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ABSTRACT: Two unprecedented and stable metal—organic frameworks, {[Co,(H,0),(L)(OH)]-2.5H,0-0.SDMF}, (1) and
{[Ni,(H,0),(L)(OH)]-1.7SH,0}, (2), have been synthesized (H;L = 5-(5-carboxy-pyridin-3-yloxy)-isophthalic acid, DMF = N,N-
dimethylformamide). Structural analysis shows that 1 and 2 are heteronuclear isomorphous, possessing a three-dimensional (3D)
(4,8)-connected flu/fluorite topological framework formed through the interconnection of tetranuclear butterfly
{M,(COO)4(OH),} clusters and the ligands. Although the frameworks of these two compounds are similar, their magnetic
properties are different. Compound 1 exhibits an antiferromagnetic interaction in the high-temperature region, while 2 shows a weak
ferromagnetic interaction in the whole-temperature region. Furthermore, considering the presence of hydroxyl groups and water
molecules in the frameworks, we tested their proton conductivity. The efficient proton transfer pathway in the framework endowed 1
and 2 with excellent proton conductivities of 9.07 X 107> and 1.29 X 107* S-cm™" at 363 K and 98% relative humidity (RH),
respectively.

B INTRODUCTION bis(pyridinium) spacers to generate 2D coordination layers.
Because the magnetic change in the M(COO)(Nj), series may

Metal—organic frameworks (MOFs) have attracted much ' _ -5 4
be related to the different t},e; configurations of the metal ions in

attention as a functional material in recent years. This is not

only because of their intriguing structures but also because of the octahedral geometry, triple bridges mediate antiferromag-
their potential applications in the fields of luminescence, netic coupling in the Mn(II) compound but ferromagnetic
catalysis, adsorption, proton conduction, and so on.'”® In coupling in the Co(II) and Ni(II) species.'” Zhang et al.
particular, MOFs are excellent candidates to study the elusive synthesized two new isomorphous metal—organic frameworks
magnetostructural correlations and some fundamental magnetic with a porous (10,3)-a network, namely, as (H,NMe,)[M-
phenomena, such as spin-canting, spin-frustration, metamag- (tzdc)]-0.5H,0 (tzdc*™ = 1,2,3-triazole-4,5-dicarboxylate, M =
netism, single-molecule magnets, and so on./ ! Mn and Co). The triangular arrangement of paramagnetic metal

In the process of constructing interesting magnetic materials, centers in the frameworks makes them exhibit geometrically

the selection of different spin states and anisotropic spins of the
paramagnetic metal ions plays a very important role. The metal
center can exist in multiple electronic states, variable oxidation
states, and changeable coordination numbers, so it can form a ]
variety of magnetic centers to regulate the interesting magnetic Received:  January 31, 2021
behavior of MOFs. Ma et al. obtained three isomorphous AccePted‘ March 16, 2021
compounds, formulated as [M,(bcpe)(N,),]-H,O (bcpe = 1,2- Published: March 26, 2021
bis(N-carboxymethyl-4-pyridinio)ethane, M = Mn, Co, and Ni).

The anionic uniform M(II) chains with mixed (syn-syn-

COO)(EO-N,), triple bridges are cross-linked by the cationic

frustrated magnetism. Particularly, distinct spin-glassy behavior
is observed below 2.4 K in the Co(1l) compound owing to the
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Figure 1. (a) Coordination environment of 1 at 30% probability level (symmetry codes: (i) x,y + 1, z; (i) x + 1, , z; (iii) —x + 1, =y + 2, —z; (iv) —x +
2, =y +2,—z+1; (v) —x + 2, =y + 1, —z + 1; red: O; blue: N; gray: C; pink: Co). (b) Coordination environment of 2 at the 30% probability level
(symmetry codes: (i) x,y + 1, z; (il) x + 1, y, z; (iii) —x + 1, =y + 2, —z; (iv) —x + 2, —y + 2, —z + 1; (v) —x + 2, =y + 1, —z + 1; red: O; blue: Nj gray: C;
turquoise: Ni). (c) Tetranuclear cluster formed in 1. (d) Schematic illustrating that the tetranuclear SBU can be reduced to an eight-connected node.
(e) Scheme illustrating that the L*~ can be reduced to a four-connected node. (f) Schematic representation of the (4,8)-connected flu/fluorite-

topology framework.

remarkable magnetic anisotropy of Co(II) ions and the stronger
antiferromagnetic interaction compared to the Mn(II) com-
pounds, which have no obvious long-range magnetic ordering
and/or spin—glass behavior observed down to 2.0 K.’

