 pressure for 3
minutes. Both the two surface (0.2 x 0.4 cm?) of the cuboid plate were affixed
to silver wires using silver paste and sealed in a double-walled glass chamber.
For cylindrical pellets, approximately 50 mg corresponding powder was
pressed by the cylindrical mold under 1,000 kg cm=2 pressure for 3 minutes
(Figs. S45a and b). Both the round surface of the cylindrical pellet were affixed
to silver wires for impedance tests (Figs. S45b and c).

The temperature was regulated by a temperature-controlled circulating

water within the interlayer of the double-walled glass chamber. The RH was
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tuned by a series of saturated salt aqueous solutions which were prepared by
dissolving the excessive corresponding salts in deionized water (MgCl,, ~33%
RH; Mg(NO3),, ~53% RH; NaNO,, ~65% RH; NaCl, ~75% RH; KCI, ~85% RH;
deionized water, 100% RH). The impedance plots were obtained using a
Zennium pro electrochemical workstation with tuned frequency range spanning
from 1 Hz to 8 MHz and an alternating potential of 100 mV. The proton
conductivity (o, S cm™') was calculated by using the following equation (/, 1.0
cm; R, the measured impedance, Q; S, ca. 0.2x0.4 cm?):
o = lI(RS)

The activation energy (E,) was calculated by using the proton conductivity
data between 25 and 90 °C at 100% RH with the Arrhenius equation (T,
absolute temperature, K; A, pre-exponential factor; kg, Boltzmann constant):

In(oT) = InA-E /(kgT)
General characterization. Powder X-ray diffraction (PXRD) patterns

were recorded on a Bruker D8 Discover X-ray diffractometer with Cu K,
radiation. N, uptakes were measured at 77 K with a Micromeritics ASAP 2020
device. Water uptakes were recorded in a MicrotracBEL Belsorp-max
instrument. SEM/EDS was recorded using a GeminiSEM 500 scanning electron
microscope. TG analysis was conducted using TGA5500 thermal analyser in
air atmosphere. FT-IR spectra were acquired using a Thermo Nicolet 380
spectrometer over the wave number range of 400 to 4000 cm-'. X-ray
photoelectron spectrometer (XPS) (Al-Ka radiation at 1486.6 eV NEXSA,
Thermo Scientific) was used to analyse electronic properties. '"H-NMR spectra
were recorded by utilizing a Bruker Fourier 600M spectrometer. Elemental
analysis was performed by the Elementar vario EL cube.

Molecular simulation. The insertion of H,O molecules into the CP structure
was achieved through configurational-bias Monte Carlo (CBMC) method,
implemented using our in-house HT-CADSS suite. All framework atoms within

CPs were held fixed. The H,O molecule was represented by TIP4P modeland
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the interaction between H,O molecules and CP was described by Lennard-
Jones (LJ) potential taken from UFF.8° To account for the long-range
electrostatic interactions, the Ewald summation method was employed. The
extended charge equilibration (EQeq) method was utilized to assign the atomic
charges to CPs.'0 Cross interactions between different types of atoms were
estimated by the Lorentz-Berthelot (LB) mixing rule. For each CBMC
simulation consisted of 2x108 steps conducted under NVT ensemble at a
temperature of 298.0 K. The time step was set to 1.0 fs, and the cutoff distance
for the non-bonded and Coulomb interactions was established at 12.0 A. The

periodic boundary conditions were applied in all xyz directions.
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Fig. S1 Comparisons between the experimental and simulated PXRD patterns
of TGU-7 to TGU-11 and the comparison between TGU-11 and MIL-101_NDC.
(a), the comparison between TGU-11 and MIL-101_NDC; (b), TGU-11; (c),
TGU-7; (d), TGU-8; (e), TGU-9; (f), TGU-10.
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Table S1. Hydrothermal reaction results of Cr-salt with H,NDS, H,BDS, and
NAP(COOH),(SO3H),. Reaction condition: 2 ml H,0, 220 °C, 24 h.

