Supplementary Information (Sl) for CrystEngComm.
This journal is © The Royal Society of Chemistry 2024

Electronic supplementary information for the paper:

Impact of the number of hydrogen bonds on proton conductivity in
metallo-hydrogen-bonded organic frameworks: The more, the better

at the maximum relative humidity

Shaogiang Feng, ® Fengxia Xie, ** Chengan Wan, ® Feng Zhang, Lei Feng,® Chen Wen,

*> and Xiaogiang Liang "

@ College of Environmental and Chemical Engineering, Xi’an Polytechnic University,
Xi’an 710048, PR China. E-mail: anxiny@163.com, xq-liang@163.com

b Beijing Spacecrafts Manufacturing Factory, Beijing 100094, PR China. E-mail:
13552907280@163.com

¢ Key Laboratory of Photochemical Biomaterials and Energy Storage Materials,
Heilongjiang Province and College of Chemistry and Chemical Engineering, Harbin
Normal University, Harbin 150025, PR China.

S1



Section

Crystal data and Structures

I
111
1A%

\4!

VII
VIII
IX

XI
XII
XT1IT

Table of Contents

Content

Characterization: PXRD patterns
Characterization: Infrared absorption spectra

Characterization: SEM images
Hydrophilicity: Water adsorption and water contact
angle

Proton conduction:

-Impedance spectra of powder samples
-Determination of single crystal orientations
‘Determination of crystal size

-Impedance spectra of single crystals
-Single-crystal proton conduction

Detail of hydrogen-bonded networks
PXRD patterns after impedance measurements.

Differential scanning calorimeter measurements

PXRD patterns after dielectric  spectroscopy
measurements

Comparison of chemical stability
Comparison of proton conductivity

References

S2

Page
S3-S4
S5
S6
S7

S8

S9-S23

S24
S25
S26

S27

S28
S29-S30
S31-S35



S3



I. Crystallographic data

Table S1 Selected bond lengths (A) and angles (°) for Ni-Ci-NH; and Ni-Ci-H,O.

Ni-Ci-NH;
Ni(1)-N(1) 2.141(3)  Ni(1)-N(IW) 2.1011(15)
Ni(1)-N(1a) 2.141(3)  Ni(1)-N(1Wa) 2.1011(15)
Ni(1)-N(1Wb) 2.1011(15) Ni(1)-N(1Wc) 2.1011(15)
N()-Ni(1)-N(1W) 88.98(6)  N(1)-Ni(1)-N(la) 180.00
N(D)-Ni(1)-N(1Wa) 91.02(6)  N(1)-Ni(1)-N(1Wb) 91.02(6)
N(D)-Ni(1)-N(1Wc) 88.98(6)  N(IW)-Ni(1)-N(1Wa)  86.11(6)
N(OW)-Ni(1)-N(IWb)  180.00 N(IW)-Ni(1)-N(IWec)  93.89(6)
N(1a)-Ni(1)-N(1Wa) 88.98(6)  N(la)-Ni(1)-N(1Wb)  88.98(6)
N(1a)-Ni(1)-N(1Wc) 91.02(6)  N(1Wa)-Ni(1)-N(1Wb)  93.89(6)
N(IWb)-Ni()-N(1Wc)  86.11(6)  N(1Wa)-Ni(1)-N(1Wc)  180.00
N(1a) ~Ni(1)-N(1W) 107.0(2)

Ni-Ci-H,0
Ni(1)-O(1W) 2.076(4)  Ni(1)-02W) 2.077(3)
Ni(1)-N(2) 2.084(4)  Ni(1)-O(1Wa) 2.076(4)
Ni(1)-0(2Wa) 2.077(3)  Ni(1)-N(2a) 2.084(4)
O(1W)-Ni(1)-0(2W) 90.61(14)  O(1W)~-Ni(1)-N(2) 90.28(14)
O(IW)-Ni(1)-O(2Wa)  89.39(14)  O(1W)-Ni(1)-N(2a) 89.72(14)
O(2W)-Ni(1)-N(2) 88.53(14)  O(1Wa)-Ni(1)-O(2W)  89.39(14)
O(2W)-Ni(1)-O(6a) 180.00 O(2W)-Ni(1)-N(2a) 91.47(14)
O(1Wa)-Ni(1)-N(2) 89.72(14)  O(2Wa)-Ni(1)-N(2) 91.47(14)
N(2)-Ni(1)-N(2a) 180.00 O(1Wa)-Ni(1)-0(2Wa)  90.61(14)
O(1Wa)-Ni(1)-N(2a) 90.28(14) O(2Wa)-Ni(1)-N(2a)  88.53(14)

