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Experimental section

Materials and methods

All reagents and solvents are commercially available and directly used without further purification.
'H NMR were performed on Bruker Advance III 400 MHz. The Fourier transform infrared (FT-IR)
spectra (KBr pellets) were recorded in the range of 4004000 cm™' on a Thermo Nicolet 5700
spectrograph. Thermogravimetric analyses (TGA) were performed with METTLER TGA/SDTA
851 thermal analyzer with a heating rate of 10 °C min™! from 30 to 600 °C under N, atmosphere.
Powder X-ray diffraction (PXRD) patterns were recorded using Cu Ka radiation (1 = 1.5418 A) on
a PANalytical X’Pert® powder diffractometer with a vacuum apparatus at 40 kV and 40 mA. The

water adsorption test was conducted on the Biesde Instrument BSD-VVS.

Single-crystal X-ray structural analysis

Data collection and structural analyses were performed on an Agilent Technologies Super Nova
single crystal diffractometer equipped with graphit monochromatic Cu Ka radiation (1 =1.5418 A).
We have fixed the 405 nm laser inside the single crystal diffractometer to ensure that the light source
can be directed at the single crystal in situ. Using Olex2,! the structures were solved with the
ShelXL? structure solution program using charge flipping and refined with the ShelXL refinement
package using least-squares minimization. All nonhydrogen atoms were refined with anisotropic
displacement parameters. The hydrogen atoms bonded to framework atoms were placed at idealized
positions and refined using a riding model. The lattice water molecule in HOF-FJU-356 was refined

with partial occupancy (0.5 per formula unit).

Proton conductivity measurement

Proton conductivity measurements and impedance analysis of the single-crystal samples were
conducted using a two-probe configuration with a Solartron SI 1260 Impedance/Gain-Phase
Analyzer and a 1296 Dielectric Interface Impedance Analyzer over a frequency range of 1 Hz to 1
MHz. The relative humidity and temperature environment are precisely controlled by the constant
temperature and humidity chamber SMA-100PF (temperature: 0 °C to +150 °C; humidity: 20% to
98% RH). Before each test, the samples are placed in the target temperature and humidity for 30
min to reach a balanced state, ensuring that the framework can achieve a stable state corresponding
to the set humidity.

Proton conductivity was calculated using the following equation:
L
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Where L and S are the length (cm) and cross-sectional area (cm?) of the samples, respectively,

and R is the bulk resistance (2) of the sample, which was extracted directly from the impedance



plots. The activation energy (F,) for the material's conductivity was estimated from the following
equation:
Ell
oT =oyexp(-—
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where o is the proton conductivity, oy is the preexponential factor, kg is the Boltzmann constant,

T >

ZView software was used to extrapolate impedance data results by means of an equivalent

and 7 is the temperature.

circuit simulation to complete the Nyquist plot and obtain the resistance values. The selection of the
equivalent circuit model followed the criteria suggested by Ciucci, which should be information-

maximizing and consistent with the practical implications of physics.

Synthesis of 4,4',4"',4'"'-(ethene-1,1,2,2-tetrayl)tetraaniline (ETTA)
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Scheme S1. Synthesis of 4,4',4",4"-(ethene-1,1,2,2-tetrayl)tetraaniline

HaN NH;

4,4',4" 4"-(Ethene-1,1,2,2-tetrayl)tetraaniline (ETTA) was synthesized according to a reported
literature procedure with slight modifications (Scheme S1).3 Briefly, 4,4'-diaminobenzophenone
(1.6 g, 7.6 mmol) was dissolved in concentrated hydrochloric acid (70 mL) with heating and stirring
in a round-bottom flask. To this solution, tin powder (6.0 g, 50.6 mmol) was added, and the reaction
mixture was stirred at 75 °C for 6 h. After completion, the mixture was cooled to room temperature
and then placed in an ice bath. Subsequently, the mixture was carefully neutralized to pH > 13 by
the gradual addition of NaOH pellets with vigorous stirring, resulting in the formation of a
substantial precipitate. The precipitate was collected by vacuum filtration and thoroughly washed
with deionized water (3 x 50 mL). The crude solid was then dissolved in methanol, and the insoluble
residues were removed by filtration. The filtrate was concentrated under reduced pressure to afford
the crude product. Further purification was achieved by silica gel column chromatography using
ethyl acetate as the eluent. The fractions containing the desired product were combined and
concentrated, and the resulting solid was dried under vacuum to yield ETTA as a yellow powder.
(0.51 g, 34.5% yield). '"H NMR (400 MHz, DMSO-ds) ¢ 6.57 (d, J= 8.4 Hz, 8H), 6.26 (d, J= 8.4
Hz, 8H), 4.85 (brs, 8H).