3+ . .
Entry | Ligand cr Migand:Ners | AOWEV6HF Results
source + /drops
1 0 clear solution
3:2
2 2 clear solution
CrCI3-6H2
3 o 0 clear solution
2:2
4 2 clear solution
5 2:3 0 clear solution
6 0 greer'1
amorphism
7 1 carbonization
8 3:2 2 carbonization
9 3 clear solution
10 Cr(NO3)s-9 5 clear solution
3)3°
11 H.0 0 carbonization
2
12 2:2 1 carbonization
13 HoBDS 2 carbonization
14 0 carbonization
15 2:3 5 carbonization
16 10 white precipitate
17 0 green
amorphism
18 3:2 1 green
amorphism
19 2 clear solution
20 Cro, 0 green
amorphism
21 1:1 1 green
amorphism
22 2 clear solution
23 0 green
amorphism

S8



green

24 1 .
amorphism
green
25 4 amorphism
26 5 clear solution
27 3:2 0 white precipitate
CI'C|3'6H2
28 2:2 0 white precipitate
O
29 2:3 0 white precipitate
30 3:2 0 carbonization
CI’(NO3)3'9
31 2:2 0 carbonization
H,O
32 2:3 0 carbonization
33 3:2 0 clear solution
green
34 | H,NDS 0 amorphism
35 11 1 green
amorphism
36 2 clear solution
Cr03
37 0 greer
amorphism
38 1 green
2:3 amorphism
39 2 green
amorphism
40 3 clear solution
Cr—carboxylate
NAP(COO | Cr(NO3)3-9 ] .
41 H),(SOsH), H,0 3:2 0.5 coordinated

TGU-11
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synthesized at 10-gram scale
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Fig. S2 PXRD pattern of TGU-9 synthesized at the 10-gram scale.
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Fig. S3 The reconstructed 3D ED datasets with the sectioned 0k/, hO/ and hk0
planes in the reciprocal space. (a), TGU-7; (b), TGU-8.

Fig. S4 Another reconstructed 3D ED dataset of TGU-9 with the sectioned Ok/
(b), hO/ (c) and hkO (d) planes in the reciprocal space.
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Fig. S5 Profiles fit against the powder XRD data using the Pawley method. (a),

TGU-7; (b), TGU-8; (c), TGU-9; (d), TGU-10; (e), TGU-11.
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Table S2. The cRED experimental parameters, crystallographic data, and

structure refinement details of TGU-7, TGU-8, TGU-9 and TGU-10. The unit

cell parameters were refined against powder XRD data.

Data TGU-7 TGU-8 TGU-9 TGU-10
collection
. -69.16 ~
Tilt range (°) 50.97 -56.97 ~67.99 | -54.56 ~49.41 | -70.17 ~72.09
Tilt step (°) 0.21 0.25 0.23 0.22
Wavelength
aveeng 0.0251 0.0251 0.0251 0.0251
(A)
Exposure time 05 0.5 0.5 0.5
per frame (s)
Data TGU-7 TGU-8 TGU-9 TGU-10
process
Program for XDS XDS XDS XDS
data process
Program for
structure ShelxT ShelxT ShelxT ShelxT
solution
Crystal . . . .
monoclinic monoclinic monoclinic monoclinic
system
11.006(3), 11.0056(7), 10.666(7), 9.9289(12)
Unit cell 7.772(2), 23.4923(13), 6.555(4), 9.5629(10)
a, b, c(A) 18.214(4), 7.6371(4), 11.700(8), 15.8800(17)
a, B,y () 90, 93.509(4), | 90, 97.235(2), 90, 90, 103.656(3),
90 90 92.118(18), 90 90
Volume (A3) 1555.1(7) 1958.8(2) 817.4(10) 1465.2(3)
Space group P2,/c P2,/c P2,/m P2,/c
Resolution (A) 0.83 0.81 0.81 0.82
Completeness 65% 84% 62% 92%
Rint 16.39% 15.56% 7.81% 17.73%
No. .Of 3481 6642 2114 6691
reflections
No. of uni
©- orunique 1864 3061 1107 2479
reflections
Structure
. TGU-7 TGU-8 TGU-9 TGU-10
refinement
-10£h<12 -12<h<12 -13<h<13 -“11<h<11
Index range -9<k<8 26 < k<27 6<k<6 “11<k<11
-18< /<21 -8</<9 -14</<14 -18</<18
No. of 184 282 158 201
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parameters