Symmetry codes: a) 1—x, 1—y, —z; b) 1—x, 1—y, —z; ¢) x, 1 -y, z for Ni-Ci-NHj3; a) 1—x,
1—-y, —z for Ni-Ci-H,0.
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Table S2 Hydrogen-bonding geometry parameters (A, °) for Ni-Ci-NH; and Ni-Ci-

H,O0.
D-H--A dD-H)  dH-A)  d(D-A) _(DHA)
Ni-Ci-NH;
N(IW)-H(1W1)--0(2d) 0.9100 2.4600 3.082(2)  126.00
N(2)-H(2)--O(le) 0.96(4) 1.89(4)  2.846(3)  169(4)
N(IW)-H(1W2)--O(le) 0.9100 2.1100 2.962(2)  155.00
N(IW)-H(1W3)--0(2f) 0.9100 2.1600 3.044(2)  163.00
C(5)-H(5)--0(2) 0.9500 2.4800 2.801(3)  100.00
Ni-Ci-H,0
N(1)-H(1)--O(1b) 0.8600 1.9500 2.763(6)  157.00
O(2W)-H(2WB)--0(2c¢) 0.8100 2.0700 2.750(5)  141.00
O(2W)-H(2WA)--O(1b) 0.8300 2.5800 3.169(5)  129.00
O(2W)-H(2WA)--O(2b) 0.8300 2.0300 2.838(5)  162.00
O(1W)-H(IWA)--O(2d) 0.9600 2.0000 2.802(5)  140.00
O(1W)-H(IWB)--O(le) 0.9600 1.7400 2.688(5)  168.00

Symmetry codes: d) —1/2+x, 1/2+y, —1+z; e) x, y, —1+z; f) 3/2—x, 1/2+y, 1—z for Ni-
Ci-NHj;; b) 1—x, 1/2+y, 1/2—z;¢) 1/2—x, 1—y, —1/2+z; d) —=1/2+x, y, 1/2—z; €) x, 1/2—y,
—1/2+z for Ni-Ci-H,O0.
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II. Characterization: PXRD patterns
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Fig. S1 The PXRD patterns for Ni-Ci-NHj; (a) and Ni-Ci-H,O (b) of a simulation based
on single-crystal analysis and as-synthesized bulk crystals.
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III. Characterization: Infrared absorption spectra
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Fig. S2 IR absorption spectrum of Ni-Ci-NHj; (a) and Ni-Ci-H,O (b) in the solid state
at room temperature.
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IV. Characterization: SEM images
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Fig. S3 SEM images of the full (a) and partial (b) views of Ni-Ci-NHj3 as well as the
full (¢) and partial (d) views of Ni-Ci-H,0.
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V. Hydrophilicity: Water adsorption and water contact angle

o
o

o
E-
T

Adsorption Capacity(mgig)
o
w

0.0

—&— Water Adsorption
~——&— Water Desorption

Fig. S4 Water adsorption—desorption isotherms for Ni-Ci-NHj3 (a) and Ni-Ci-H,O (b).
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Water contact angles of Ni-Ci-NHj (c) and Ni-Ci-H,0 (d) at 298 K.
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VI. Proton conduction