In addition, organic ligands are another essential factor for the
construction of magnetic MOFs."* The magnetic properties can
be well adjusted by modifying suitable functional organic
ligands, which affect the magnetic exchange pathways of the
metal centers. The polycarboxylate ligands attract the attention
of researchers in the assembly of magnetic MOFs not only due to
their variable coordination modes but also due to their ability of
magnetic exchange with paramagnetic metal centers.® A large
number of MOFs with different dimensions and various
topologies based on polycarboxylate ligands have been reported
in the literature.'®'” The diversity of these materials provides a
wonderful opportunity to further understand the basic magnetic
phenomenon. Furthermore, the polycarboxylate ligands can
easily form multinuclear cluster units with paramagnetic metal
centers. Zhu et al. obtained a compound exhibiting anti-
ferromagnetic interaction, which connected network formed
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through the interconnection of the tetranuclear Cu(1I) clusters
and the polycarboxylate ligand."® Liu et al. synthesized a
trinuclear Ni(II) complex, which reveals that weak antiferro-
magnetic interactions occur between the bridging trinuclear
Ni(II) ions."” In this work, we choose $-(5-carboxy-pyridin-3-
yloxy)-isophthalic acid (H;L) as the ligand to construct
magnetic MOFs, which is a nitrogen heterocyclic tricarboxylic
acid with a semirigid structure. The introduction of nitrogen
heterocycles into ligands may bring more coordination modes
and construct higher-dimensional frameworks, which may lead
to enhanced magnetic interactions.”® At the same time, the
semirigidity of the ligand may also form a rare framework or even
a novel topology.”' Furthermore, this ligand has not been fully
studied.

Fortunately, we successfully obtained two new MOFs based
on HiL for the first time, formulated as {[Co,(H,0),(L)-
(OH)]-2.5H,0-0.5DMF}, (1) (DMF = N,N-dimethylforma-
mide) and {[Ni,(H,0),(L)(OH)]-1.75H,0}, (2), which
exhibit different magnetic interactions. MOFs based on nitrogen
heterocyclic polycarboxylic acid ligands also have excellent

https://doi.org/10.1021/acsomega.1c00574
ACS Omega 2021, 6, 9213-9221
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Figure 2. (a) Molecular symmetry of 1. (b) Magnetic data of 1. (c) Molecular symmetry of 2. (d) Magnetic data of 2 (include y, ", y T, and yy versus
T data). Furthermore, the best fit of yy,T product and y,; " are all shown by a black line.

performance in the field of proton conduction.”””*° The
difference in coordination ability of nitrogen and oxygen
atoms may result in incompletely coordinated carboxylic acid
groups in the obtained MOFs, which is helpful to construct
proton conduction channels. The carboxylic acid groups in these
two MOFs we obtained are all coordinated; however,
considering the presence of hydroxyl groups and water
molecules in the frameworks, which can establish proton
conduction channels to help proton migration, we have studied
their proton conduction performance and further explored the
conduction mechanism. The best proton conductivities of 1 and
2 under 363 K and 98% relative humidity (RH) are 9.07 X 1073
and 1.29 X 107* S-cm™, respectively. In addition, the strength of
the hydrogen-bond interaction of 1 and 2 was compared by the
Hirshfeld surface analysis and the PLATON calculation.