Growth of Single Crystals



Synthesis of HOF-FJU-356. An aqueous solution (20 mL) of methanedisulfonic acid (H,MDS,
88.1 mg, 0.50 mmol) was added to a methanol solution (40 mL) of ETTA (78.5 mg, 0.20 mmol).
The resulting mixture was then allowed to stand undisturbed for 1 d at room temperature, resulting
in the formation of pale purple transparent crystals of HOF-FJU-356 with a yield of 87%. IR (KBr,
cm™'): 3451 (m), 2937 (s), 2613 (m), 1613 (m), 1573 (m), 1509 (s), 1423 (w), 1383 (w), 1231 (s),
1070 (m), 1012 (s), 795 (m), 770 (m).

Synthesis of HOF-FJU-357. An aqueous solution (20 mL) of ethane-1,2-disulfonic acid (H,EDS,
95.1 mg, 0.50 mmol) was added to a methanol solution (40 mL) of ETTA (78.5 mg, 0.20 mmol).
The resulting mixture was then allowed to stand undisturbed for 1 d at room temperature, resulting
in the formation of pale green transparent rod-shaped crystals of HOF-FJU-357 with a yield of 92%.
IR (KBr, cm™): 3421 (m), 2946 (s), 2641 (m), 1608 (m), 1559 (m), 1513 (s), 1432 (w), 1241 (s),
1169 (s), 1111 (m), 1025 (s), 836 (m), 773 (m).
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Fig. S1. 'H NMR spectrum (400 MHz, DMSO-d;) of ETTA.
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Fig. S2. FT-IR spectra of (a) HOF-FJU-356 and (b) HOF-FJU-357.



Crystal data and structure

Table S1. Crystallographic data and structural refinement summary

Identification code

HOF-FJU-356

HOF-FJU-357

CCDC

Empirical formula

2497637
CrsH33N4012.554

2497638
C30H44N4O16S4

Formula weight 753.82 884.93
Temperature/K 292.61 100.00
Crystal system monoclinic triclinic
Space group P2, PI
alA 12.9564(3) 10.5109(2)
b/A 10.3265(2) 12.7386(5)
c/A 15.4288(4) 14.3882(6)
al® 90 88.137(3)
pr° 113.602(3) 89.436(3)
/° 90 79.054(3)
Volume/A3 1891.60(9) 1890.43(12)
Z 2 2
Peal/g cm™3 1.323 1.484
w/mm-™! 2.991 2.850
F(000) 786.0 888.0

Crystal size/mm?>
Radiation

Reflections collected

0.22 x 0.1 x 0.03
Cu Ko (A= 1.54184)
9704

0.37 x 0.04 x 0.01
Cu Ko (A= 1.54184)
19292

Independent reflections Rin = 0.0465, Rgigma = 0.0471 Rin = 0.0559, Rgigma = 0.0560

Data/restraints/parameters 5387/23/467

7254/9/455
Goodness-of-fit on F2 1.057 0.889

Final R indexes [ >= 20 (I)]® R, =0.0627, wR, =0.1737 R, =0.1384, wR, = 0.3890

Final R indexes [all data]® R, =0.0699, wR, = 0.1828 R, =0.1451, wR, = 0.3921

Largest diff. peak/hole / e A3 0.60/-0.57 2.32/-0.97

(@) Ry =X ||[Fol-|Fdl| / Z |Fol; wRy = [Z w(|Fo|> — |Fc?)? | £ w(F?)*]?
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Fig. S3. The hydrogen bonding patterns in (a) HOF-FJU-356 and (b) HOF-FJU-357.

Table S2. Partial hydrogen bond parameters.

D-A/A
HOF-FJU-356 HOF-FJU-357
N1-H1--O8 2.878 NI-H1--02 2.749
NI-H2--04 2.943 NI1-H2---06 2.813
NI1-H2--03 2.865 NI-H2--012 2.859
NI1-H3--01 2.779 NI1-H3--08 2.84
N2-H4---012 2.819 N2-H4--010 2.833
N2-H5--06 2.738 N2-HS5---04 2.885
N2-H6--010 2.865 N2-H6--01 2.893
N3-H7--07 2.790 N3-H7--010 2.825
N3-H7--03 2.945 N3-H8--05 2.984
N3-H8--OW1 2.825 N3-H8:-03 2.857
N3-H9--04 3.117 N3-H9--07 2.786
N4-H10---O5 2.775 N4-H10--05 2.868
N4-H11--010 2.936 N4-H11--0O11 2.785
N4-H12--09 2.923 N4-H12---08 2.816

N4-H12--011 2.867
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Fig. S4. Schematic representations of the pore structures of (a,b) HOF-FJU-356 and (c,d) HOF-
FJU-357.
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Fig. S5. Single crystal of (a) HOF-FJU-356 and (b) HOF-FJU-357 on the X-ray diffractometer and

the diffractions corresponding to each direction of the crystal; Single crystal of (¢) HOF-FJU-356
and (d) HOF-FJU-357 EIS test connection method
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Fig. S6. (a-¢) Single-crystal conductivity measurements of HOF-FJU-356 along the (0,1,0) direction

at different relative humidities; (f—j) corresponding measurements of HOF-FJU-357 along the

(1,0,0) direction.