‘-Impedance spectra of powder samples
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Fig. S5 Nyquist plots of Ni-Ci-NHj; at ~53% (a), ~65% (b), ~75% (c) and ~97% (d)
RHs (relative humidities) and 298 K (R1, bulk resistor; R2, grain boundary resistor;
CPE, constant phase element; C1 and C2 capacitor).
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Fig. S6 Nyquist plots of Ni-Ci-NHj; at 298 K (a), 303 K (b), 305 K (¢), 310 K (d), 318
K (e), 323 K (f), 328 K (g), 330 K (h) and 333 K (i) under ~97% RH (R1, bulk resistor;
R2, grain boundary resistor; CPE1 and CPE2, constant phase element; C1 and C2,
capacitor).
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Fig. S7 Nyquist plots of Ni-Ci-NH3 at 0 h (a), 1 h (b), 2 h (c), 3 h (d) and 4 h (e) under
298 K and ~97% RH conditions (R1, bulk resistor; R2, grain boundary resistor; CPE1
and CPE2, constant phase element; C1 and C2, capacitor).
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Fig. S8 Nyquist plots of Ni-Ci-H,O at ~53% (a), ~65% (b), ~75% (c) and ~97% (d)
RHs and 298 K (R1, bulk resistor; R2, grain boundary resistor; CPE1 and CPE2,
constant phase element; C1 and C2 capacitor).
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Fig. S9 Nyquist plots of Ni-Ci-H,O at 298 K (a), 303 K (b), 305 K (¢), 310 K (d), 318
K (e), 323 K (f), 328 K (g), 330 K (h) and 333 K (i) under ~97% RH (R1, bulk resistor;
R2, grain boundary resistor; CPE1 and CPE2, constant phase element; C1 and C2,
capacitor).
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Fig. S10 Nyquist plots of Ni-Ci-H,O at 0 h (a), 1 h (b), 2 h(c), 3 h (d) and 4 h(e) under
298 K and ~97% RH conditions (R1, bulk resistor; R2, grain boundary resistor; CPE1
and CPE2, constant phase element; C1 and C2, capacitor).
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‘Determination of single crystal orientations
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Fig. S11 The determined single crystal orientations of Ni-Ci-NHj (a) and Ni-Ci-H,O
(b).
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* Determination of crystal size

(b)
Fig. S12 The crystal size of Ni-Ci-NHj (a) and Ni-Ci-H,O (b) for single-crystal proton
conduction.
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- Impedance spectra of single crystals
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Fig. S13 Nyquist plots of Ni-Ci-NHj3 along the [010] direction at 313 K (a), 320 K (b),
323 K (c), 325 K (d), 328 K (e) and 333 K (f) under ~97% RH (R1, bulk resistor; R2,
grain boundary resistor; CPEl and CPE2, constant phase element; C1 and C2,

capacitor).
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Fig. S14 Nyquist plots of Ni-Ci-NHj3 along the [201] direction at 298 K (a), 300 K (b),
308 K (¢), 315 K (d), 328 K (e) and 333 K (f) under ~97% RH (R1, bulk resistor; R2,
grain boundary resistor; CPEl and CPE2, constant phase element; C1 and C2,

capacitor).
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Fig. S15 Nyquist plots of Ni-Ci-H,O along the [100] direction of at 298 K (a), 303 K
(b), 313 K (¢), 323 K (d), 328 K (e) and 333 K (f) under ~97% RH (R1, bulk resistor;
R2, grain boundary resistor; CPE1 and CPE2, constant phase element; C1 and C2,
capacitor).
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Fig. S16 Nyquist plots of Ni-Ci-H,O along the [010] direction at 298 K (a), 303 K (b),
315K (c), 325 K (d), 328 K (e) and 333 K (f) under ~97% RH (R1, bulk resistor; R2,
grain boundary resistor; CPEl and CPE2, constant phase element; C1 and C2,
capacitor).
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- Single-crystal proton conduction
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Fig. S17 Single-crystal proton conductivity of Ni-Ci-NH3; and Ni-Ci-H,0. (a)
Arrhenius plots of Ni-Ci-NH; along the [010] and [201] directions at various
temperatures under the ~97% RH condition. (b) Arrhenius plots of Ni-Ci-H,O along
the [100] and [010] directions at various temperatures under the ~97% RH condition.