B RESULTS AND DISCUSSION

Crystal Structure. The result of single-crystal X-ray
crystallographic analysis reveals that 1 and 2 belong to the
triclinic system and the Pi space group. Their metal coordination
environment, second-building units (SBUs), and the frame
structure are similar, so we take 1 as an example. The asymmetric
unit of 1 includes two Co(II) ions, one completely deprotonated
L3~ anion, two coordination water molecules, one y;-OH, two
and one-half crystalline water molecules, and half guest DMF
molecule (Figure 1a). All Co(Il) atoms have distorted
octahedral geometry. Col is surrounded by three oxygen
atoms from different carboxylate groups, one nitrogen atom
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from L~ ligand, one coordinated water molecule, and one ;-
OH (Col-0 distances range from 2.019(2) to 2.163(2) A,
Col1-N1 distance is 2.152(3) A). Co2 is surrounded by three
oxygen atoms from different carboxylate groups, one coordi-
nated water molecule, and two y3-OH (Co2—0 distances range
from 2.047(2) to 2.168(3) A). Each L3~ is linked to seven
Co(II) ions by three bidentate bridged carboxyl groups and one
pyridine group (Figure S1). Four symmetry-related Co(II)
atoms were connected via y3-OH groups to form a [Co,(y;-
OH),]*" cluster subunit. Such a cluster is held together by six
carboxylate groups, thereby constituting the tetranuclear
butterfly-shaped [Co,(y;-OH),(COO),] cluster (Figure Ic).
In the tetranuclear clusters, four Co(II) ions are totally coplanar
with the Co-+Co distances of 3.438 A (Col--Co2). The
tetranuclear clusters are connected with 12 identical adjacent
clusters by eight y,-x’0:0":0":0”:0":0"”"":N—L*" to form a
three-dimensional (3D) framework.

The application of the topological approach is beneficial for us
to better understand this complicated framework. Each SBU can
be simplified as an eight-connection node, while a L*~ ion can be
defined as a four-connection node connecting four adjacent
SBUs (Figure 1d,e). Therefore, the structure of 1 is a (4,8)-
connected flu/fluorite topological framework with the Schlafli
symbol of {4'2-6'2-8*}{4°}, (Figure 1f).

Although compounds 1 and 2 are heteronuclear isomorphous,
there are still some differences in the bond lengths of
coordinated water (M—O,,,.,), which lead to their different
properties. The bond lengths of Col—010, Co2—09, Nil—

https://doi.org/10.1021/acsomega.1c00574
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010, and Ni2—09 are 2.142, 2.167, 2.095, and 2.107 A,
respectively (Figure 1a,b). From the data, it can be found that
there is a certain difference between the length of the Co—0,;
bond and the length of the Ni—O,,, bond. The bond length of
Co—0, are slightly longer than that of Ni—O,..

General Characterization. The powder X-ray diffraction
(PXRD), infrared spectroscopy (IR), and thermogravimetric
analysis (TGA) of the two compounds have been studied before
using them for experiments. The PXRD patterns of synthesized
1 and 2 are matched well with the simulated data obtained from
single-crystal X-ray diffraction (Figure S2), indicating the high
purity of the synthesized samples, and it is also confirmed that 1
and 2 are heteronuclear and isomorphous. The bands at 1628—
1573 cm™ in the IR spectrum can be assigned to the
antisymmetric stretching of the —COO™ groups, which indicates
that all of the carboxyl groups coordinated with metal ions
successfully (Figure S3). Thermogravimetric analysis proves
that 1 and 2 have high thermal stability (Figure S4). For 1, a
period of sustained weight loss in the range of 0—250 °C may be
caused by the successive loss of two and a half lattice water
molecules, two coordinated water molecules, and a half DMF
guest molecule (obsd 20.16%, calcd 21.26%). In the range of
250—450 °C, the thermogravimetric curve shows a plateau, and
the crystal structure remains stable. The structure collapsed after
450 °C. The guest molecules in the two compounds are slightly
different, but they show similar thermal behavior. This may be
caused by the different dryness of the samples used for the
thermogravimetric test.