No. .Of 146 211 187 110
restraints
H-atom eometr eomet eomet eomet
treatment 9 y 9 Y 9 Y 9 Y
R, =0.2466 R, =0.3224 R, =0.2099 R, =0.2207
R[> 20(/)] ! ! ! !
wR, =0.5482 | wR,=0.5995 | wR, =0.4918 wR, =0.4818
R;=0.3998 R, =0.4603 R, =0.2761 R, =0.2993
R (all data)
wR,=0.6155 | wR,=0.7090 | wR, =0.5370 wR, = 0.5493
Goodness-of- 1.621 2.079 1735 1.537

fit on F2
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Fig. S6 Structure illustration of TGU-9 and TGU-11. (a), the single layer of TGU-
9; (b) the 1---1r interaction between the adjacent ligands; (c), the interlayer
hydrogen bonds; (d), TGU-9 structure viewed along b-axis; (d), the super large

cages in TGU-11.
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e

1D Cr-chain characterized by edge-sharing mode in TGU-9; (b), dinuclear Cr-
SBU in TGU-10; (c), the reported corner-sharing 1D Cr-chain characterized by
corner-sharing mode; (d), the reported Cr-trimer. Cr, green; C, gray; O, red; S,

yellow; H, turquoise.
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Fig. S8 The calculated pore limited diameter of TGU-9.

Table S3. The hydrogen bond information in TGU-9.

TGU-9
1+X,+Y,1+4Z; 24+X,+Y,-1+Z; 31+X,3/2-Y,+Z
D H A d(D-H) d(H-A) d(D-A) D-H-A
(A) (A) (A) ()
012 H12 09! 0.94(2) 1.66(3) 2.60(2) 179(7)
010 H10 0112 0.94(2) 1.72(3) 2.66(2) 175(6)
06 H6 083 0.95 2.59 3.09(3) 113.4
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Fig. S9 Schematic illustration of reducing the chemical potential of crystalline
water in Cr-precursor to assemble the new TGU-8 material by using
CrCl3-4H,0. Cr, green; C, gray; O, red; S, yellow; H atom of the coordinated

H,O and —OH, turquoise. H atoms on the ligands were omitted for clarity.
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Fig. S10 PXRD patterns of the obtained phases using chromium chloride with

different number of water molecules.
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Fig. S11 Comparisons of the trace moisture effect on the synthesis of TGU-8.
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(a) CH:--1r interaction
365A 365A

.
~—

hydrophilic Iayer*
along bc plane

Fig. S12 The structure of TGU-10 with hydrophilic layer along the bc plane. (a),
the 1D Cr-belt with highlighted CH---1T interaction; (b) the view from b axis; (c),
the view from a axis; (d), the view from c axis. Cr, green; C, gray; O, red; S,

yellow; H atom for the CH---1 interaction, turquoise; Other H atoms were
omitted for clarity.

S20



Table S4. The hydrogen bond information in TGU-10.

TGU-10

MX,1/2+Y,3/2-Z;  22-X,-1/2+Y,312-Z; 32-X,2-Y,1-Z; “1-X,2-Y,1-Z

D H A d(D- d(H- d(D-A) D-H-A

H) A) (A) )
(A) (A)

08 HB8A o111 0.87 1.98 2.82(2) 162.0
08 H8B 0152 0.87 2.03 2.66(2) 128.0
09 H9A 0143 0.84 2.00 2.560(18) 1235
09 HOB 0114 0.85 2.31 3.06(3) 147.7
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Fig. S13 FT-IR spectra of the TGU-X, TGU-9, TGU-11, and
NAP(COOH),(SO3H), ligand. (a), The highlighted intense stretching vibration
of the S—u3-O bond and the C=0 stretching vibration; (b), the band shift of S-O
bond in the bidentate Cr-SOj entity.
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Fig. S14 FT-IR spectra of the TGU-7, TGU-8, and H,NDS ligand.
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Fig. S15 FT-IR spectra of the TGU-10 and H,BDS ligand.
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Fig. $16 The SEM image and EDS mapping of TGU-7. (a), the SEM image;

(b), the element Cr distribution; (c), the element S distribution.
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Fig. S17 The SEM image and EDS mapping of TGU-8. (a), the SEM image;

