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ABSTRACT: A lanthanide metal−organic framework (MOF)
compound of the formulation [Eu2(CO3)(ox)2(H2O)2]·4H2O
(1, ox = oxalate) was prepared by hydrothermal synthesis with
its structure determined crystallographically. Temperature-
dependent but humidity-independent high proton conduction
was observed with a maximum of 2.08 × 10−3 S cm−1 achieved
at 150 °C, well above the normal boiling point of water.
Results from detailed structural analyses, comparative measure-
ments of conductivities using regular and deuterated samples,
anisotropic conductivity measurements using a single-crystal sample, and variable-temperature photoluminescence studies
collectively establish that the protons furnished by the Eu(III)-bound and activated aqua ligands are the charge carriers and that
the transport of proton is mediated along the crystallographic a-axis by ordered hydrogen-bonded arrays involving both aqua
ligands and adjacent oxalate groups in the channels of the open framework. Proton conduction was enhanced with the increase of
temperature from room temperature to about 150 °C, which can be rationalized in terms of thermal activation of the aqua ligands
and the facilitated transport between aqua and adjacent oxalate ligands. A complete thermal loss of the aqua ligands occurred at
about 160 °C, resulting in the disintegration of the hydrogen-bonded pathway for proton transport and a precipitous drop in
conductivity. However, the structural integrity of the MOF was maintained up to 350 °C, and upon rehydration, the original
structure with the hydrogen-bonded arrays was restored, and so was its high proton-conduction ability.

■ INTRODUCTION

The appealing application of fuel cells for clean energy
production has stimulated the continuous exploration of new
proton-transporting material.1−4 In this context, the recent
burgeoning research on proton-conducting metal−organic
frameworks (MOFs) is notable, not merely because such
efforts represent a distinct departure from the extensive work
on their gas adsorption and separation,5 catalysis,6 and sensing
properties,7 but also because there exists the real potential of
discovering new conducting materials for fuel cell applica-
tions.8−10

Of the proton-conducting MOFs reported, most are filled
with proper proton-transfer media (e.g., NH4

+, H2O and H3O
+)

in well-defined channels and operate at room temperature and
under high-humidity conditions (close to 100% relative
humidity (RH)),11−15 while the rest, being anhydrous, work
independent of humidity at high temperatures (100−250
°C).16,17 We note that the performance of water-mediated
proton-conducting MOFs depends critically on the working

temperature, as their conductivity drops substantially at
temperatures above 100 °C due to the loss of water. To the
best of our knowledge, hydrated MOFs capable of functioning
at above 100 °C are not yet known, and the study of water-
mediated proton transport in MOFs at temperatures well above
the normal boiling point of water is not only fundamentally
intriguing, but also practically significant as intermediate-
temperature proton-conducting materials have been sought
for new fuel cell designs.
In this work, we report for the first time such a unique

example, [Eu2(CO3)(ox)2(H2O)2]·4H2O (1, ox = oxalate), a
lanthanide-containing MOF that exhibits humidity-independent
proton conduction that increased with the enhancement of
working temperatures. The highest proton conductivity was
achieved at about 150 °C, well above the normal boiling point
of water. Mechanistic studies establish that proton be the
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charge carrier and ordered one-dimensional (1D) hydrogen-
bonding arrays within the channels of the framework structure
mediate the observed high proton conduction.

■ RESULTS AND DISCUSSION
Structural Analysis. Compound 1 of the crystallographic

formula [Eu2(CO3)(ox)2(H2O)2]·4H2O with its composition
supported by elemental analyses (C, H and Eu) was prepared
by a hydrothermal route in good yield. Crystallizing in space
group P1 ̅, its asymmetric unit comprises two independent
Eu(III) ion centers, one carbonato, two oxalate, and two aqua
ligands, in addition to four water molecules of crystallization. As
shown in Figure 1, atom Eu(1) is nonacoordinate, featuring

