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ABSTRACT: A novel metal—organic framework,
[{(Zng25)s(0)}Zng(L)1,(H,0)29(DMEF ) 59(NO3), ], (1) {H,L
= 1,3-bis(4-carboxyphenyl)imidazolium}, has been synthesized
under solvothermal conditions in good yield. It shows a ZngO
cluster that is coordinated to six ligands and forms an overall
three-dimensional structure with channels along the crystallo-
graphic a and b axes. The imidazolium groups of the ligand
moiety are aligned in the channels. The channels are not
empty but are occupied by a large number of DMF and water
molecules. Upon heating, these solvent molecules can be
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removed without breakdown of the overall structure of the framework as shown by variable-temperature powder X-ray diffraction
patterns. Of great interest is the fact that the compound exhibits high proton conductivity with a low activation energy that is

comparable to those of Nafion presently used in fuel cells.

B INTRODUCTION

Crystalline metal—organic framework (MOF) structures can be
readily and conveniently synthesized in good yields from metal
ions and suitable ligands adopting the modular approach and
under hydro(solvo)thermal conditions. In robust MOFs, the
overall structure remains intact upon removal of solvent
molecules occupying the voids leading to porous MOFs.
These porous materials are attractive in several contemporary
areas of research such as adsorption of gases, chemistry in the
coordination space,2 separation of geometrical isomers,” and so
on. In recent times, they have attracted increasing attention for
potential uses in electrochemical devices and fuel cells as well as
probes for studying transport dynamics and biological ion
channels.”* Particularly, porous MOFs are finding more
attention as proton-conducting separator materials to replace
the existing proton exchange membrane in fuel cells.” The
polymer Nafion with a perfluorinated backbone and having side
chains with sulfonic acid groups as terminals is an important
proton-conducting separator material.® However, its use is
limited to temperatures lower than 80 °C. For fuel cell research,
materials that exhibit significant proton conductivity at
temperatures above 100 °C are desirable and are highly
relevant for clean energy applications. Also, the activation
energy should be comparable to that of Nafion (0.22 eV).” In
this context, porous MOFs, because many of them show
thermal stability, offer excellent opportunities as proton-
conducting separator materials. In MOFs, designability of the
channels in terms of size, shape, and environment allows
control over loading of guests into the channels. For enhanced
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proton conductivity, either organic linkers have been
derivatized with sulfonic, phosphonic, carboxylic, or hydroxyl
groups® that can align themselves in the channels or proton
carriers such as imidazole, triazoles, ammonium ions,
hydroxonium ions, etc.” have been introduced into the empty
channels. Increased acidity of metal-bound water molecules
inside the channel has also been used as the proton source to a
hydroxylic solvent such as methanol.'® Herein, we provide
another interesting system for high proton conductivity. We
have used an angular ligand with two aromatic carboxylates at
the terminal and an imidazolium group in the middle (Scheme
1a). Aromatic carboxylates have been extensively used"" as rigid
tectons to bind metal centers for the construction of stable
coordination polymers. On the other hand, the methylene
hydrogens of the imidazolium moiety are highly acidic as
deprotonation affords a neutral carbene that can be stabilized
due to the presence of two heteroatoms near the carbene center
(Scheme 1b).

The potential of the molecular building block (MBB)
approach has been recognized for the assembly and develop-
ment of functional porous MOFs since the discovery of MOF-§
by Yaghi and others."” This approach offers fine control over
the chemical environment as well as topology of the internal
voids using appropriate building blocks. Formation of metal
clusters or an inorganic MBB during synthesis of MOFs
enhances their robustness and at the same time may increase
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Scheme 1. (a) Chemical Structure of the Ligand H,L* and
(b) Schematic Representation of the Carbene Generation on
Deprotonation of the Methylene Carbon
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the porosity of the framework. There are several reports on
metal clusters of different nuclearities available in the
literature." Presently, we describe a porous MOF built with
the imidazolium-based ligand (Figure 1la) and a hitherto

Figure 1. (a) Perspective view of the ZngO cluster. (b) Perspective
view showing how the ZngO cluster is bonded to the carboxylate
groups.

unknown {ZngO} cluster. The overall 3D structure shows
channels occupied by a large number of water and DMF
molecules that form H-bonded networks. This framework has
high thermal stability (~ 400 °C) and shows remarkably high
proton conductivity with a low activation energy.

