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Abstract: Metal-organic polyhedra (MOPs) or frameworks
(MOFs) based on Cr'* are notoriously difficult to synthesize,
especially as crystals large enough to be suitable for character-
ization of the structure or properties. It is now shown that the
co-existence of In’" and Cr’" induces a rapid crystal growth of
large single crystals of heterometallic In-Cr-MOPs with the
[MgL,,] (M =1In/Cr, L=dinegative 4,5-imidazole-dicarboxy-
late) cubane-like structure. With a high concentration of
protons from 12 carboxyl groups decorating every edge of
the cube and an extensive H-bonded network between cubes
and surrounding H,0 molecules, the newly synthesized In-Cr-
MOPs exhibit an exceptionally high proton conductivity (up to
5.8x1072 Sem™ at 22.5°C and 98 % relative humidity, single
crystal).

M etal-organic frameworks (MOFs)!"! (or more generally
coordination polymers, CPs) and hydrogen-bonded frame-
works including recently developed hydrogen-bonded
organic frameworks (HOFs)®! have emerged as a new
promising class of materials that are capable of fast ion
conductivity. Their high crystallinity and open framework
architecture, together with tunable compositions and struc-
tures, make it possible to not only better design materials to
optimize ion conduction carriers and pathways, but also better
understand conducting behaviors and mechanisms.™"!
Highly proton-conducting materials are essential in many
applications, especially hydrogen fuel cells. For MOF materi-
als, recently reported strategies for enhancing the proton
conductivity have focused on increasing the concentration of
proton carriers by controlling framework or extra-framework
compositions as well as on improving proton mobility by
constructing materials with desired H-bonded networks. For
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example, Kitagawa et al. reported highly proton-conductive
zinc oxalate MOFs by maximizing the proton carriers with the
simultaneous introduction of adipic acid molecules on the
framework and the counter cation (NH,)" in the void space.[®!
Another example is PCMOF2'/, reported by Shimizu et al.[”
which combined trisulfonate and triphosphonate groups and
had conductivity over 0.01 Scm ™.

The design strategy for the synthesis of MOFs can vary
significantly depending on the intended applications. For
developing better proton conductors, the conventional strat-
egy targeting extended 1D, 2D, or 3D frameworks may not
always be desirable. This is because a higher dimensional
structure generally requires a greater degree of ligand
deprotonation, which necessarily reduces the proton concen-
tration. For this reason, we expect that discrete metal-organic
polyhedra (MOPs) that can be formed through partial
deprotonation of ligands might represent a promising source
of materials capable of improved fast proton conductivity.
The finite polyhedral structures of MOPs provide an oppor-
tunity to decorate the entire surface with organic ligands that
carry extra functional groups so that a higher concentration of
proton carriers can be achieved. Moreover, the extensive
hydrogen bonding between the MOPs and the surrounding
guest molecules could provide an efficient pathway for proton
conduction. Prior to this study, even though MOPs have been
explored for their potential applications in catalysis, chemical
sensing, drug delivery, and separation®'”! and as building
blocks in the construction of extended MOFs or CPs, their
proton conducting properties remained little explored.

Compared to complexes based on other metal ions such as
Cu?", Zn*", and In**, metal complexes based on Cr'' tend to
have long lifetimes with very slow ligand exchange rates. As
a result, the synthesis of Cr** MOPs or MOFs, especially the
growth of large-enough single crystals suitable for conven-
tional X-ray diffraction analysis, is among the most difficult
tasks in the development of new MOPs and MOFs. In this
study, we discovered for the first time that the presence of In*"
can induce the crystallization of otherwise non-crystallizable
Cr’™ MOPs. Specifically, a mixture of In** and Cr’' can
cooperatively crystallize into heterometallic MOPs with high
proton conductivity. This strategy opens a new way for
creating new Cr’*-based MOFs and also provides a fresh
route for the creation of novel fast proton conductors.

In the new MOPs, [Cr,In,(Himdc);,]-H,O (denoted CPM-
103a) and [Cr;Iny5,(Himdc),,]-H,O (denoted CPM-103Db,
imdc = 4,5-imidazoledicarboxylate) reported here, a high
proton concentration that is due to an abundance of
carboxylic acid groups on the surface of each cube (one on
each edge for a total of 12 COOH groups per cube), together
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with the extensive hydrogen bonds around the cube contrib-
uted to the high proton conductivity of the material (5.8 x
102Scm ™! at 22.5°C and 98% relative humidity or RH,
single crystal). The observed proton conductivity is compa-
rable to that of Nafion (6.3x1072Scm™" for Nafion 117 at
60°C and 95% RHM!M)). On the basis of our extensive
literature study, for metal coordination compounds such as
MOFs, the highest measured number prior to this study is
42%x1072Scm™" at 25°C and 98% RH, found in an oxalate-
based MOF {[(Me,NH,);(SO,)],-[Zn,(0x)5]}, (Supporting
Information, Table S2).5+1%

Large red cube-shaped heterometallic In-Cr-MOP (CPM-
103a) single crystals crystallizing in the cubic Fm3c space
group were synthesized by reacting Cr(NOs);9H,O, In-
(NO;);xH,0, and Hsimdc in the DMF/H,O (4:1 mass ratio)
mixed solvent at 100°C (Supporting Information). The phase
purity of the bulk sample was confirmed by matching the
powder X-ray diffraction (PXRD) patterns of In-Cr-MOPs
and the PXRD patterns simulated from single crystal analysis
(Supporting Information, Figure S4).