coordination by five oxalate, two carbonato, and two aqua O
atoms (O3 and O12); the Eu1−O distances range from
2.430(5) to 2.654(4) Å with the two involving the aqua ligands
(Eu1−O3 = 2.546(3) Å and Eu1−O12 = 2.550(3) Å) being
noticeably longer than those with the oxalate ligands and
barring Eu1−O5 (2.654(4) Å). Atom Eu(2), also non-
acoordinate, is coordinated by five O atoms from three oxalate
ligands and four O atoms from three carbonato ligands, but
with no aqua ligands; the Eu2−O distances range from
2.433(5) to 2.654(5) Å. Each carbonato ligand bridges one
Eu(1) and three Eu(2) atoms in a μ4-η

2:η2:η2 fashion, resulting
in a double-edge sawtooth-like lanthanide carbonate chain
structure (Figure S1, Supporting Information). The oxalate
ligands exhibit two different coordination modes, one being
doubly chelating to form two five-membered rings, while the
other being also doubly chelating but with one of its four O
atoms (O5 in Figure 1) bridging an additional Eu1 atom. These
chelating and bridging interactions lead to the formation of a
2D arrays of six-membered rings in the (100) plane (Figure S2,
Supporting Information).
The lanthanide carbonate chains are connected by oxalate

groups into 2D layers, and further into the overall 3D
framework structure (Figure 2a). Along the crystallographic
a-axis exist highly ordered hexagonal channels (diameter of
about 6.8 Å) that are filled with guest water molecules (Figure
S3, Supporting Information). Decorating the interior of the
channels are aqua ligands (O3 and O12), two on each Eu(1)
atom; they connect adjacent ox groups to form 1D hydrogen-
bonding arrays (Figure 2b and Table S1, Supporting
Information) that involve four sites of the hexagonal opening.
The multiple and highly ordered hydrogen-bonding arrays
suggest high proton conductivity, which was subsequently
observed.
Conductivity Measurements Using Pellets of 1. The

proton conduction behavior of 1 was studied by alternating
current (AC) impedance measurements. At 25 °C and without

any additional humidity, the as-synthesized microcrystalline
sample was measured to have a conductivity of 9.21 × 10−6 S
cm−1. At 40% and 90% RH (Figure S8, Supporting
Information), the corresponding values are 9.34 × 10−6 and
1.12 × 10−5 S cm−1, respectively, with the former being
essentially the same as and the latter representing only a
modest increase over the humidity-independent values. Thus,
RH does not appear to be a significant factor in determining the
conductivity of 1.
Subsequent AC impedance measurements were thus carried

out free of any additional humidity over the temperature range
of 25−200 °C (Figures S9−S12, Supporting Information).
Typical impedance plots displaying a partial semicircle at high
frequencies and a tail at lower frequencies were obtained. The
impedance is largely originated from the bulk and grain-
boundary resistance of the microcrystalline in addition to
contributions from the electrode. The conductivity increased
with temperature, quickly to 8.08 × 10−4 S cm−1 at about 100
°C, reaching a maximum of 2.08 × 10−3 S cm−1 at 150 °C
before dropping precipitously with further increase of temper-
ature (Figure 3). We believe that this latter value of
conductivity, comparable to that of an acid-impregnated
MOF, is the largest reported for any hydrated MOF materials
whose proton conduction is solely mediated by water
molecules, lattice or coordinated.10

Cooling a sample led to a decrease in its conductivity, and a
value of 2.44 × 10−6 S cm−1 in the absence of any additional
humidity was obtained at 25 °C (Figure 4). The small yet
notable difference of conductivity at the same temperature
between the as-prepared 1 and the dehydrated and then cooled
sample may be rationalized by the loss of the crystallization
water molecules in the latter. Even so, the conductivity at a
particular temperature in both the heating and cooling
processes between 25 and 150 °C are close to each other, in
particular in the higher-temperature region. The conduction
performance was stabilized after five cooling/heating cycles, as
indicated by the superimposed traces of conductivity obtained

Figure 1. Representation of the Eu3+ coordination environments in the
crystal structure of compound 1.