B EXPERIMENTAL PROCEDURE

Materials and Method. Reagent grade Zn(NO;),-6H,0, 4-
aminobenzoic acid, glyoxal (30% aqueous solution), and paraformal-
dehyde were purchased from Sigma-Aldrich and used without further
purification. All solvents were purified following the established
procedures prior to use.'*

Physical Measurements. Spectroscopic data were collected as
follows: IR spectra (KBr disk, 400—4000 cm™!) were recorded on a
Perkin-Elmer model 1320 spectrometer. Powder X-ray diffraction
(PXRD) patterns were recorded with a Bruker D8 Advance
diffractometer equipped with nickel-filtered Cu Ka radiation. The
tube voltage and current were 40 kV and 40 mA, respectively.
Thermogravimetric analysis (TGA) (S deg/min heating rate under a
nitrogen atmosphere) was performed with a Mettler Toledo Star
system. 'H NMR spectra were recorded on a JEOL JNM-LAS00 FT
instrument (500 MHz) in DMSO-d, with TMS as the internal
standard. Melting points were recorded on an electrical melting point
apparatus by PERFIT India and are uncorrected. Elemental analyses
were obtained from the Central Drug Research Institute, Lucknow,
India.

Synthesis of the ligand 1,3-bis(4-carboxyphenyl)imidazolium
chloride (H,L*Cl™) was achieved in several steps following a literature
procedure'® after slight modification.

Synthesis of N,N’-Bis(4-carboxyphenyl)ethylenediimine (L,).
4-Aminobenzoic acid (10 g, 2.0 equiv) was dissolved in dry methanol
(30 mL). Formic acid (4 drops) was added followed by dropwise
addition of a 30% aqueous solution of glyoxal (5.3 mL, 1.0 equiv). The
solution was stirred at ambient temperature for 24 h. The white solid
formed was collected by filtration, washed with cold methanol, and
dried in air. Yield: 65%. Mp: >300 °C. '"H NMR (500 MHz, DMSO-
dg, 25 °C, TMS, 8): 7.72 (d, 2H, ArH), 7.91 (d, 2H, ArH), 8.23 (d,
2H, ImH). ESI-MS (m/z): 296 (100) [L,]*. Anal. Calcd for
CyH,N,0,: C, 64.86; H, 4.08; N, 9.45. Found: C, 64.96; H, 4.01;
N, 9.55.

Synthesis of 1,3-Bis(4-carboxyphenyl)imidazolium Chloride
(H,L*CI7). Compound L, (S g, 16.89 mmol), as obtained above, was
dissolved in anhydrous THF (10 mL) under an argon atmosphere
followed by addition of a solution of paraformaldehyde (635 mg, 21.16
mmol,1.25 equiv) in 12 N HCI (2.1 mL, 25.33 mmol, 1.5 equiv) in
dioxane (4 mL) at 0 °C. The reaction mixture was stirred at room
temperature for 4 h. The light pink precipitate formed was collected by
filtration, washed with Et,0O, and dried in vacuum. Yield: 70%. Mp:
>300 °C. 'H NMR (500 MHz, DMSO-d,, 25 °C, TMS, 8): 7.97 (d,
2H, ArH), 8.16 (d, 2H, ArH), 8.48 (d, 2H, ImH), 10.40 (s, 1H, ImH).
ESI-MS (m/z): 309 (100) [H,L]*. Anal. Calcd for C;,H;3N,0,Cl: C,
59.22; H, 3.80; N, 8.12. Found: C, 60.05; H, 3.72; N, 8.21.

Synthesis of [{(Zng,5)s(0)}Zng(L);2(H,0)29(DMF)ge(NO3),1, (1).
This compound was synthesized by mixing 1 mmol of H,L*Cl™ and 4
mmol of Zn(NO;),-6H,O in 3 mL of DMF in a Teflon-lined
autoclave. It was heated under autogenous pressure to 120 °C for 48 h.
Cooling to room temperature at the rate of 10 °C/h afforded the
product as colorless thin crystals in ~40% yield. Anal. Calcd for
CarHeorNosO0Zng: C, 49.74; H, 7.08; N, 13.40. Found: C, 50.17; H,
6.89; N, 13.54.