When [Cr;(u5-O)(u-CH;COO)(H,0);]NO,"! was  uti-
lized instead of Cr(NOs);9H,O under the same reaction
condition, another In—Cr—MOP crystallizing in the rhombo-
hedral R3 space group (CPM-103b) was obtained. It is worth
noting that crystallization of CPM-103a or CPM-103b would
only occur when both Cr** and In*" precursors are present.
Experiments with only Cr’" or In** source under comparable
conditions led to either amorphous gel for Cr*" or unidenti-
fied polycrystalline powder for In*" (the proposed crystal
growth mechanism in Supporting Information). Owing to the
large difference in X-ray scattering factors between Cr and In,
the Cr/In ratio could be estimated from the occupancy
refinement with single crystal X-ray diffraction data and
further supported by the EDX analysis (Supporting Informa-
tion, Figure S1).

X-ray single-crystal structure analysis shows that the
structure of CPM-103a consists of [ML,,] cubes residing at
the crystallographic center of symmetry. The vertices of the
cube are occupied by 8 metal ions connected in a bidentate
fashion by 12 doubly deprotonated Himdc?~ bridging ligands
(Figure 1a; Supporting Information, Figure S2). Each metal
center is coordinated to 3 O and 3 N from 3 different Himdc?~
ligands, leading to the facial octahedral coordination geom-
etry. Each Himdc®™ ligand bridges together two individual
metal centers to give two five-membered rings that are
coplanar with the imidazole ring. The M-M-M angles and M—
M distances are 90° and 6.3549(1) A, respectively, indicating
the regularity of the cube.

CPM-103b exhibits a slightly distorted cube owing to its
two crystallographically unique metal sites and two Himdc?~
ligands (Supporting Information, Figure S3). The M-M-M
angles range from 88.881(15)° to 90.612(12)°. The M1 site is
pure Cr, but the M2 site is determined to be 0.12 In and 0.88
Cr according to the structural refinements. The Cr/In ratio
was also supported by the EDX results (Supporting Informa-
tion, Figure S1).

The In-Cr-Himdc cubes in CPM-103a or 103b are
connected edge-to-edge via O—H:--O hydrogen bonds
between the carboxylate groups and guest H,O molecules
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Figure 1. a) Structure of the [Cr,In,(Himdc),,]-H,O cube. b) The distri-
bution of 12 H-atoms on the surface of each cube. c) 3D supramolec-
ular packing of the cubes. d) The orientation of each cube and six
neighboring cubes.

to form a pcu (primitive cubic packing) superlattice (Fig-
ure 1c; Supporting Information, Figure S3c). As a result,
each In-Cr-MOP connects to six neighboring ones (Figure 1d;
Supporting Information, Figure S3e). The nearest O--O
distances in the same Himdc*™ are in the range of
2.9066(1)-3.0533(1) A, which are markedly longer than the
distances commonly observed in the strong hydrogen bonds
based on the O--O pairs.™ Such weakened intramolecular
hydrogen bonding is indicative of strong intermolecular
hydrogen bonds between the carboxyl groups and guest
H,O molecules, which is believed here to provide efficient
pathways for proton conduction.

Samples of CPM-103a and CPM-103b were activated for
gas sorption studies by exchanging with CH;CN for 3 days
and then heating at 60°C for 10 h in a vacuum. Both samples
were found to be non-porous to N,, but exhibited an
appreciable CO, uptake of 38.8 cm’g™! and 17.3 cm’g™" at
273 K and 298 K, respectively (1 atm; Supporting Informa-
tion, Figure S5). The isosteric heat of adsorption (Qy) of CO,
was determined by fitting the adsorption data collected at 273
and 298 K to the virial model. CPM-103a and CPM-103b
exhibited Q,, for CO, of 32.2 and 35.4 kJmol ' (Supporting
Information, Figure S5), respectively, at zero coverage. These
numbers are significantly larger than most of the MOFs and
suggest a strong interaction of CO, with the surface of MOPs.

To develop materials with enhanced proton conductivity,
it can be advantageous to perform synthesis in water-rich
solutions owing to the possibility to form extended hydrogen-
bonding pathways. Unfortunately, many MOFs or MOPs
have limited stability in water. One interesting aspect of
CPM-103a and CPM-103b is their crystallization in a water-
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rich solvent with 12 carboxyl H atoms around the surface of
the MOP, which makes it a potential candidate for proton-
conducting material. Also, the availability of large single
crystals of CPM-103a makes it possible to investigate the
conductivity free from the grain boundary effect.