Table S3. The proton conductivity (S em™) of the HOF-FJU-356 single crystal along the (0,1,0)

direction at temperatures ranging from 30 to 70 °C and under different relative humidities (RH).

RH 30 °C 40 °C 50 °C 60 °C 70 °C

50% 240 %1078 5.56 x 1078 1.05x 1077 2.90 x 1077 7.68 x 1077
60% 1.63 x 1077 3.60 x 1077 6.98 x 1077 2.01 x 107 5.13x10°°
70% 1.14 x 1076 2.61x10° 5.02 x 107° 1.45 x 1073 3.60 x 1073
80% 7.60 x 1076 1.82 x 1073 3.92x 1073 9.61 x 1073 247 x 1074
90% 5.69 x 1073 1.23 x 1074 3.19x 1074 6.67 x 1074 1.81 x 1073
98% 3.67 x 1074 9.03 x 1074 233 %1073 486 %1073 1.22 x 1072

Table S4. The proton conductivity (S em!) of the HOF-FJU-357 single crystal along the (1,0,0)

direction at temperatures ranging from 30 to 70°C and under different relative humidities (RH)

RH 30 °C 40 °C 50 °C 60 °C 70 °C

50% 8.49 x 107 3.66 x 1078 2.04x 1077 424 x 1077 1.45x 1076
60% 8.04 x 1078 227 %107 1.15x 1076 278 x 107 9.99 x 1076
70% 7.77 x 1077 1.63 x 1076 6.13 x 1076 1.81 x 1073 517 %1073
80% 5.68 x10°° 9.30 x 107 3.19x 1073 593 x 1073 1.22 x 1074
90% 2.61 x 107 477 x 1073 8.81 x 1073 1.57 x 1074 3.81 x 1074

98% 1.14 x 1074 1.79 x 1074 292 %104 5.06 x 1074 1.12x 1073




Fig. S7. Simulated distribution of water molecules within the pore channels of (a) HOF-FJU-356
and (b) HOF-FJU-357 under saturated adsorption conditions, showing an effectively continuous
hydrogen-bonded network in HOF-FJU-356 and discrete water clusters in HOF-FJU-357.



Table S5. Comparison of proton conductivity for HOF-FJU-356/357 and other representative

conductors. (SC: single crystal)

Proton
HOFs conductivity omPle Condifions V) Ref
o (S em-) form (T, RH)

HOF-FJU-356 122x102  [0,1,0] 70°C,98%RH  0.806  This work

HOF-FJU-357 1.12x 103 [1,00] 70°C,98%RH  0.529  This work
iHOF-3 1.67x 107 pellet  100°C, 98% RH 0.46/0.22 [4]
iHOF-4 276103 pellet  100°C,98% RH  0.41 [4]
iHOF-16 556x 103 [0,1,0] 80°C,98%RH  0.73 [5]
UPC-H5a@NH; H,0  1.59x 1070 pellet 80 °C,99% RH 0.4 6]
UPC-H5a 342x102  pellet  80°C,99% RH 0.2 [6]
UPC-H5 1.85x 107  pellet  80°C,99%RH  0.23 6]
UPC-H3 9.00x 102  pellet  80°C,99%RH  0.39 [7]
UPC-H2 6.90x 103 pellet  80°C,99%RH  0.79 [7]
HOF-H3L 6.91x 105  pellet 100°C,98%RH  0.68 [8]
[bpds][22bpy] 8.69x10°5  pellet  90°C,95%RH  0.51 [9]
[bpds][bpee] 2H,O  1.09 x 107 pellet ~ J0°C,95%RH ¢ 56 [9]
[bpds][bpdoz] H,O 127 x 10* pellet ~ 90°C,95%RH 43 [9]
GP-1 527x10°  pellet S0°C,98%RH ¢35 [10]
GP-2 275x 106 pellet  80°C,98%RH 46 [10]
IITKGP-HOF-1 529 x 1072 SC 80°C,98% RH 52 [11]
IITKGP-HOF-3 7.6 x 107 SC 80°C,98% RH 42 [11]
iHOF-43 125x102  Pellet 100°C,98% RH  0.43 [12]
HOF-FJU-13 1.14x10*  [1,00] 60°C,98%RH  0.72 [13]
HOF-FJU-12 1.54x 105 [1,00] 60°C,98%RH  0.88 [13]
CPOS-1 1.0 x 102 pellet  60°C,98%RH  0.93 [14]
CPOS-2 2.2 %102 pellet  60°C,98%RH  0.61 [14]
CPOS-3 3.3 %10 pellet  60°C,98% RH  0.62 [14]
CPOS-4 7.4 %107 pellet  60°C,98%RH  0.82 [14]

KUF-1a 1.53 x 1073 pellet 80 °C, 98% RH 0.79 [15]
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