X-ray Structural Studies. Single-crystal X-ray data were collected
at 100 K on a Bruker SMART APEX CCD diffractometer using
graphite-monochromated Mo Ka radiation (4 = 0.71069 A). The
linear absorption coefficients, scattering factors for the atoms, and
anomalous dispersion corrections were taken from the International
Tables for X-ray Crystallography. Data integration and reduction were
processed with SAINT'®* software. An empirical absorption correction
was applied to the collected reflections with SADABS'® using
XPREP.'® The structure was solved by the direct method using
SHELXTL'*! and was refined on F? by the full-matrix least-squares
technique using the SHELXL-97'% program package. The unit cell
includes a large region of disordered solvent molecules, which could
not be modeled as discrete atomic sites. We employed PLATON/
SQUEEZE to calculate the diffraction contribution of solvent
molecules and thereby to produce a set of solvent-free diffraction
intensities. The structure was then refined again using the data
generated. The lattice parameters and structural data are collected in
Table S1 (Supporting Information). Crystallographic data for the
structure reported in this paper have also been deposited with the
CCDC as deposition no. CCDC 875410 (available free of charge, on
application to the CCDC, 12 Union Rd., Cambridge CB2 1EZ, UK;
e-mail deposit@ccdc.cam.ac.uk).

Water Uptake Measurements. Water adsorption isotherms of
compound 1 were collected volumetrically using a BELSORP-max
apparatus (BEL Japan). Measurements were executed after elimination
of guests by evacuation of the sample at 80 °C for over 4 h.

Ac Impedance Measurements. Proton conductivity was
measured using the conventional quasi four-probe method. The
diameter of the pellet was ca. S mm &, which was estimated by the jigs.
The thickness of the pellet was 0.81 mm, measured by a thickness
gauge (Absolute $47-301, Mitutoyo Co. Ltd., Japan, accuracy 0.01
mm). The specimen was compacted, and gold wires were attached to
both sides of the pellet with gold paste. Ac impedance measurements
were carried out with 4294A (Agilent) and 1260 (Solartron)
impedance analyzers under controlled temperature and humidity
conditions by an incubator (SH-221, ESPEC Co. Ltd., Japan). Each
conductivity measurement was executed more than 12 h after the
humidity condition was set. The measurement was repeated several
times to confirm that the conductivity became stabilized. The
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contributions for the resistance by the proton conductivity were
estimated using the Nyquist plots.

Theoretical Calculations. To scrutinize the bonding of the
[ZngO(CO,)]¥ cluster, we have performed electronic structural
analysis based on density functional theory in its plane wave
pseudopotential formulation, as implemented in the Quantum
ESPRESSO'"* package. All calculations were carried out using the
gas-phase model [ZngO(HCO,)4]*, with the positions of H atoms
energy minimized and keeping the heavy -atoms fixed at their X-ray
crystallographic positions. A finite boundary condition with a cubic
box of 14 A was taken. The PBE'”" exchange-correlation functional
was chosen, and the core electrons were taken into account using the
ultrasoft pseudopotentials'’® with a plane-wave cutoff of 30 Ry. Both
3d and 4s valence electrons of Zn were explicitly included in the
calculations. Lowdin charges of atoms were computed using the
projection of the Kohn—Sham orbitals on the orthogonal pseudo
atomic orbitals.

B RESULTS AND DISCUSSION

Compound 1 was synthesized solvothermally at 120 °C by
reacting the ligand with Zn(NO;),,6H,0 in a 1:4 molar ratio.
Satisfactory elemental analysis was achieved for the formulation,
and all major peaks of experimental and simulated PXRD from
the single-crystal structure are well matched, confirming the
phase purity. Once isolated, it is highly stable in air and
insoluble in water and in common organic solvents such as
acetone, methanol, ethanol, chloroform, DMF, and DMSO.
Thermal analysis of 1 shows that weight loss takes place in
three steps. The first weight loss occurs in the temperature
range of S0—80 °C (11.2%), the second weight loss of 17.3%
takes place between 140 and 160 °C, and the final weight loss
of 27.1% occurs between 270 and 300 °C. The total weight loss
of 55.6% below 320 °C corresponds to the liberation of 69
DMEF and 29 water molecules per formula unit. Complete
decomposition of the compound is achieved beyond 400 °C
(Figure S1, Supporting Information).

