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ABSTRACT: From the outset of the study of MOFs as
proton conductors, both conductivity and hydrolytic
robustness of the materials have needed to be improved.
Here, we report a layered magnesium carboxyphosphonate
framework, PCMOF10, that shows an extremely high
proton conductivity value of 3.55 × 10−2 S·cm−1 at 70 °C
and 95% RH. Moreover, PCMOF10 is water stable owing
to strong Mg phosphonate bonding. The 2,5-dicarboxy-
1,4-benzenediphosphonic acid (H6L) linker anchors a
robust backbone and has hydrogen phosphonate groups
that interact with the lattice water to form an efficient
proton transfer pathway.

Growing global energy demands require research efforts
aimed at the discovery and development of alternative

energy technologies.1 Fuel cell technology is a key part of
present and future opportunities.2 Better electrolyte materials
are critical to enhancing cost efficiency of fuel cells. With regard
to research on potential electrolyte materials, a wide variety of
compounds such as ceramic oxides and hydroxides,3 oxoacids,4

polymers,5 carbon nanotubes,6 and their blends and/or adducts
have been investigated as proton conductors.
Metal−organic frameworks (MOFs) have emerged as novel

proton conducting materials.7,8 The crystallinity and tunability
of MOFs offer a convenient platform to design materials for
targeted applications. While gas permeability is a detriment to a
fuel cell membrane, the micropores in MOFs can be used to
advantage by loading them with proton carriers such as water
or a less volatile species. Furthermore, the precise pore
structure and even location of guest carriers in a MOF can
be visualized creating a useful handhold for modeling proton
conduction in solids. MOFs can be fabricated into thin films,9

and incorporated into mixed-matrix membranes10 thus
increasing their viability in industrial applications.
Proton-conducting MOFs (PCMOFs) broadly fall under two

categories: those of interest for operation under low-temper-
ature (<100 °C) hydrated conditions, and those that conduct
protons under anhydrous conditions above 100 °C.8 As in any
proton electrolyte, an efficient hydrogen bonded pathway
between proton carriers is key with the operating temperature
range often being dictated by the volatility of the carrier,
typically water.11,12 Complementarity of the pKa’s of the
functional groups in the proton transfer pathway plays a key
role in determining conductivity.
While the crystallinity of PCMOFs enables their use as

model for developing structure activity relationships in proton

conductors, the promise of genuine applicability has typically
required both higher values of proton conductivity and also
more robust networks than reported for PCMOFs to date. A
decade ago, the robustness issue could be generalized to MOF
materials, but significant advances in this regard have been
made since then13 including for PCMOFs.14,15b There have
also been steadily increasing values of proton conduction in
MOFs reported, and there are now a handful of materials that
give proton conduction values in excess of the 10−2 S·cm−1

benchmark, albeit typically in a less robust framework.15a Here,
we report a proton-conducting MOF, Mg2(H2O)4(H2L)·H2O
(H6L = 2,5-dicarboxy-1,4-benzene-diphosphonic acid),
PCMOF10, that merges water stability and high proton
conduction. PCMOF10 is a new material with a robust layered
structure that conducts protons at 3.55 × 10−2 S·cm−1 at 70 °C
and 95% RH. X-ray crystallography confirms the presence of
hydrogen phosphonate groups and positionally ordered water
molecules to form an efficient proton transfer pathway in the
MOF pores. Beyond the reproducible high humidity con-
ductivity measurements, water stability is confirmed by
immersion in water and retention of both the structure and
properties of PCMOF10.
The dicarboxy, diphosphonate ligand, H6L, was synthesized