Considering the temperature-dependent characteristic of single-crystal proton
conductivity, we calculated the proton transfer activation energy (£,) of Ni-Ci-NH3 and
Ni-Ci-H,O along different directions at ~97% RH. Figure S13 shows the Arrhenius
plots of In(¢7) versus 1000 T~!, following a linear relationship. The obtained E, values
for Ni-Ci-NH; along the [010] and [201] direction are 0.790 eV and 1.171 eV,
respectively, while the £, values for Ni-Ci-H,O along the [100] and [010] direction are
smaller those of Ni-Ci-NHj; along the [010] and [201] direction, which are 0.306 eV
and 0.151 eV, respectively.

In theory, proton transfer along hydrogen-bonded networks should exhibit a lower
activation energy, obeying the Grotthuss mechanism (0.1-0.4 eV). However, the above
results deviate significantly from the theory. For example, the [010] direction of Ni-Ci-
NHj; is the extension of its hydrogen bonds, thus the proton conduction along the
direction should follow the Grotthuss mechanism and the corresponding E, value
should fall in the range of 0.1-0.4 eV. However, the E, value is far larger than 0.4 eV.
Additionally, for Ni-Ci-H,0, its hydrogen-bonded networks are along the [100]
direction, thereby harvesting a lower E,. However, its £, value is higher that along the
[201] direction. Notably, some phenomena similar to the above results were observed

in water-mediated single-crystal proton conduction of other MOF materials, which are
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summarized in Table S3.

Why was the phenomenon observed in water-mediated single-crystal proton
conduction? It may be related with anisotropic hydrophilicity in single crystals. For
single crystals, the main feature is the presence of anisotropy of physicochemical
properties. As indicated by experimental results, the single-crystal proton conductivity
shows an anisotropic behavior. Similarly, hydrophilicity as a kind of physicochemical
property should display an anisotropy of single crystal. In fact, there is indeed the
anisotropic hydrophilicity in single crystals, which were confirmed by hydrophilic
measurements of some big single crystals.!™* Additionally, considering that the
measured proton conductivity of MOFs and HMOFs under the low temperature is the
water-mediated or water-assistant single-crystal proton conduction, thus besides
effective hydrogen-bonded networks, another factor, i.e. hydrophilicity, has a
contribution to activation energy, which cannot be ignored. Generally, a good
hydrophilicity is conducive to proton migration/transfer with a lower barrier, and vice
versa. However, anisotropic hydrophilicity is often overlooked due to the smaller size
of MOF and HMOF materials. Thus, there is a larger deviation between the theoretic
and experimental E, values. For powder samples, anisotropic hydrophilicity was
weakened or eliminated due to the random orientation leading to averaging effect, and
effective hydrogen-bonded networks is predominated in proton conduction process.

Consequently, the £, show a good agreement between the experiment and the theory.
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Table S3 Summarization of single-crystal proton conductivity and activation
energy of Ni-Ci-NHj; and Ni-Ci-H,O along with some reported proton conductors.

o E, T RH
Materials Crystalline facet Reference
(S/cm) V) (K) (%)
o [010] 1.88 x 1073 0.790 333 97 This work
Ni-Ci-NHj3
[201] 3.52x 1073 1.171 333 97 This work
o [100] 8.84 x 107 0.306 333 97 This work
Ni-Ci-H,O
[010] 511 x10° 0.151 333 97 This work
[010] 1.00 x 1073 0.90 298 95
CoCa-4H,0 [202] 4.49 x 1076 0.86 298 95 5
[20-1] 435x10°8 0.58 298 95
[011] 2.1x1073 ~0.68 295 95
CFA-17 6
[100] 2.1x1073 - 295 95
[100] 1.92 x 1072 0.86 323 98
NNU-6 [010] 242 %10 0.75 323 98 7
[001] 8.90 x 107 0.53 323 98
CuCo-orotate [010] ~107¢ 0.95 298 96 8
[100) 1.39 x 107 0.48 303 95
1-3H,0 9
[010] 1.52 x 107 0.56 303 95
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VII. Detail of hydrogen-bonded network
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Fig. S18 Hydrogen-bonded networks of Ni-Ci-NHj (a) and Ni-Ci-H,O (b). (Black, C; blue, N; red,
O; cyan, Ni; dark green, H).
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VIII. PXRD patterns after impedance measurements
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Fig. S19 PXRD patterns of simulations based on single-crystal analysis and after the
impedance measurements for Ni-Ci-NHj3 (a) and Ni-Ci-H,O (b) (at ~97% RH and
298-323 K for 04 h).
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Fig. S20 Differential scanning calorimeter (DSC) curves of Ni-Ci-NHj; (a) and Ni-Ci-
H,O (b) and blank sample (c).
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X. PXRD patterns after dielectric spectroscopy measurements
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Fig. S21 PXRD patterns after dielectric spectroscopy measurements of Ni-Ci-NHj (a)
and Ni-Ci-H,O (b).
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XI. Comparison of chemical stability