Magnetic Properties. Considering the tetranuclear metal
clusters in the structures of 1 and 2, the magnetic susceptibility
XYM Was investigated For 1, its y,,T value at room temperature is
13.7 cm Kmol , which is higher than the theoretical )T value
of 7.50 cm Kmol ! 2® There may be two reasons for the high yy
value at room temperature. First, the g = 2.0 assumes that the
T value is theoretical. In fact, the true g value is 2.11, which is
higher than the theoretical one. Second, the Co2(II) forms an
axially elongated octahedral ligand field (Figure 2a). As a result,
the unquenched orbital angular momentum plays a key role in
the magnetic properties of 1. For an S = 3/2 Co'" ion in the 3d’
electron conﬁguratlon with a nonzero orbital, it contrlbutes to
the magnetic moment (Figure 2b). 2627 The yy, ! versus T data
can be fitted by the Curie—Weiss law [y, = C/(T — 6)] from 30
to 300 K giving C = 17.44 cm™ K mol™" and 6 = —79.54 K.
Compared with the C value with the only spin, the C value is
large, indicating the significant contribution of the orbital
momentum. A large negative value of 6 indicates that there is an
overall antiferromagnetic coupling in addition to the single-ion
spin—orbit coupling. The small y,," at low temperatures further
confirms the antiferromagnetic interaction.

For 2, as clusters 1 and 2 both crystallize in the same space
group, the Ni2(II) formed an octahedral ligand field. The y, "
versus T data can be fitted with C = 2.45 cm™ K mol ™' and 0 =
—1.31 K. The magnetic behavior in the high temperature region
shows the dominant ferromagnetic interactions. However, with
the zero-field splitting, the yyT of s clusters (Figure 2c)
decreased slightly at low temperatures.””” Furthermore, below
35 K, the product yT gradually decreases and finally reaches a
value of almost zero at 2 K (Figure 2d), which indicates a weak
intercluster antiferromagnetic interaction or anisotropic effects
at low temperature.

To further investigate the interactions in two tetraclusters, for
which a maximum was observed in the susceptibility at whole
temperatures, simulations using PHI software were formed.*’
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An examination of the molecular symmetry between the metal
centers in 1 and 2 for magnetostructural correlatlons revealed an
obvious trend based on the structural parameter.”" For 1, to fully
describe the magnetic exchange between the closest Co(II) ions,
three ] parameters are required: two for covalent bridging motifs
[Col(u-OCO),(u-OH)Co2] and [Co2(u-OH),Co2], and one
for hydrogen-bonding bridging motifs [Col(u-OCO) (u-O-
H:--O)Co2]. Furthermore, the best sets of parameters, such as
the Landé factor, obtained using the model are needed to
account for the influence of single-site factors on magnetic
behaviors. At present, there is no reliable model to quantltatlvely
analyze the magnetic exchange in this com lex system.>”

For 2, applymg the van Vleck equation®>”* to Kambe’s vector
coupling scheme,” we can obtain an analytical expression of the
magnetic susceptibility from the following spin Hamiltonian

= —2S,S, — 2| ). S8, + S8,

i=1,2

It is quite clear that deviations occur between the construction of
two compounds, which might originate from two assumptions
that have been made. Namely, the Ni2(II) has ferromagnetic
coupling with the presence of zero-field splitting (ZFS).
Considering the intercluster interactions, these magnetic
couplings have been treated in a mean-field approximation,
which from the following equation’®*’

INg2p?
tetramer

(30e™ Y + 14¢Y + 574tV

+ 710 4 08e™ 4 1067 + 27 + 10677

+ Se™ TV 4 Y 4 267Y) /(95Y 4 76V

4 SeOuHy | g 10kl | mI2vbdy o dy 0
+10e”% + 1067 + 53TV 4 3¢V 4 WY
+ 67 + ¢7¥) (x = J/kT; y = ]z/kT)

X tetramer

x= 1z

Ng e 2Atetramer

where the best parameters are ], /kg =2.01(9), J,/kz = 0.18(6), g
= 2.10, and zJ'/ky = —0.72(8). It is important to note that the
resulting g value is very much in line with the Ni(II) compound.
Magnetic interactions J; and J, are both ferromagnetic as also
demonstrated by yy product in the high-temperature reglon

