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uctivity at low relative humidity in
an anionic Fe-based metal–organic framework†
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and Hiroyasu Furukawa*abc
A metal–organic framework, termed VNU-15 (VNU ¼ Vietnam

National University), was synthesized and subsequent detailed struc-

tural analysis revealed that the crystalline structure adopted the fob

topology. Due to integrated sulphate ligands accompanied by

hydrogen-bonded dimethylammonium ions that lined the pore

channels of VNU-15, the proton conductivity of this material reached

2.90 � 10�2 S cm�1 at 95 �C and 60% relative humidity. Remarkably,

the high proton conductivity of VNU-15 was maintained under these

conditions, without any appreciable loss, for 40 h.
The development of novel electrolyte materials for proton
exchange membrane fuel cells has received considerable
attention owing to the need for alternative energy technologies.1

Traditional electrolyte materials, such as fully hydrated Naon,
are capable of reaching proton conductivities of 1 � 10�1 S
cm�1 at 80 �C.2 However, to reach these levels, the material
must remain in a relatively high humid environment (98%
relative humidity, RH). This poses signicant challenges,
including substantial costs associated with maintaining the
appropriate level of humidity as well as the possibility of
ooding the cathode leading to a loss in fuel cell performance.3

Furthermore, high operating temperatures, which lessen CO
poisoning at Pt-based catalysts and increase efficiency, lead to
decreased conductivities as a result of dehydration of the elec-
trolyte material.4 Therefore, the development of novel electro-
lyte materials that maintain high proton conductivity at
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elevated temperatures and under low relative humidity are
highly sought aer.5

Recently, metal–organic frameworks (MOFs) have been
explored as potential candidates for use as electrolyte mate-
rials.6 This is primarily due to the modular nature of MOF
design and synthesis, in which the backbone components
[e.g. inorganic and organic secondary building units (SBUs)] can
be easily tailored to satisfy particular applications.7 Indeed,
previous work on developing MOFs as proton conducting
materials have focused on incorporating proton transfer agents
within the pores,8–11 functionalizing coordinatively unsaturated
metal sites,12 tuning the acidity of the pore channels through
incorporating specic functional groups,13–17 and controlling
and modifying defect sites,18 among others.19 These strategies
have led to signicant developmental progress, in which proton
conductivities in MOFs have been achieved on the order of 10�2

S cm�1, but require high working relative humidity ($90% RH).
On the other hand, proton conductivity under anhydrous
conditions (T$ 100 �C) in MOFs has reached high levels (10�2 S
cm�1), albeit in a limited number of reports.8,20

Herein, we report the synthesis and full characterization of
a new iron-based anionic MOF, formulated as Fe4(BDC)2
(NDC)(SO4)4(DMA)4 (Fe(II)/Fe(III); BDC ¼ benzene-1,4-dicarbox-
ylate; NDC ¼ naphthalene-2,6-dicarboxylate; DMA ¼ dimethy-
lammonium). Structural analysis revealed that this
architecture, termed VNU-15 (where VNU ¼ Vietnam National
University), adopts the three-dimensional fob topology. Inter-
estingly, VNU-15 was found to be composed of a new-type of
innite rod-shaped iron SBU, previously unseen in MOF
chemistry. As a result of sulphate ligands coordinated to the
iron SBUs, an ordered arrangement of DMA cations was found
to line the pore channels of VNU-15 via hydrogen bonding
leading to a plausible proton conduction pathway. Accordingly,
proton conductivity measurements were undertaken, in which
VNU-15 exhibited signicant values at low RH and elevated
temperatures (2.9 � 10�2 S cm�1 at 60% RH and 95 �C).
Furthermore, time dependent measurements demonstrated
that the performance of VNU-15 wasmaintained for at least 40 h
J. Mater. Chem. A
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Fig. 1 Crystal structure of VNU-15 is constructed from BDC2� and
NDC2� linkers that stitch together corrugated infinite rods of [Fe2
(CO2)3(SO4)2(DMA)2]N (a). These corrugated infinite rods propagate
along the a and b axes to form the three-dimensional architecture. The
structure is shown from the [110] and [001] planes (b, c, respectively).
Representation of the fob topology that VNU-15 adopts (d and e).
Atom colours: Fe, orange and blue polyhedra; C, black; O, red; S,
yellow; N, blue; and DMA cations, light blue. All other H atoms are
omitted for clarity.
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at 60% RH and 95 �C without any appreciable loss in proton
conductivity.