Figure 2. (a) The crystal structure for 1 showing the 1D channels
along the a-axis filled with the free waters; the ox groups are simplified
as the green bonds. (b) View showing the 1D hydrogen-bonded array
of aqua ligands and adjacent oxalate groups in the direction of the a-
axis.
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upon heating and cooling of the sample (inset, Figure 4); stable
conduction is essential for possible practical applications of
such materials in fuel cells. The powder X-ray diffraction
(PXRD) pattern of the sample retrieved after five cooling/
heating cycles is minimally altered when compared with that of
the as-prepared sample of 1 (Figure S7, Supporting
Information), thus indicating the stability of the present
proton-conducting MOF and corroborating with the robust
Arrhenius plots of conductivities (Figure 4).
Mechanistic Studies. The unusually high conductivity of 1

observed at temperatures above the boiling point of water up to
150 °C prompted us to carry out a number of studies with the
attempt to gain mechanistic insights into the observed
conduction in this unique Ln-MOF.
Our very first piece of effort was to establish the nature of the

charge carrier for the observed conduction. Specifically, we
carried our comparative conductivity measurements using as-
prepared 1 and a deuterated sample under otherwise identical
conditions. Similar conductivity−temperature relationship was
revealed (Table S2, Supporting Information) with the
deuterated sample producing a lower conductivity of 1.07 ×
10−3 S cm−1 at 150 °C, consistent with proton being the charge
carrier in the observed conduction process.16a

We then probed the temperature effect on the conductivity.
In this context, three observations, all mentioned above, are
relevant. First, with respect to an as-prepared sample, a slight
decrease in conductivity of a sample cooled to 25 °C after its
water molecules of crystallization were thermally removed
suggested that these water molecules did contribute to the
overall proton conduction. Second, from 25 up to 150 °C but
prior to the loss of the crystallization water molecules, the
increase of conductivity with temperature enhancement can be
attributable to thermal activation of these water molecules and
the aqua ligands. The rapid increase of conductivity
commencing in the proximity of 100 °C is counterintuitive,
as thermogravimetric analysis (Figure S4, Supporting Informa-
tion) indicates the loss of crystallization water, and without any
additional influences, this thermal loss of water is expected to
cause a decrease rather than the observed increase in
conductivity. A corollary is thus inferred that the remaining
aqua ligands, and more exactly, the hydrogen-bonded arrays
featuring the aqua and the oxalate ligands are probably
responsible for mediating the transport of protons, and that
conductivity increase associated with the thermal facilitation of
proton transport within the hydrogen-bonded arrays prevails
over the reduction due to the loss of crystallization water.
Third, although the conductivity of 1 at 150 °C remained
essentially constant for the experimental duration of 12 h
(Figure S11, Supporting Information), it dropped with further
increase in temperature, and precipitously to 3.26 × 10−7 S
cm−1 at 160 °C (Figure S12, Supporting Information). This
observation is consistent with the above argument as further
increase of temperature thermally removed the aqua ligands,
resulting in the disintegration of the hydrogen-bonded arrays
and the putative pathway for proton conduction. However, as
indicated by the minimally altered PXRD patterns (Figure S5,
Supporting Information), the overall framework structure was
able to sustain as high a temperature as 350 °C. The robustness
of this potentially useful proton-conducting MOF was further
revealed by the restoration of the original structure of 1 and the
reproduction of its conduction behavior by rehydrating a
sample that has been thermally activated at 250 °C (Figure S13,
Supporting Information). Together, these results firmly
establish that the hydrogen-bonded arrays are primarily
responsible for the transport of protons and the observed
charge conduction.
Since the hydrogen-bonded arrays extend along the crystallo-