Proton Conduction Properties. Before studying the
performance of proton conduction, water stability, and chemical
stability of 1 and 2 have been tested. To determine water and
chemical stability, the as-prepared solids were soaked in water at
room temperature for a week, refluxed in boiling water for one
day, or immersed in an aqueous solution of different pH (pH
1.0—11.0) for one day. The nearly unchanged PXRD patterns of
1 and 2 demonstrated their outstanding water stability and
chemical stability (Figures SS and S6).

The remarkable structural feature and prominent stability of 1
and 2 give us a chance to explore their proton conduction
properties. The conductivity of almost all proton-conducting
materials based on MOFs is closely related to humidity or
temperature.”” Therefore, impedance measurements were
performed under different temperatures (303—363 K) and
RH values (68—98% RH). The Nyquist plots show a typical
proton conduction behavior, which shows a semicircle in the

https://doi.org/10.1021/acsomega.1c00574
ACS Omega 2021, 6, 9213-9221
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Figure 3. (a) Nyquist plots of 1 at different temperatures and 98% RH. (b) Nyquist plots of 2 at different temperatures and 98% RH. (c) Nyquist plots
of 1 under different relative humidities and 363 K. (d) Nyquist plots of 2 under different relative humidities and 363 K; (e) Arrhenius plot of In (6T)
against 1000 T™! of 1 under 98% RH. (f) Arrhenius plot of In (6T) against 1000 T~ of 2 under 98% RH (the red solid line represents the best fit of the

data).

high-frequency region and a tail in the low-frequency region.*’
The conductivity of 1 increased significantly with the enhance-
ment of temperature at 98% RH (Figure 3a). The obvious
temperature dependence of conductivity could be attributed to
the higher acidity (pK,) of water molecules at higher
temperatures.”’ Meanwhile, the temperature increase will
accelerate the movement of protons, resulting in higher proton
conductivity. At constant temperature (363 K), the conductivity
of 1 shows a trend of growth in humidity (Figure 3c), which
reveals that environmental humidity plays a key role in the
construction of the proton conduction network. We performed
thermogravimetric measurement for the sample after proton
conduction measurements under 98% RH and 363 K (Figure
S7). The TG curve of the sample after the proton conductivity
measurements maintains the trend of the original sample’s TG
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curve, which shows a higher weight loss rate. This phenomenon
explains that the water content of the sample under high
humidity is higher. The higher water content in the sample helps
to form a richer hydrogen-bond network, thereby improving the
proton conductivity.*” With the increase in temperature and
humidity, the conductivity of 2 shows a similar increasing
tendency with 1 (Figure 3b,d). Their o values under different
temperatures (303—363 K) and RHs (68—98% RH) are listed in
Tables S4 and SS5. The best ¢ values of 1 and 2 under 98% RH
and 363 Kare 9.07 X 107 and 1.29 X 107*S-cm™, respectively.
This value is comparable to the conductivity of MOFs
constructed based on nitrogen-containing heterocyclic multi-
carboxylate ligands in other studies (Table S6).

To explore the mechanism of proton conduction, we
calculated the activation energy values (E,) according to the

https://doi.org/10.1021/acsomega.1c00574
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(2)

(d)

UEUNTUTY?

Figure 4. (a) Hirshfeld surface mapped with d,,,,,, (full) of 1. (b) Hirshfeld surface mapped with d, ., (O---H/H:--O) of 1. (c) Fingerprint plots (O---
H/H:---O) for 1. (d) Hirshfeld surface mapped with d, .., (full) of 2. (e) Hirshfeld surface mapped with d,,,, (O---H/H--O) of 2. (f) Fingerprint plots

(O--H/H---0) for 2.