VNU-15 was prepared by dissolving FeSO4$7H2O, 9,10-
anthraquinone, CuCl2$2H2O, H2BDC and H2NDC in N,N-
dimethylformamide (DMF) in a borosilicate glass tube. The
glass tube was then amed sealed under ambient atmosphere
and placed in an isothermal oven, pre-heated at 165 �C, for 72 h
(Sections S1 and S2 in the ESI†). Reddish-yellow, octahedral-
shaped single crystals were obtained in 71.3% yield based on
iron. The roles of CuCl2$2H2O and 9,10-anthraquinone in the
synthesis are presumed to be for catalysing the decarbonylation
of DMF to form DMA and to serve as a redox agent, respectively.
We note that VNU-15 could not be synthesized in the absence of
either of these reagents even aer exhaustive efforts were
undertaken (Section S2†).

Single crystal X-ray diffraction (SCXRD) analysis revealed
that VNU-15 crystallized in the orthorhombic space group, Fddd
(No. 70), with unit cell parameters, a ¼ 16.7581, b ¼ 18.8268,
and c ¼ 38.9998 Å (Table S1†). The architecture of VNU-15 is
based on two distinct linkers, namely BDC2� and NDC2�, that
stitch together corrugated iron innite rod SBUs. These innite
rod SBUs, formulated as [Fe2(CO2)3(SO4)2(DMA)2]N, are
composed of two independent octahedral iron atoms that
alternate consecutively in order (Fig. 1a). The coordination
environment of each distinct iron atom is highlighted by two
equatorial corner-sharing vertices derived from m2-O atoms of
the carboxylate functionality in NDC2� (Fig. 1). It is noted that
these m2-O atoms, which are cis to one another, are what
promote the innite rod SBU to arrange in a corrugated fashion.
The coordination sphere of each iron is then completed
through bridging axial sulphate ligands and bridging carbox-
ylate functionalities from BDC2� (Fig. 1b and c). Two BDC2� and
one NDC2� linkers, relatively close together in space (aromatic
p–p interaction distance, 3.4 Å), connect innite rods together
periodically in a perpendicular manner (83.4�) (Fig. 1d). This
propagates a three-dimensional architecture with the fob
topology (Fig. 1e). We deduce that the p–p interactions played
an important role in forming the realized fob topological
structure (Fig. 1d and e).21 Finally, DMA counterions were found
to line the innite rod SBUs due to hydrogen bonding with the
axial bridging sulphate ligands (N–H/O–S distances of 1.90–
1.96 Å). Taken together, the resulting pore size of VNU-15, as
calculated by PLATON,22 is 2.52 Å.

The bulk phase purity of VNU-15 was conrmed by powder X-
ray diffraction (PXRD) analysis, in which the as-synthesized
diffraction pattern coincided with the pattern simulated from
the single crystal structure (Fig. S2†). As-synthesized VNU-15
was then washed with copious amounts of DMF and dichloro-
methane to remove any unreacted starting materials before
activation under reduced pressure at 100 �C for 12 h. Structural
maintenance of VNU-15 aer activation was proven by PXRD
analysis (Fig. S2†). Elemental microanalysis (EA) was performed
on VNU-15, in which the formulation determined by SCXRDwas
conrmed (calcd: C, 29.38; H, 4.62; N, 4.25; S, 8.29% and found:
C, 28.95; H, 4.64; N, 4.74; S, 8.13%) (Section S2†). The absence of
9,10-anthraquinone is noted in both the SCXRD structural
elucidation as well as in the EA data. To prove the absence of
J. Mater. Chem. A
copper within the framework, atomic absorption spectroscopy
was conducted on a digested, activated sample of VNU-15.
Accordingly, a negligible amount of copper was found (Fe : Cu
¼ 1 : 0.0022; 0.036 wt% of Cu), thus conrming that VNU-15
was entirely constructed from iron (Section S2†). Fourier
transform infrared (FT-IR) spectroscopy analysis highlighted
the presence of hydrogen-bonded DMA to sulphate ions that
bridged two iron atoms in the activated sample of VNU-15.
Specically, a broad peak originating at 3400–3500 cm�1, in
conjugation with a sharp stretching peak at 2781 cm�1, were
assigned to N–H vibrations and C–H stretches of the DMA
molecules, respectively (Fig. S3†). Furthermore, the vibration
modes of the bridging sulphate ligands were clearly identied
(sharp peaks, centred at 983, 1037, 1110, 1143 cm�1) (Fig. S3†).

The framework thermal stability and architectural robust-
ness of VNU-15 was assessed by thermal gravimetric analysis
(TGA) and N2 isotherms at 77 K. The TGA curve of VNU-15
exhibited a small weight percentage loss (<2 wt%) from room
temperature to 200 �C. Furthermore, the residual metal oxide,
attributed to Fe3O4, was in close agreement with that calculated
from the crystal structure (24.3 and 23.4 wt% for the experi-
mental and theoretical Fe3O4, respectively) (Fig. S4†). As
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c5ta10467j


Fig. 2 Dependence of proton conductivity in VNU-15 as a function of
relative humidity at 95 �C. Inset: Nyquist plot of VNU-15 at 60% RH and
95 �C.
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expected, the N2 isotherm at 77 K for VNU-15 displayed no
appreciable uptake (Fig. S5†). This nding is due to the smaller
pore size of VNU-15 with respect to the kinetic diameter of N2.
On the other hand, VNU-15 exhibited a high water uptake as
demonstrated by the water sorption isothermmeasured at 25 �C
(102, 110 and 128 cm3 g�1 at P/P0 ¼ 0.50, 0.55 and 0.60,
respectively) (Fig. S6†).