A single-crystal conductivity measurement was per-
formed on a cube-shaped crystal (0.25 mm x0.25 mm x
0.25 mm) with the electrodes attached by gallium metal.™
AC impedance measurement was performed in an incubator
at 22.5°C under various relative humidity (RH). At 45% RH,
the conductivity of CPM-103a was found to be 1.7x
107 Sem ™. Its conductivity increased to 8.0x 10 Sem ™" at
75% RH and reached a maximum value of 5.8 x 107> Scm " at
98% RH (Figure 2; Supporting Information, Figure S7). In
comparison, the conductivity of CPM-103b also shows
a humidity dependence, with an increase from 2.3x
10*Scm ' at 45% RH to 4.8 x10* at 98 % RH (Supporting
Information, Figure S8). Furthermore, the reproducible
measurements on the same crystal of CPM-103a or 103b
between 45% RH and 98% RH for 3-4 runs (Supporting
Information, Figures S9 and S10) demonstrated the stability
of these two MOPs during the impedance measurements.

AC impedance spectroscopy was also performed on
a compressed pellet (13 mm in diameter and 3 mm in
thickness pelletized at 50 MPa) of the crystalline powder
sample. At 98% RH and 22.5°C, the proton conductivity
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reached 2.3x 107 Scm ™ and 2.1 x 107 Sem ™" for CPM-103a
and CPM-103b, respectively (Supporting Information, Figur-
es S11 and S12). It was observed that an increased pellet-
ization pressure gave higher proton conductivity values. For
samples pelletized at 68 Mp, 6.5x 107 Scm™! for CPM-103a
and 59x10°Scm ' for CPM-103b were obtained at 98 %
RH and 22.5°C (Supporting Information, Figure S13,
Table S2). The humidity dependence of proton conductivity
was also indicated by the Nyquist plots obtained under
different humidity conditions (from 45% to 98% RH)
(Figure 2).

The temperature dependence of the proton conductivity
was measured at 93% RH using a sample (pelletized at
50 MPa) of CPM-103a to further probe the mechanism of
proton conduction (Supporting Information, Figure S14).
Figure 2 c shows the Arrhenius plot of the proton conductiv-
ity. The activation energy (E,) was found to be 0.66 eV, which
indicates that the mechanism of proton conduction is
expected to be similar to that of the Grotthus mechanism,
that is, proton transport from Himdc®>~ by re-forming hydro-
gen bonds between Himdc*™ and H,O guest molecules. The
E, value is higher than some well-known hydrated proton
conductors, such as PCMOF-5 (0.32 eV)["), HUO,PO,-H,0O
(0.32eV)'" and Nafion (0.22eV);" but comparable to
inorganic—organic hybrid highly proton-conductive materi-

als, such as (NH,),(adipic acid)[Zn,(oxalate);]-3H,0
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Figure 2. a) Nyquist plot of the single crystal sample of CPM-103a. b) Dependence of the conductivity on humidity of single crystal (upper curve)
and pellet samples (lower curve) of CPM-103a. c) Nyquist plots under 93% RH conditions and different temperatures: 1) 22.5°C, 2) 33.1°C,
3) 42.5°C, 4) 52.3°C. d) Arrhenius plot of the proton conductivity. Least-squares fitting is shown as a dotted line.
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(0.63eV)® In-IA-2D-1(0.61 eV),!”! and {[Ca(p-Hpmpc)-
(H,0),]-2HO,5},/PVP composite (0.65 eV).*

In summary, it is demonstrated herein that MOPs have
a unique ability to incorporate a high concentration of proton
carriers and to establish an extended H-bonded network,
which make them promising candidates for proton-conduc-
tive materials. We have shown that the incorporation of
indium proves to be an effective method to grow Cr**-based
crystals and that the heterometallic In-Cr-MOPs first synthe-
sized here exhibit fast proton conducting behavior. The
introduction of high concentrations of proton carriers on the
outer surface of the cage and effective pathways for proton
conduction via the hydrogen bonds through the guest
molecules were found to contribute to the observed high
proton conductivity. This research should open up new
opportunities for developing promising proton-conductive
materials based on MOPs.

Experimental Section

Synthesis of CPM-103a: In a 20 mL glass vial, In(NO;);xH,O
(150.0 mg), Cr(NO;);9H,0 (200.0 mg), and 4,5-imidazoledicarbox-
ylic acid (78.0 mg) were dissolved in a mixture of DMF (8.0 g) and
water (2.0 g). After the suspension was stirred for 2 h, the vial was
sealed and placed in a 100°C oven for 5 days. Large red cubic crystals
were obtained after cooling to room temperature. The yield was about
85 % based on Cr. Pure sample was obtained by filtering and washing
the raw product with extra DMF.

Synthesis of CPM-103b: The procedure was similar to that of
CPM-103a except 107.0 mg [Cr;(u;-O)(u-CH;COO)4(H,0);]NO; was
utilized instead of Cr(NO;);9H,0. Large pure red rhombic crystals
were obtained with about 80 % yield based on Cr.

Detailed experimental and crystallographic data, figures showing
structural details, FTIR spectra, PXRD patterns, TGA curve, gas
adsorption isotherms, EDX results, and Nyquist plots are given in the
Supporting Information. CCDC 1048262 and CCDC 1048263 contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Keywords: chromium(lll) - cooperative crystallization - indium -
metal—organic polyhedra - proton conductivity
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