graphic a-axis, we carried out conductivity measurements using
a single crystal of 1 in order to directly demonstrate the
conduction in this particular direction and to establish the
anisotropic conduction of protons. The indexing of the surface
of a large single crystal of 1 (0.71 cm × 0.14 cm × 0.11 cm,
Figure 5a) was achieved by X-ray diffraction patterning.
Specifically, with its showing of a (100) peak, the side surface
of 1 as shown in Figure 5b was determined to be parallel to the
bc plane, while its upper surface (Figure 5c) with the
production of the (001) and (002) peaks was identified to be
aligned with the ab plane. Its AC impedances were measured
from 25 to 150 °C using the same procedure as previously
applied toward the bulk microcrystalline sample (Table S2,
Supporting Information). At 150 °C, the conductivity between
two side-surfaces (bc plane) was 2.14 × 10−3 S cm−1 (Figure
5e), slightly above but essentially the same as the value (2.08 ×
10−3 S cm−1) obtained using a microcrystalline sample.
However, the conductivity between the two upper surfaces
(ab plane) was 4.86 × 10−7 S cm−1, almost 4 orders of

Figure 3. Impedance plots of 1 (black) and the deuterated 1 (red) at
150 °C and without additional humidity.

Figure 4. Arrhenius plots of conductivities of 1 from 25 to 150 °C and
without additional humidity; heating cycle (■) and cooling cycle (□).
(Inset) The proton conductivity of 1 during the cooling and reheating
from 25 to 150 °C and without additional humidity; cooling cycle (□)
and reheating cycle (○).
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magnitude smaller than that of the microcrystalline sample. The
distinct conduction behaviors between these two crystal
surfaces can be easily understood as the access to the
conducting pathway, directional hydrogen-bonding in nature,
is readily achieved in the a-axis (connecting the two side bc
planes) but not along the c-axis (orthogonal to the hydrogen-
bonded proton-transporting pathway). The preferred a-axis for
proton conduction is not manipulated or even limited by water
molecules of crystallization; rather it is determined by the
ordered arrays of hydrogen bonding interactions. As such, even
with the complete loss of crystallization water molecules at 150
°C, the conduction pathway was maintained with no showing
of decrease in proton conductivity. Lending further support to
this anisotropic proton conduction by way of hydrogen-bonded
arrays was the drastically reduced conductivity to 7.94 × 10−8 S
cm−1 along the a-axis when the temperature reached 160 °C at
which the aqua ligands were also thermally removed, thus
disrupting the conducting pathway for proton transport.
The activation energies, calculated by fitting the conductivity

between the bc planes or along the a-axis to the Arrhenius
equation, are 0.47 eV (25−90 °C) and 0.26 eV (100−150 °C)
(Figure S14, Supporting Information), both being negligibly
smaller than the corresponding values (0.49 and 0.28 eV,
respectively) obtained with a microcrystalline sample. These
results, on the one hand, reveal the profound temperature effect
on proton conduction; they unambiguously establish that the
1D hydrogen-bonded array along the a-direction is the
preferred pathway for proton-conduction. The much enhanced
conductivity and the corresponding much lowered activation
energy in the higher temperature range (100−150 °C) may be
rationalized as such: When the temperature increases, rotation
of the aqua ligands and the vibration of their O−H bonds
facilitate the hopping of protons from the aqua ligands to
adjacent oxalate groups within the hydrogen-bonded arrays, as
reflected by the increased conductivity.

The above results point to the operation of the Grotthuss
mechanism for proton conduction, corroborated also by the
corresponding activation energy of 0.28 eV between 100 and
150 °C, calculated by fitting the proton conductivity data to the
Arrhenius equation (Figure 4); an activation energy in the
range of 0.1−0.4 eV is generally considered to be associated
with the Grotthuss mechanism, whereas the vehicle mechanism,
the other significant model for the interpretation of fast proton
conduction, is generally more energetically demanding with
activation energies in the range of 0.5−0.9 eV.11i,18 Between 25
and 90 °C, the vehicle mechanism may be partially operative as
suggested by the activation energy of 0.49 eV in this lower-
temperature region. An abrupt increase in conductivity
occurred in the proximity of 100 °C, attributable to the
transition from a mixed Grotthuss and vehicle transport
mechanism to predominantly if not exclusively the Grotthuss
mechanism.
To understand in more detail the role of the aqua ligands,

temperature-dependent photoluminescence properties of 1
were studied. The temperature dependence of the emission
spectra from 25 to 150 °C is illustrated in Figure 6, and the

corresponding integrated intensities (Figure S15, Supporting
Information) of the 5D0 →