Arrhenius equation. The E, values under 98% RH of 1 and 2 are
0.39 and 0.38 eV, respectively, which belongs to the Grotthuss
mechanism (Figure 3e,f)."””** This indicated that the proton
conduction process is realized by the continuous formation and
rearrangement of hydrogen bonds among water molecules and
hydroxyl groups.”’

The PXRD patterns of 1 and 2 after the electrochemical
measurements under 98% RH and 363 K are consistent with the
original ones (Figure S8), indicating that the structural rigidity
of 1 and 2. Excellent structural stability is essential for practical
applications.

Hydrogen Bond Analysis. The different bond lengths of
the coordinated water (M—O,,,,,) may affect the interaction of
hydrogen bonds in 1 and 2. To illustrate and quantify the
hydrogen-bond interactions of the crystal structures, Hirshfeld’s
surface analysis on all structures was carried using Crysta-
IExplorer software. Hirshfeld surfaces mapped with d,,.,, for all
of the structures of 1 and 2 are shown in Figure 4a,d. The
intermolecular interaction of 1 is 98.0%, which is higher than
82.2% of 2. O---H/H:---O represents a typical hydrogen bond,
and its relative contribution in 1 and 2 is 26.6 and 21.8%,
respectively. The hydrogen-bond interaction sites are mainly
concentrated on the oxygen atoms of carboxyl groups and water
molecules on the d,,,,., surface (Figure 4b,e). The corresponding
fingerprint plots show two distinct sharp spikes (Figure 4cf).

In addition, the hydrogen bonds related to coordination water
in 1 and 2 were also calculated by PLATON. According to
Tables S7 and S8, it can be found that there are more hydrogen
bonds involved in coordination water in 1, and the bond lengths
of 1 is relatively shorter. This all proves that the hydrogen-bond
interaction in 1 is stronger than 2 due to the difference in the
bond lengths of coordinated water.
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B CONCLUSIONS

In summary, we successfully synthesized two new dual-
functional MOFs with magnetism and high proton conduction.
They exhibit different magnetic properties. Compound 1
exhibits antiferromagnetic interaction in the high-temperature
region, while 2 shows a weak ferromagnetic interaction in the
whole-temperature region. However, there is no significant
difference in their proton conductivity. The highest o values of 1
and 2 are 9.07 X 10~° and 1.29 X 10™* S-cm™" under 363 K and
98% RH, respectively. To the best of our knowledge, this is the
first example of the investigation of proton conduction and
magnetism based on MOFs assembled by H;L. We believe that
this research will provide some information for further
exploration of the correlation between the structure and
properties of MOFs.

B EXPERIMENTAL SECTION

Materials and Methods. The ligand S-(5-carboxy-pyridin-
3-yloxy)-isophthalic acid (H,L) was purchased from Jinan
Henghua Technology Co. Ltd. All other reagents were
purchased commercially and used as received without further
purification. Elemental analysis was performed by an Elementar
Vario ELIII instrument. The powder X-ray diffraction (PXRD)
was obtained from a Rigaku X-ray diffractometer (Cu Ka, 4 =
1.5418 A). Infrared spectrum (IR) was measured in the range v
=400—4000 cm ™" using KBr pellets by Thermo Scientific FTIR-
Nicolet iS10. Thermogravimetric analysis (TGA) was con-
ducted on a Metler-Toledo synchronous differential thermal
analyzer under N, atmosphere and the test range from 25 to 800
°C at the heating rate of 10 °C min™~". Magnetic susceptibility y
was investigated between 2 and 300 K under 1000 Oe magnetic
field using 2 SQUID magnetometer (Quantum MPMS). The
alternating current (AC) impedance spectra were measured on a
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Metrohm Autolab Electrochemical workstation using a quasi-
four-probe method (frequencies: 1 Hz to 1 MHz; ac voltage
amplitude: 0.01 V).