by a previously published protocol.16 PCMOF10 was
synthesized solvothermally in a Teflon-lined autoclave, by
adding Mg(NO3)2·6H2O (0.41 mmol) and H6L (0.48 mmol)
to a mixture of 3 mL methanol and 3 mL H2O and heating to
150 °C. Colorless plate-like single crystals were obtained after
72 h. The powder X-ray diffraction (PXRD) pattern of a bulk
sample matched that simulated from the single crystal X-ray
data (Figure 2). PCMOF10 crystallizes with the formula
Mg2(H2O)4(H2L)·H2O, and possesses a two- dimensional
layered architecture. The structure can be envisaged to be
composed of edge-shared zigzag ladders (along the c-direction)
made up of MgO6 octahedra and CPO3 tetrahedra, forming
four- and eight-membered rings. These ladders are pillared by
H2L molecules to form a two-dimensional grid-like structure
(Figure 1a). These layers stack along the a-axis and are
separated by a distance of 8.753(4)Å. Each of the magnesium
atoms (Mg(1) and Mg(2)) is octahedrally coordinated to two
water molecules, a carboxylate oxygen, and three phosphonate
oxygens (Mg−O = 1.951(3)−2.164(4) Å). Each phosphonate
group is monoprotonated (O(5), O(12)), and these, along with
coordinated water molecules (O(6), O(9)−O(11)) and
carboxylate oxygen atoms (O(13), (O14)) line the interlayer
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spaces. These groups interact together with lattice water
molecules (O(w)) to form an extensive O−H···O hydrogen-
bond network (Figure 1b, Figure S7, Table S2, Supporting
Information). The donor−acceptor (D···A) distances of these
hydrogen bonds range from 2.200 (3) to 3.030(3) Å. The
shortest hydrogen bond distance is observed between the
lattice water molecule (Ow) and one of the coordinated water
molecules (O10), while the longest is observed between the
lattice water molecule and a carboxylate oxygen atom (O14).
The presence of this hydrogen-bonded pathway in a hydrated
and acidic interlayer region suggested that this material could
be a good proton conductor; this also necessitated studying
water stability.
To assess the hydrolytic stability of PCMOF10, an as-

synthesized sample was soaked in water for a week. PCMOF10
shows excellent water stability as the PXRD patterns of the as-
synthesized and water-soaked samples were in good agreement
with each other (Figure 2). PXRD was also run on a sample
while actually immersed in water to confirm that the structure
was not swelling upon hydration, a possibility with a layered
material. This resilience toward swelling is possibly due to the
fact that aromatic rings within a layer are not pi-stacked
(separated by 5.59(5)Å) meaning that water can pass between
the rings and hence layers. Additionally, mass balance
confirmed the water-immersed sample was not dissolving.
Regarding thermal stability, thermogravimetric analysis (TGA)
(Figure S1) showed a weight loss of 19.03% below 210 °C,
attributable to the loss of lattice and coordinated water
molecules (calcd: 19.54%). The loss of water up to the
temperature of 210 °C indicates the strong interaction of the
solvents with the framework. Beyond this temperature, there is
a gradual weight loss, likely involving the decomposition of the
organic moiety. Of note here is that whereas phosphonate
coordination chemistry can promote more stable materials, this
is typically accompanied by an increasingly amorphous nature.

In PCMOF10, the water stability is merged with order in single
crystal and bulk phases.
To assess proton conductivity, AC impedance analysis was

carried out on an as-synthesized, powdered sample of
PCMOF10. Figure 3 shows Nyquist plots as a function of
temperature at 95% RH. The semicircle in the high-frequency
region represents the bulk and grain boundary resistances,
while the low frequency tail represents the blocking of the
mobile charge at the electrode interface, indicating ionic
conduction. The conductivities at each temperature were
measured after equilibration for a period of 24 h. At 95%
RH, PCMOF10 exhibits a proton conductivity of 3.55 × 10−2 S
cm−1 at 70 °C. This is among the very highest values for any
proton-conducting MOF and was reproducible after consec-
utive heating and cooling cycles (Figure 3b). Above this
temperature, a drop in conductivity is observed as is typical for
many water-mediated proton conductors that undergo
dehydration at elevated temperatures.7,8,17 This is supported
by impedance measurements performed under varying
humidity conditions (Figure S4). At 70 °C, the conductivity
value of 3.55 × 10−2 S cm−1 drops to 4.17 × 10−4 S cm−1 at
70% RH, after which it decreases rapidly to 0.72 × 10−7 S cm−1

at 40% RH (Figure S2). The high humidity dependence of
proton conductivity observed here is typical in MOFs as
individual conducting pathways involving water can be confined
to narrow and rigid pores.
The activation energy for proton transfer in PCMOF10 is 0.4

eV, which is on the higher end of values for a Grotthuss
mechanism (Figure S3). The proton transfer pathway (Figure
1b, Figure S7) in PCMOF10 involves lattice and coordinated