(b), the element Cr distribution; (c), the element S distribution.
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Fig. S18 The SEM image and EDS mapping of TGU-9. (a), the SEM image;

(b), the element Cr distribution; (c), the element S distribution.
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Smashed TGU-10

Fig. S19 The SEM images and EDS mapping of TGU-10. (a) and (d), SEM
images of the fresh-made and smashed TGU-10, respectively; (b), the element

Cr distribution; (c), the element S distribution.
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Fig. S20 The SEM image and EDS mapping of TGU-11. (a), the SEM image;

(b), the element Cr distribution; (c), the element S distribution.
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Fig. S21 '"H NMR spectra of the digested TGU-7, digested TGU-8 and H,NDS
ligand in 6 M KOH/D,O solution.
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Fig. S22 '"H NMR spectra of the digested TGU-9, digested TGU-11, and

NAP(COOH),(SO3H), in 6 M KOH/D,O solution.
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Fig. S23 '"H NMR spectra of the digested TGU-10 and H,BDS ligand in 6 M
KOH/D,0 solution.
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Fig. S24 XPS of the Cr-CO, coordinated TGU-11 and the Cr-SO3; coordinated
TGU-10, TGU-9, Cr-DSBPDC, Cr-DSBDC, and Cr-SBDC.
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Fig. S25 The binding energy of Cr2p in CrCl5-6H,0,
CrCl, 0sNAP(COOH),(SO3H)1.05(SO3)0.92:6H,0 (0<x<2), and TGU-9.
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Fig. S26 (a) PXRD pattern of TGU-9 prepared with Cr(NO3);-9H,0 and (b)
visualized detection of HNO3; gas during the grinding of Cr(NO3)3-9H,0 with the
NAP(COOH),(SO3H), ligand.
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Fig. S27 (a), Unknown product synthesized with NAP(COOH),(SO3sNa), and
CrCl3-6H,0; (b), no acid gas detected during the grinding of the
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CrCl;-6H;0 powder
A -

calculated CrCl;-6H,0
ICSD: 23954

10I20 30 40 50 60 70 80

2 theta / degree

Fig. S28 The identification of the purchased CrCl;-6H,0 used in this work.
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2 Theta / degree Cr(NO5)39H,0 =[Cr(H;0)¢](NOs)s-3H;0

Fig. S29 |dentification of the adopted Cr(NO3)3;-9H,0 (a) and the corresponding
unit cell (b).
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o) Solvent-free,

Sulfonate-carboxylate

coordinated TGU-X

220 °C, 48h

Solvent-free
220 °C, 48h

(b) 7500 4
Flexibility of TGU-X
6000
TGU-X with ethanol
* A
- 4500 - 1 in situ adding ethanol
=
e
L
c
— 3000 4
| in situ dried in air for 10 min
TGU-X with ethanol |
1500 - BRIV ORI | WP LIRS .
1 washed with ethanol
_ ]
0 A cruie TG UAX,._,_ L
I T T 1
10 20 30 40
2 Theta / degree

Fig. 30 Synthesis of TGU-X (a) and the flexibility test under different conditions

(b).
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COOH COOH

L S03Na Acidified by HCI L__sosH
J »
COOH COOH
NaSBDC SBDC
COOH Grindi Heai Washi
SOH rinding eatin ashin
h 4+ CrCly6H,0 9 g
o 10 min 220°C
COOH 0.2 mmol 24h
0.6 mmol

Scheme S1. Synthesis route of Cr-SBDC. (a), Synthesis of the SBDC ligand.
(b), Synthesis of Cr-SBDC.

1200
| _r-SBDC S=0—Cr
10004 | o 1047 cm™'v”
: Sl
o ,
800 - . .
= thf
= i [y
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oQ 7] 1
= 4001 g \ '
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200+ iR o |
1 ' I | A il k) 14 I
10 20 30 40 50 2000 1800 1000 800
2 Theta / degree Wavenumber / cm™

Fig. S31 Synthesis and characterization of Cr-SBDC. (a), Synthesis of Cr-
SBDC. (b), PXRD pattern of Cr-SBDC. (c), FT-IR spectra of Cr-SBDC and
SBDC.
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Fig. $32 3D ED data of of Cr-SBDC collected from —50° to +50°. (a), —50°; (b),

0°; (c), +50°. The insertion in (a) is the corresponding TEM image.