7F2 transition (616 nm) reveal the
steady intensification of the characteristic red emission of
Eu(III) with increasing temperature.
The lifetime of the 5D0 excited state was also found to

increase as temperature was enhanced (Figures S16−S21,
Supporting Information). As vibronic coupling with O−H
bonds is known to effectively quench the 5D0 excited state and
the extent of the quenching is directly related to the number of
aqua ligands, the lifetime (τ in ms) of the excited state can be
used to estimate the degree of hydration of Eu(III) by using the
equation nH2O = 1.05τ−1 − 0.70, where nH2O is the hydration
number.19,20 The temperature-dependent results at representa-
tive temperatures in the 25−150 °C range are collected in
Table 1.
The single lifetime obtained reflects the effective coupling

between the two distinct Eu(III) sites, due primarily to the
extensive hydrogen bonding interactions and the intimate
association reinforced by the bridging of both the carbonato
and oxalate ligands. Similar observation of a shared lifetime for
two different emissive lanthanide centers has previously been
reported.21 We note that the nH2O at temperatures above 100
°C is smaller than 1. However, even nH2O = 0.76 does not mean

Figure 5. (a) The photo for the large single crystal of 1. XRD patterns
of the large single crystal of 1 scanned from 3 to 40° relative to the
side plane (b) and the upper plane (c). (d) PXRD pattern of the as-
synthesized 1. (e) Impedance plot for the bc plan of 1 at 150 °C and
without additional humidity.

Figure 6. Emission spectra of 1 recorded between 25 and 150 °C
(excited at 365 nm).
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the removal of the aqua ligands as the thermal analysis of 1
detailed above suggested otherwise. Rather, it is a reflection of
the elongation and weakening of the Eu−OH2 coordinative
bonds. Without breaking the ordered hydrogen-bonding array,
a corollary is that the aqua ligands become more intimately
associated with an adjacent oxalate group; this “mobilization” of
the aqua ligands promotes transport of protons that is a key to
the observed enhancement of proton conduction.

■ SUMMARY
We report the synthesis and structural characterization of a new
Ln-MOF. Unlike previously reported MOFs whose proton
conduction is achieved in the presence of additional humidity
and typically at ambient temperature, the title microcrystalline
material possesses humidity-independent high proton con-
ductivity that maximizes well above the normal boiling point of
water at 150 °C. Detailed structural analysis revealed within the
MOF channels ordered 1D hydrogen-bonded arrays whose
integrity was maintained up to 150 °C, but thermogravimetric
studies indicate that the overall framework structure is
sustained at a temperature as high as 350 °C. Comparative
conduction measurements using both regular and deuterated
samples point to proton as the charge carrier for the observed
conduction. Variable-temperature anisotropic conduction meas-
urements made on a single crystal of the MOF established that
the observed proton conduction was achieved by way of the
hydrogen-bonded arrays along its crystallographic a-axis.
Results of variable-temperature photoluminescence studies
suggest dynamic hydrogen-bonding interactions between the
aqua and adjacent oxalate ligands, which provides a convincing
scenario of proton transport by the Grotthuss mechanism and,
most importantly, a rationalization for the observed enhance-
ment of conductivity with increasing temperature. It appears
that a combination of the thermal stability of the aqua ligands,
activation via metal coordination of the water molecules for
proton transport, and an appropriately structured pathway of
hydrogen bonding for proton conduction is critical for the
observed high proton conductivity. The humidity-independent
high proton conduction, the wide working temperature range,
and the stable performance sustaining multiple cooling/heating
cycles make this and similar Ln-MOF materials potentially
useful for fuel cell applications.