The compound crystallizes in the trigonal space group R3.
The structure can be described as six different ligand units
bonded to a metal cluster via bridging carboxylates. The other
end of each ligand is bonded to a single tetrahedral Zn(II) ion
(Figure la). An interesting feature of this structure is the
presence of a hitherto unknown metal cluster where eight
hepta-coordinated Zn(II) ions occupy the corners of a cuboid
with an O*” ion at the body center (Figure 1b). While the lone
O atom lies on a 6-fold symmetry axis, one of the Zn** ions lies
on a 3-fold symmetry axis so that crystallographic requirements
lead to the ZngO cluster. The dimensions of the approximate
cuboid are 2.247(2) X 2.247(2) x 2.183(4) A’. Another
plausible explanation can be a Zn,O cluster with Zn ions
disordered over two positions. Earlier reports'® mention the
presence of a {Zn,O} cluster due to positional disorder of the
Zn** ions.

The extended structure contains another subunit of a 48-
membered metallomacrocycle constructed from three ligands
and three tetrahedral Zn(II) ions. Coordination of each
tetrahedral Zn(II) ion consists of one chelated and one
bridging carboxylate with the fourth coordination site occupied
by a DMF molecule. The approximate diameter of the
metallomacrocycle is 17.6 A. Six such metallomacrocycles are
connected through a ligand unit to the metal cluster (Figure 2),
resulting in an extended 2D sheet structure.

These 2D sheets interpenetrate into each other and are
locked by a chain-lock mechanism, ie., 6,3-connected 3-fold
interpenetration (Figure SS, Supporting Information), prop-

Figure 2. Six metallomacrocycles connected to the core {ZngO}
cluster.

agating in all dimensions. The overall structure shows channels
along the crystallographic a and b axes. An interesting feature of
this structure is that the methylene groups of the imidazolium
moieties are aligned inside the channels (Figure 3) such that
they are exposed to any solvent molecule entering the channels.

Figure 3. Space-filling diagram along the a axis showing methylene
groups of the imidazolium moieties are aligned inside the channels.

The channels are not empty but contain solvent molecules,
viz., water and DMF along with nitrate anions to balance the
charge. The broad peak at 3423 cm™ in the IR spectrum of the
complex indicates the presence of water molecules in the
structure. Sharp peaks at 1659 and 1625 cm™" appear for free
and coordinated CO stretching vibrations of dimethylforma-
mide molecules, respectively, inside the channels. Another
sharp peak at 1384 cm™' appears due to the presence of the
nitrate anions (Figure S7, Supporting Information). The
solvent guest molecules can be removed by heating without
structure breakdown. The framework is quite stable, confirmed
by the variable-temperature PXRD study (Figure S8,
Supporting Information) in the temperature range of 0—250
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To obtain a detailed understanding of bonding within the
{ZngO} cluster, we have looked at the atomic orbital
contributions to the molecular orbitals of the cluster using
the projected density of states (PDOS) of the gas-phase
[ZngO(HCO,)s)¥ cluster. In Figure 4a, the total PDOS of the

T L T v T L T J T L = OTR
Zn{1)d
Zn(2)d
Zn(3)d
Zn{d)d
Zn(5)d
Zn(6) d
— Zn(7)d
Zn(8)d

PDOS/ arb. units

Figure 4. (a) PDOS of the [ZngO(HCO,)s]** cluster in vacuo and
(b—g) selected molecular orbitals. O1 is the oxygen atom at the center
of the ZngO cluster. The Fermi energy is set to 0 eV. For clarity in
presentation, the total PDOS curve of the O1 p orbitals is drawn along
the negative y axis. The positions of the orbitals in (b)—(g) are
indicated in (a). Atom color code: Zn (black), O (red), C (green), H
(gray). Wave functions are visualized as isosurfaces with an isovalue of
+0.0015 (yellow/blue).