Synthesis of {{Co,(H,0),(L)(OH)]-2.5H,0-0.5DMF},, (1).
H,L (0.02 mmol, 6.1 mg), Co(CH;COO),-4H,0 (0.03 mmol,
7.5 mg), NaOH (0.02 mmol, 0.80 mg), 0.3 mL of DMF, and 2.0
mL of H,O were added in a $ mL vial. Then, the vial was kept in
an autoclave at 120 °C for one day. After cooling to room
temperature, pink crystals were collected and washed with
deionized water several times. Yield: 63% (based on H,L).
Elemental analysis: Anal. calcd for C,gH,,Co,N,0,:5(H,0)-
C;H-NO: C, 33.65; H, 3.53; O, 37.63; N, 3.80. Found: C, 33.75;
H, 3.67; O, 37.74; N, 3.81%. Main IR data (KBr, cm™):
3423(s), 2973(w), 1628(s), 1573(s), 1437(m), 1387(s),
1307(m), 1267(m), 1151(w), 1095(w), 1049(w), 990(w),
896(w), 811(m), 782(m), 714(w), 615(w).

Synthesis of {[Ni,(H,0),(L)(OH)]-1.75H,0},,(2). The syn-
thesis steps of 2 are the same as those of 1, except the metal salt is
replaced with NiCl,-6H,0 (0.03 mmol, 7.1 mg). Green crystals
of 2 were obtained and washed with deionized water. Yield: 54%
(based on H;L). Elemental analysis: Anal. caled for
CysH,,N,Ni,0,0-3.5(H,0): C, 33.45; H, 2.89; O, 37.44; N,
2.79. Found: C, 33.62; H, 2.96; O, 37.74; N, 2.91%. Main IR
data (KBr, cm™): 3424(s), 2974(w), 1630(s), 1572(s),
1437(m), 1386(s), 1305(m), 1268(m), 1153(w), 1096(w),
1050(w), 898(w), 812(m), 781(m), 713(w), 613(w), 453(w).

Crystallography. Single-crystal X-ray diffraction data were
collected on a Bruker Smart APEXII single-crystal diffractom-
eter (Mo Ka, A = 0.7101 A). SADABS program was used to
absorb and correct the crystal diffraction data.*® The structure
was solved by direct methods and refined by SHELXL software
package employing full-matrix least-squares methods against
F2*” All nonhydrogen atoms were located in Fourier transform
and anisotropy refinement. Hydrogen atoms were placed in
calculated positions and refined isotropically using the riding
model. The geometrical calculations were carried out using the
program PLATON."® Details of the crystallographic data for 1
and 2 are listed in Table S1. Also, selected bond lengths (A) as
well as angles (deg) are listed in Tables S2 and S3, respectively.
The CCDC numbers of 2008561 and 2054072 are for 1 and 2,
respectively.

Proton Conduction Measurements. Approximately 30
mg of crystalline powder of 1 or 2 was pressed into a wafer with a
steel mold with a diameter of 0.5 cm under a pressure of 3.5 MPa
for 5 min. The thickness of the wafer was measured with a
vernier caliper. Then, the wafer was connected to two Cu
electrodes and activated at different humidities for 24 h. The AC
impedance of the sample was tested under 303—363 K and 68—
98% RH. The conductivity was calculated by the equation =L/
RS, where L, R, and S represent the thickness, the resistance, and
cross-sectional area of the sample, respectively. The activation
energy (E,) was calculated by the Arrhenius formula: In (6T) =
(In A — E,)/kT, where A and k are the pre-exponential factor and
Boltzmann’s constant, respectively.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
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Coordination mode of H;L (Figure S1), PXRD data
(Figure S2), IR (Figure S3), TGA (Figure S4), stability of
1 and 2 (Figures SS, S6, and S8), TGA plots before and
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after the proton conductivity measurement (Figure S7),
crystal data and selected bond lengths and angles (Tables
S1-S3), proton conductivity (Tables S4 and SS),
comparison of the proton conductivity with other
proton-conducting materials (Table S6), and hydrogen-
bonding data (Tables S7 and S8) (PDF)
Crystallographic data for 1 (CIF)

Crystallographic data for 2 (CIF)
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