(a)
HS:CECOOH Oxidized by dilute HNO;  Rotary H°35:©[000H

HooC SH 122;0 evaporation ya6¢ SOH
DMBDC DSBDC

HO,S COOH Grinding  Heating  Washing

+ CI‘C|36H20 i 220 °C

HooC SO3H 10 min

0.6 mmol 0.2 mmol 24h

Scheme S2. Synthesis route of Cr-DSBDC. (a), Synthesis of the DSBDC
ligand. (b), Synthesis of Cr-DSBDC.

/Cr
a)1200- b —s=0
( ) ( ) 983 cm’’ :/( \Cr
1000 i
|
800 - ] l
=] |
2 6004 2 |
c 2 !
£ 'g DSBDC |
400 g mﬂw /WW{ j\
2001 o \ | H
0+ —C—OH |

10 20 30 40 50 2500 2000 1500 1000 500

2 Theta / degree Wavenumber / cm’!

Fig. S33 Synthesis and characterization of Cr-DSBDC. (a), PXRD pattern of
Cr-DSBDC. (c), FT-IR spectra of Cr-DSBDC and DSBDC.
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S SH N SOzH
- Oxidized by dilute HNO, Rotary : Z
100 °C " evaporation .
) 12h I
HS™ ™ HO3s™ ™
COOH COOH
DMBPDC DSBPDC
(b) COOH
A .S03H
\ ™
~ Grinding Heating Washing
+ CrCl;-6H,0 =
‘ s 10 min 220°C
HOsS™ 0.2 mmol 24h
COOH
0.6 mmol

Scheme S3. Synthesis Route of Cr-DSBPDC. (a), Synthesis of DSBPDC. (b),
Synthesis of Cr-DSBPDC.

(a) 400 - (b) S=0 — S—0—Cr
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Fig. S34 Synthesis and characterization of Cr-DSBPDC. (a), PXRD pattern of
Cr-DSBPDC. (b), FT-IR spectra of Cr-DSBPDC and DSBPDC.
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Condensate
water

Fig. S35 The solid state of the ground reactant mixture sealed in a glass tube
during heating at 220 °C for different hours. (a), 0 h; (b), 20 min; (c), 1 h; (d), 2
h; (e), 8 h; (f), 24 h; (g), after heating at 220 °C for 48 h and cooled to room

temperature. The condensate water product can also be clearly observed.
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Fig. S36 N, adsorption and desorption isotherms of TGU-9 (a), TGU-10 (b),

and TGU-11 (c). Closed and open symbol represent adsorption and desorption,

respectively.
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Fig. S37 Water vapor uptake comparison of the fresh-made and the long-time
stored TGU-9 (a), TGU-10 (b) and TGU-11 (c, the fresh-made). Closed and

open symbol represent adsorption and desorption, respectively.
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(a)

-

H20, 3 h, collapsed

fresh-made TGU-7

L

| n simulated TGU-7
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2 Theta / degree

& H20, 24h, dissolved ca. 55%wt
fresh-made TGU-8

M simulated TGU-8
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E &

(b)

Fig. $38 Stabilities of TGU-7 and TGU-8 in water. (a), TGU-7; (b), TGU-8.
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Fig. S39 TG curves of TGU-7 (red) and TGU-8 (blue) under air atmosphere.

(100) TGU-7

Intensity / a.u.

2 Theta / degree

Fig. S40 Temperature-dependent in-situ PXRD patterns of TGU-7.
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Fig. S41 Temperature-dependent in-situ PXRD patterns of TGU-8.
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Fig. S42 TG curves of TGU-9 (red) and TGU-11 (blue) under air atmosphere.
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Fig. S43 Temperature-dependent in-situ PXRD patterns of TGU-9.
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Fig. S44 TG curves of TGU-10 with fully adsorbed water vapor. Before TG test,

TGU-10 was put in a closed environment with 100 % RH for 24 hours to

guarantee the fully adsorption of water vapor.
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Fig. S45 Temperature-dependent in-situ PXRD patterns of TGU-10.
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(a) conductive
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;f ,JI
conductive / § = TIré
wire 7 =3.1415x0.32
= (0.2826 cm?