p-orbitals of the oxygen, O1, at the center of the {ZngO} cluster
is plotted together with those of the d-orbitals of all eight Zn
atoms. Clearly, the O1 p-orbitals overlap with the d-orbitals of
the Zn atoms as shown in Figure 4b—d. These three nearly
degenerate orbitals are composed of p-orbitals of Ol and d-
orbitals of all the Zn atoms. Most importantly, we have
observed the existence of Zn—Zn bonds. A few of the orbitals
that are involved in the Zn—Zn bonding are presented in Figure
4e—g. It is clear from these figures that Zn—Zn bonds have
large contributions from the d-orbitals. In fact, all these orbitals
are multicentered, although a single molecular orbital alone
encompassing all eight Zn atoms is not observed. Zn atoms are
bonded to their nearest neighbors along the sides of the cube,
as evident from the molecular orbitals (Figure 4e—g).
Calculated Lowdin charges on Zn and O1 of +1.45 and
—1.35 e, respectively, confirm the formal oxidation states of +2
for Zn and -2 for Ol.

Proton conductivity was evaluated by ac impedance spec-
troscopy using a compacted pellet of the powdered sample with
two gold electrodes attached to the surface. As shown in Figure
S, proton conductivity of 1 increases with an increase of
humidity and reaches 2.3 X 107> S cm™' at ambient
temperature and 95% relative humidity (RH). Slight hysteresis
can be observed between adsorption and desorption of water
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Figure 5. Proton conductivity dependence on humidity at 298 K. The
measurement was executed with an increase (open circles) and a
decrease (closed circles) in humidity.

(Figure S). As shown in Figure 6, a hysteresis can also be
observed between the water adsorption and desorption
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Figure 6. Water adsorption (open circles) and desorption (filled
circles) isotherms of 1 at 298 K.

isotherms of 1, and the proton conductivity depends on the
water amount inside the pore of the MOF. The PCT curve has
three plateau regions at two, five, and eight water molecules per
formula as shown in Figure 7, and the compound has three
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Figure 7. Proton conductivity dependence on water uptake.
Conductivity was measured with an increase (filled circles) and a
decrease (open circles) of the water content.

hydrated states. We plotted proton conductivity as a function of
the water content as shown in Figure 7. The proton
conductivity of 1 up to the tetrahydrate state is low. However,
addition of the fifth water molecule enhances its conductivity
significantly, suggesting that the water molecules in the channel
play an important role in the proton conduction. It can be seen
from Figure 5 that five water molecules are gradually adsorbed
from 40% to 70% RH, and the hysteresis observed in Figure §
at the humidity range mentioned above is due to the slight
hysteresis observed in the adsorption isotherm shown in Figure
6. Large hysteresis can be observed from 80% to 95% RH in the
PCT curve (Figure 6). From the plot of proton conductivity
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dependence on the water uptake (Figure 7), it is found that
change in the conductivity above five water molecules is limited
and the hysteresis observed is also less prominent (Figure S).

Temperature dependency of the conductivity was measured,
and an Arrhenius plot was obtained as shown in Figure 8. The
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Figure 8. Arrhenius plot of the proton conductivity at 95% RH.

activation energy (E,) was estimated to be 0.22 eV by applying
eq 1. This value is comparable to that of Nafion and lower than

oT = o, exp(Ea/kT) (1)

those of most MOF systems reported. According to our best
knowledge, the lowest reported activation energy for such an
MOF system is 0.137 eV for In-5TIA reported by Banerjee et
al."” and the maximum reported value is 0.63 €V reported by
Kitagawa et al’ According to the literature,”™ we believe that
water molecules in the cavity provide the conducting pathway
for Grotthuss-type conduction of protons and a high
conductivity value is indicative of a high carrier concentration
originating from acidic methylene protons lined along each
channel. Further analysis is required for determining its
conduction mechanism.

In conclusion, we have presented here an unprecedented
{ZngO} cluster that acts as a new type of SBU. This framework
leads to a highly porous structure where the pores are occupied
by DMF and water molecules. Methylene protons of the
imidazolium groups are aligned inside the channel along the
crystallographic a and b axes. This compound shows low
conductivity up to the tetrahydrate stage, but once the fifth
water molecule is introduced, it shows high proton conductivity
with a low activation energy, both of which are comparable to
those of Nafion. The water molecules in the channels take part
in the Grotthuss-type conduction of protons originating from
the methylene protons of the imidazolium groups. Presently,
modification of the ligand moiety to alter proton conductivity is

being probed.
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Spectroscopic, thermogravimetric, and powder X-ray diffrac-
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