Taking together the hydrogen-bonded DMAmolecules lining
the pore channels (plausible proton conduction pathway) as
well as the high water uptake at low relative humidity, we sought
to analyse the proton conductivity properties of this new
architecture under practical conditions. Accordingly, we per-
formed ac impedance measurements on a pelletized sample of
VNU-15 from low relative humidity (30% RH) to medium
humidity (60% RH) at an elevated temperature (95 �C) (Fig. 2
and Section S8†). The resulting Nyquist plots demonstrated the
high conductivity of the VNU-15 pelletized sample with
conductivity values increasing from 2.38 � 10�4 S cm�1 at 30%
RH and 95 �C to 2.9� 10�2 S cm�1 at 60% RH and 95 �C (Fig. 2).
It is noted that the proton conductivity of VNU-15 at 60% RH
and 95 �C is roughly 2.5 times higher than Naon under similar
conditions (1.0 � 10�2 S cm�1 at 60% RH and 80 �C) (Table 1).
Additionally, we wish to point out that the high proton
conductivity achieved by VNU-15 is on the order of a magnitude
Table 1 Proton conductivity of VNU-15 in comparison with other
water-mediated high proton conducting MOFs

Material s/S cm�1 Conditions Reference

Naon 1.0 � 10�2 60% RH, 80 �C 2
{[(Me2NH2)3(SO4)]2
[Zn2(ox)3]}n

1.4 � 10�3 60% RH, 25 �C 23

PCMOF-10 4.2 � 10�4 70% RH, 70 �C 24
CPM-103a 8.0 � 10�3 75% RH, 22.5 �Ca 25
VNU-15 2.9 � 10�2 60% RH, 95 �C This work

a Performed using a single crystal; ox ¼ oxalate.

This journal is © The Royal Society of Chemistry 2016
higher than that observed in several of the highest performing
MOFs reported, albeit these materials' proton conductivity
properties were reported with high working relative humidity
(RH $ 90%) (Table 1).23–25

To explore the proton-conduction mechanism, temperature-
dependent proton conductivities of VNU-15 were measured at
both 55% and 60% RH over a temperature range of 25–95 �C
(Fig. 3). From the resulting Arrhenius plots, the activation energies
were calculated to be 0.24 and 0.22 eV at 55% and 60% RH,
respectively, indicating that the proton conduction of VNU-15
occurs through a Grotthuss mechanism (Fig. 3).14 As shown in
Fig. 3, the Arrhenius data was then cycled between the tempera-
ture ranges, which provided strong evidence for the stability of
VNU-15 under these measurement conditions. The stability and
structuralmaintenance of VNU-15 was further conrmed by PXRD
analysis, in which a high degree of correspondence was observed
between the simulated diffraction pattern and the diffraction
pattern of a pelletized sample that was rst exposed to 60%RH for
16 h and then used to perform ac impedance measurements
(Section S9†). Additionally, FT-IR analysis supported the fact that
the atomistic connectivity of VNU-15 was retained aer exposing
the sample to such conditions (Section S9†). Finally, in order to
understand the working capacity of VNU-15 as a function of time,
time-dependent ac impedance measurements were performed at
60% RH and 95 �C. Remarkably, it was found that VNU-15
maintained high proton conductivity (2.6� 10�2 S cm�1) for$40
h, without any observable loss in performance (Fig. 4).

In conclusion, we have succeeded in synthesizing an anionic
iron-based MOF, termed VNU-15, that encompasses a new
innite rod SBU. The architecture of VNU-15 adopts the rare fob
topology with pore channels that are densely occupied by
a hydrogen-bonded network of sulphate ligands and DMA ions.
As a result of this structural feature, VNU-15 was proven to
exhibit high proton conductivity (2.9 � 10�2 S cm�1) at the
practical conditions of 60% RH and 95 �C. It is noted that the
proton conductivity of VNU-15 is amongst the highest reported
in MOF chemistry, especially when considering practical oper-
ating conditions.
Fig. 3 Arrhenius plot of VNU-15 depicting the heating (closed circles)
and cooling (open circles) cycles at 60% RH (red) and 55% RH (blue).

J. Mater. Chem. A

http://dx.doi.org/10.1039/c5ta10467j


Fig. 4 Time-dependent proton conductivity of VNU-15 at 55% RH
(blue circles) and 60% RH (red circles) and 95 �C.
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