Cylindrical mold

Cylindrical pellet

conductive conductive
wire paste

= O

(S=0.2x0.4 cm? = 0.08 cm?)

Cuboid plate

Fig. S46 Schematic representation of the different shape used for impedance
test and the photos of corresponding pressing mold. (a), Cylindrical pellet. (b),

Cylindrical mold. (c), Cuboid plate. (d), Cuboid mold.

S46



(@) (D) 50k
12M4
—=—33% RH —a—53% RH
-9M+ -300k
c o
= 6M = P L
N - T ./.-l/' —— N
] \ )‘ \T 150k / .\\\
-3M- j-’ ’ E\._ -~ J .
o - I .‘-—"-
| 0 |
0 i
0 ™ 14M 21M 0 200k 400k 600k 800k
zZiQ zZQ
(c) (d)
-240k 4 -80K -
—=—65% RH —a—75% RH
-180k e
= 120k ol
K / S 40k
7 3 o,
60k{ J / \
u "
: -\l..-—-' 20k{ f o
0- , jl d """u--""
0 150k 300k 450k 04 ' . . . .
710 0 40k 80k 120k 160k
zZiQ
(€) 2a)
—a—85% RH
21k
&l
= 14k A
N _,-) .1'\‘
J "
J . -"')
-7k{ § "h., e
i
0
0 20k 40k 60k 80k
zZiQ

Fig. S47 RH-dependent impedance plots of TGU-9 after stored in air for 1260
days. (a), 33% RH; (b), 53% RH; (c), 65% RH; (d), 75% RH; (e), 85% RH. The

cuboid plate of TGU-9 is used to obtained these plots.
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Fig. S48 RH-dependent impedance plots of TGU-10 after stored in air for 200
days. (a), 65% RH; (b), 75% RH; (c), 85% RH. The cylindrical pellet with the

thickness of 0.157 cm is used to obtained these plots.
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Fig. S49 RH-dependent impedance plots of fresh-made TGU-11. (a), 53% RH;
(b), 65% RH; (c), 75% RH; (d), 85% RH. The cylindrical pellet with the thickness

of 0.185 cm is used to obtained these plots.
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Fig. S50 The impedance plots (dots) and the fitting data (line). (a), the data of
TGU-9 at 100% RH; (b), the data of TGU-11 at 85% RH. The insertion in each

figure is the corresponding equivalent circuit.
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Fig. S51 RH-dependent proton conductivities of TGU-9 and TGU-11 at 25 °C.
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Fig. $52 RH-dependent proton conductivity of TGU-10 at 25 °C.
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Fig. S53 Temperature-dependent impedance plots of the fresh-made TGU-11
at 100% RH. The cylindrical pellet with the thickness of 0.165 cm is used to

obtained these plots.
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Fig. S54 Temperature-dependent proton conductivities of the fresh-made CPs

and that after long-time stored in air. (a), TGU-9; (b), TGU-10.
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Fig. S55 Time-dependent proton conductivity of TGU-9 at 80 °C and 100% RH.
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Fig. S56 PXRD patterns of TGU-9 before and after impedance test.
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Fig. S57 Time-dependent proton conductivity of TGU-10 at 80 °C and 100%
RH.
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Fig. S58 PXRD patterns of TGU-10 before and after impedance test.
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Fig. S59 Arrhenius plots of the long-time stored TGU-9, TGU-10, and fresh-
made TGU-11.
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Table S5. Proton conduction comparison of TGU-9, TGU-10, TGU-11, and

the sulfonate-coordinated CPs.