Figure 1. Single crystal structure of PCMOF10. (a) Zigzag ladders
pillared by ligand molecules to give a two-dimensional grid. (b)
Hydrogen bonding array formed via O−H···O type hydrogen bonds
between the lattice water molecule and intralayer oxygen atoms.
Lattice water molecules are shown in brown.

Figure 2. PXRD patterns of PCMOF10: (i) simulated, (ii) as-
synthesized, (iii) wet sample ,(iv) treated with water for 1 week, (v)
postimpedance.
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water molecules, along with oxygen atoms from both the
hydrogen phosphonate and carboxylate groups. It is likely that
the activation energy value could be a consequence of the
heterogeneity of the functional groups possessing varying pKa’s
lining the interlayer spaces. Similar behavior has been reported
earlier by Kitagawa et al. in a series of substituted MIL-53
frameworks.18 Proton conductivity studies on M(OH)(bdc-R)
(M = Fe, Al; H2bdc = 1,4-benzenedicarboxylic acid) frame-
works revealed that, for frameworks with heterogeneous groups
(R = -H, -NH2), the Ea values were in the range of 0.45−0.47
eV, while for frameworks with homogeneous groups (R =
-COOH), Ea values of 0.21 eV were observed. The integrity of
the sample in the present study is maintained, as conformed
first by the reproducible conduction data, and this is
corroborated by the pre- and postimpedance PXRD patterns
(Figure 2). Monoprotonated phosphonic acid groups, like
those observed in PCMOF10, have been reported in other
MOFs.19 Cabeza et al. recently reported an alkaline earth metal
phosphonocarboxylate MOF, CaPiPhtA, which possesses a
pillared layered structure in which monoprotonated phos-
phonic acid groups protrude into interlayer spaces.17 This MOF
and its derivatives exhibited conductivity values of the order of
10−3 S·cm−1 at 25 °C and 98% RH.
PCMOF10 is among the highest proton conducting MOFs

under hydrated conditions; there are only a few other MOFs
that exhibit conductivities of this order. These include:
{[(Me2NH2)3(SO4)]2[Zn2(ox)3]}n,

11d that consists of anionic

zinc oxalate layers, [Zn2(ox)3]
2−

n, interpenetrated by a cationic
supramolecular net of [(Me2NH2)3SO4]

+
n. It conducts protons

at 4.2 × 10−2 S·cm−1 under ambient temperatures and 98% RH;
PCMOF-21/2, reported earlier by our group,15a is a mixed
sulfonate-phosphonate MOF containing 1D channels which
conducts protons at 2.1 × 10−2 S·cm−1 at 85 °C and 90% RH;
UiO-66(SO3H)2,

14 a UiO-66 framework functionalized with
sulfonic acid groups that shows a high conductivity of 8.4 ×
10−2 S·cm−1 at 80 °C and 90% RH; and H2SO4@MIL-101,20 a
MIL-101 framework whose pores were loaded with H2SO4,
which exhibits a conductivity of 6.0 × 10−2 S·cm−1 at 80 °C and
20% RH.
Here, we have presented a water stable MOF, PCMOF10,

which conducts protons above 10−2 S·cm−1 at 70 °C and 95%
RH. Of the five MOF materials that obtain the benchmark of
10−2 S·cm−1, only the UiO-66 example and PCMOF10 are
stable in water. In the case of PCMOF10, water stability does
not mean simply compositional stability but also resistance to
swelling. These aspects are critical for the continued develop-
ment and future implementation of PCMOFs in actual devices
such as fuel cell membrane electrode assemblies. Finally, while
there are now some very robust MOF platforms amenable to a
wide range of functionalization,7,8,21,22 PCMOF10 represents a
new MOF structure showing there is still opportunity for
discovery of new frameworks.
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