Table S4 Comparison of chemical stability of Ni-Ci-NHj3 and Ni-Ci-H,0 with

reported MOF materials
Materials pH range Time (day or hour) References
Ni-Ci-NH; 2-12 3d This work
Ni-Ci-H,0 2-12 3d This work
[Me;NH,][Mny(L")(H,0),]: i it 10
2H,0-2DMA
USTC-8(In) 2-12 12h 11
PCN-600(Fe) 2-11 24 h 12
FJI-H14 [l 2-12 24 h 13
BUT-155 [P 4-10 24 h 14
MIL-53(Al) 4-12 3d 15
PCN-777 3-11 12h 16
[(CH3);NH;]5[Eug(us3- 3510 it 7
OH)s(NDC)s(H,0)5 !
Co-2PPA ] 3-11 12h 18
Co-4PPA ] 3-11 12h 18

(2l [Cu(BTTA)H,0],,-6nH,0; 1 Cuy(tdhb); [ NDC = naphthalenedicarboxylate; [ HPPA = 4-(3-pyridinyl)-2-amino

pyrimidine.
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XII. Comparison of proton conductivity

Table S5 Comparison of proton conductivity of Ni-Ci-NHj; and Ni-Ci-H,0O with

some reported proton conductors.

o E, T
Materials Reference
(S/cm) (V) (K) (%)
Ni-Ci-NHs 6.22 x10-* 0252 333 97 This work
Ni-Ci-H,0 1.62 x 104 0.298 333 97 This work
LaRu(0x)s+ 10H,0 1 % 105 032 298 95 19
LaRu(0x)s+ 10H,0 3% 108 0.9 298 95 19
CPOS-4 7.40 x 104 0.82 333 98 20
PCMOF-3 ¢ 3.5%10° 0.17 298 98 21
Fe(OH)(bde-(COOH),)(H,0) 2.0 %1075 021 298 98 2
[Zn(L-LCI)(CH](H,0), 3.13%10° 0.34 299 98 23
Gd3(H0.7503PCHOHCOO)4'tzO
32 %10 0.23 294 98 24
(x=15-16)
Sr-SBBA [ 44 %107 0.56 298 98 25
Ca-BTC-H,O [¢] 12 %107 0.18 298 98 26
[MosP,0,3][Cu(phen
sP20x][Cu(phen) 22 %107 0.232 301 98 27
(H,0)]3-5H,0
[H;0][Mn;-(u;0H)(SDBA),
’ -{1;0H) s 3% 10 0.93 307 98 28
(H>0)](DMF)s I
MA-B-BDC [ 432 % 10 039 323 98 29
[(CH3),NH,]-[Zn;Na, ~
2.1%10° 0.81 368 97 30
(cpida);-2.5DMF K
1.6 x 1075 (Eu) 0.91
[LnL(H,0)s]-2H,0 [ 348 97 31
1.33% 10°5 (Dy) 0.87
Mg-BPTC 2.6% 10 1.18 373 98 32
Sr-BPTC ml 2.7 %10 0.77 363 98 32
Ko(Haadp)[Zn(0x);]-3H,0 [ 12 %107 0.45 298 98 33
In-IA-2D-2 42 % 10 0.48 300 98 34
Cs-HPAA ] 3.5%10° 0.40 297 98 35
[Sm(HsC,P,0-)(H,0),]
(EHsC2P07)(HO), 3.4%10° 0.71 333 100 36
-Guest
Fe-MOF 13 %10 0.385 333 98 37
MFM-500(Ni) 45 %10 0.43 298 98 38
Zn-pzde-H,0* 242 x 107 021 323 97 39
Mn-pzde-H;0* 2.03 x 107 0.10 323 97 39
Cu-Hpzde-H,0 ! 1.68 x 1073 035 323 97 39
JUC-125 [al 1.5 x104 032 323 97 40
Pr,Ca(betc),(H,0)7]:
{[Pr:Ca(bete)(H,0)] 3.2x10°5 0.66 305 97 41
HZO}n
[Pr(betc)(H,0),] 8.9 % 10 033 313 97 41
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(Ha2pip)os}n