Proton conductivity

CPs (S cm-) E,/eV | Refs.
] 0.28
TGU-9 (90 °C, 100% RH) work
3.39x10-2 This
] 0.30
TGU-10 (90 °C, 100% RH) work
3.14 x 10~ This
TGU-11 019
(90 °C, 100% RH) work
2.1x1072
PCMOF2 0.21 11
1/2 (85 °C, 90% RH)
1.50x1072
CuH(Hsfpip)CI(H,0 0.41 12
[CuH(Hsfpip)CI(H.0)] (95 °C, 97% RH)
[CO16(TPCAR-1)2(H25-sip)a(H5- 1.35%1072 1.32 13
sip)s(H20)24]- 12DMF-4H,0 (90 °C, 98% RH) .
9.4x10-3
Cua(sba)a(bpg)a(H20)3]-5H,0 0.64 14
{[Cuz(sba)2(bpg)2(H20)3]-5H20}y (80 °C, 95% RH)
7.8x1073
Cr/sBDC-Gel-0.4 0.3 15
s e (80 °C, 100% RH)
{[Er4(OH)4(DSOA)(H,0)s]-4.6H,0- 6.59x1073 0.32 16
1.4CH;CN}, (80°C, 95% RH) |
6.47x1073
Cut(HsohClLeHaO 0.12 17
uzH2(Hspip)2Cls-H (95 °C, 97% RH)
3.46x1073
Cu(H,SNDC)(DMF 0.68 18
[Cu(H2 X )aln (95 °C, 95% RH)
1.9%1073
Cu-DSOA 1.04 19
u (100 °C, 95% RH)
1.41x1073
CpaZrs(is-O)(H3-OH)slsLs-4Na-H,0 0.225 20
[CpaZrs(us-O)(us-OH)sloLs"4Na-H; (30 °C, 95% RH)
1.25x1073
PCMOF-17 0.31 21
(25 °C, 40% RH)
1.11x1073
JXNU-2(Sm 0.628 22
(Sm) (80 °C, 98% RH)
7.4x107
Cuy(5-sip)2(OH)o(DMF 1.32 23
Us(5-sip)2(OH)( )2 (95 °C, 95% RH)
5.3x107
Cu-SAT 0.23 24
u (80 °C, 98% RH)
3.9x107
Zn(H5-sip)(4,4" -bpy)]-DMF-2H,0 - 25
[Zn(H5-sip)( py)l 2 (25 °C, 60% RH)
—4
Tb-DSOA 1:66x10 045 | 26

(100 °C, 95% RH)
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1.23x1074

Cu(4,4’ -bpy),(1,4-BDMS)(H,0 0.37 27
[ u( py)Z( )( 2 )O.S]n (90 OC, 98°/o RH)
1.21%107
Ba(HsBPM)(H,0)]-H,0 0.54 28
[Ba(H.BPM)(HO)-Hz (22 °C, 90% RH)
1.04x107
JXNU-7(E 0.34 29
(Ew) (85 °C, 98% RH)
1.0x10™4
H30)[Eu(SBDB)(H,0 0.48 30
[{( 3 )[ U( )( 2 )2]}n] (65 OC, 98% RH)
4.4x107
INa(-OH)2(SO4)a} {(LH)a} nH,O 0.32 31
[{ nZ(l-'I )2( 4)4} {( )4} nH ]n (30 °C, 98% RH)
{[Cd-(4,4’ -bpe)o.5(5- 3.7x10° 0.37 32
sip)(H20)]-4H,0(4,4" -Habpe)o.shn (65 °C, 95% RH) '
3.5x105
C H5-sip)(H20)2] (H20)2} 0.35 33
{[ U(pyZ)( S|p)( 2 )2]( 2 )2} (65 OC, 95% RH)
3.461x105 S cm™
Co(dia)s 5(Hsip)(H20)-H;0 0.404 34
oldia):s(Hsip)(Hz0) Ha (85 °C, 98% RH)
1.1x1075
Css(THB)(H,0 0.3 35
(CSa(THB)(H20)s.4 (70°C, 50% RH)
Cu(DBDC)(4,4’ - : K
{[Cux( )I¢ 4.48x10 0.95 36

bpy)2.5(H20)]1.7H>0},

(65 °C, 95% RH)
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Fig. S60 Simulated water in the channel of TGU-9 with the hydrogen bonding
networks. (a), water distribution in TGU-9; (b), the hydrogen bonding networks

in one channel.
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Fig. S61 Comparison of the hydrogen bonding networks in TGU-10 before and

after adsorbing water vapor viewed along different directions. (a), the pristine

hydrogen bonds in TGU-10; (b), TGU-10 with adsorbed water vapor; (c),

hydrogen bonding network in TGU-10 with adsorbed water vapor.
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