0CC 21 3.72x10°4 0.21 299 97 4
LOF 119 9.3 %1073 033 303 97 43
PMOCP 311 138 x 104 0.14 323 97 44
(H,,RCC1)1276(S04) >
272500 6.10 x10°5 0.10 303 95 45
PPA 249 x 1075 027 325 97 46
[Cu(PPA)I] 1.64 x 10 0.19 325 97 46
[CO(Pigzﬁzggj;?])ﬁPPA)z 229 % 104 0.24 325 97 46
[Ni (PIP),(H,0),]-NDS ¥ 229 x 104 0.58 353 98 47
[DPBA-PAM], 5-0.2DMF
o 1.54 % 10°3 0.88 333 98 48
SCU-410 1.7 % 104 0.43 298 95 49
Co-2PPA 2.96 x10-4 0.29 333 97 18
Co-4PPA 2.78 x10 031 333 97 18

Note: o = Proton conductivity; £, = Activation energy; T = Temperature; RH = Relative humidity. [ PCMOF-3 =
Zn3(L)(H,0),-2H,0, L = [1,3,5-benzenetriphosphonate]®; [ SBBA = 4,4’ -sulfob-isbenzoic acid; &l BTC = 1,3,5-
benzenetricarboxylic acid; " Phen = phenanthroline; [l H,SDBA = 4,4 -sulfonyldibenzoic acid; il B-BDC = 5-
borono-1,3-benzenedicarboxylic acid; X Hycpida = (N-(4-carboxyphenyl)iminodiacetic acid; I L = N-phenyl-N"-
phenylbicyclo-[2,2,2]-oct-7-ene-2,3,5,6-tetracarboxdiimide tetracarboxylic acid, Ln = Eu, Dy; ™ H,BPTC =
2,2°,6,6 -tetracarboxybiphenyl; [ Hyadp = adipic acid; ox = oxalate; [©) HPAA = R,S-hydroxyphos-phonoacetic
acid; P! Hypzdc = 2,3-pyrazinedicar-boxylic acid. [4 JUC-125 = {[Gd4(R-ttpc),(R-Httpc),(HCOO),(H,0)s]-4H,0} s
[T OCC 2 = (Hsbetc),(Hy-Mepip):(H,0); 81 LOF 1 = {[Er3(pmpc)(C,04)3(H,0),]-2H,0},; 1 PMOCP3 = {Cd(D-
pmpcH)(H,0),Cl,},, D-Hzpmpe = 1-(phosphonomethyl)piperidine-3-carboxylic-acid; [ Co(PPA),(BDC)
(H,0)(PPA),(H,BDC),(H,0), H,BDC = 1,4- benzenedicarboxylic acid); M NDS =  1,5-naphthalenedisulfonate;
Wl DPBA = 3,5-diphosphonobenzoic acid, PAM = terephtalimidamide; ™ (2-Hmim),-Ni(H,PO4)4(4,4 -bpy)
(denoted SCU-41, 4,4"-bpy = 4,4 -bipyridine).
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