■ EXPERIMENTAL SECTION
Materials and Instruments. All reagents were commercially

available and used as received. Microanalysis of C and H was
performed on a PerkinElmer 2400 CHN elemental analyzer, while that
of Eu was obtained using a PLASMA-SPEC(I) ICP atomic emission
spectrometer. Thermogravimetric (TG) analyses were carried out by
using a PerkinElmer TGA7 instrument, with a heating rate of 10 °C/
min and under a nitrogen atmosphere. Powder X-ray diffraction
(XRD) measurements were performed with a Rigaku D/MAX-3
instrument with Cu Kα radiation in the 2θ range of 3−60° at different
temperatures.

Syntheses of [Eu2(CO3)(ox)2(H2O)2]·4H2O (1). Eu2(CO3)3 (96.8
mg, 0.2 mmol) and H2(ox)·2H2O (25.2 mg, 0.2 mmol) were dissolved
in 10 mL of deionized water. The mixture was stirred for 1 h at room
temperature and then transferred to a 15 mL Teflon-lined stainless
steel container. The reaction vessel was sealed and heated under
autogenous pressure, first at 140 °C for 4 days and then at 100 °C for
10 h before being naturally cooled to room temperature. Colorless
block-shaped crystals of 1 were collected by filtration, washed with
deionized water, and dried (68% yield based on Eu). Anal. Calcd for
C5H12Eu2O17 (%): C, 9.27; H, 1.87; Eu, 46.90. Found: C, 9.02; H,
1.95; Eu, 46.58. The elemental analysis for the sample 1 heated to 150
°C for 12 h (%, Calcd): C, 10.22 (10.43); H, 0.74 (0.70); Eu, 52.81
(52.76). The deuterated 1 was synthesized with the use of
corresponding deuterated reagents using otherwise identical proce-
dures. Anhydrous samples were obtained by heating the as-prepared 1
at 250 °C under dynamic vacuum for 24 h. Exposing the dehydrated
sample in an environment of 90% relative humidity for 12 h
reproduced pristine 1.

Proton Conductivity Measurements. With a press and a die
measuring 9.6 mm in diameter and 2.0 mm (±0.08%) in thickness,
samples of 1 were pressed into disk-shaped pellets. Using a frequency
response analyzer/potentiostat (Princeton Applied Research PAR-
STAT 2273, EG&GPARC, Princeton, NJ) over a frequency range
from 0.1 to 1 MHz, the impedances were measured with a quasi-four
probe electrochemical cell using Ag-pressed electrodes under an
applied ac voltage of 30 mV. Samples were equilibrated for at least 5 h
prior to measurements that were taken in the temperature range of
25−200 °C and without additional humidity conditions. Samples were
equilibrated for at least 5 h. ZSimpWin software was used to
extrapolate impedance data results by means of an equivalent circuit
simulation to complete the Nyquist plot and obtain the resistance
values.

Photoluminescence Measurement. Photoluminescence spectra
were obtained using a FLSP 920 Edinburgh instrument (Eng) with
450 W xenon lamp monochromatized by double grating. The
luminescence decay curves measurements were carried out using
Edinburgh Instruments FLSP 920 based on time correlated photon
counting technique. The temperature of sample was equilibrated for at
least 5 h.

■ ASSOCIATED CONTENT

*S Supporting Information
X-ray crystallographic data for 1. X-ray crystallographic data
and structural refinement, packing diagram, TG curve, powder
XRD patterns, impedance plots, and decay curves. This material
is available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Authors
liusx@nenu.edu.cn.
zhiping@email.arizona.edu.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (Grants 21171032, 21371029 and
21231002), the Key Technologies R&D Program of Jilin
Province of China (Grant 20130206079SF), and the Open
Research Fund of the State Key Laboratory of Inorganic
Synthesis and Preparative Chemistry (Jilin University, Grant
2015−01), and in part by US National Science Foundation
(Grant CHE-1152609).

Table 1. Lifetime τ and nH2O of 1 at Different Temperature

temperature (T/°C) lifetime (τ/ms) nH2O

25 0.49 1.41
50 0.54 1.24
80 0.59 1.06
100 0.64 0.94
120 0.69 0.83
150 0.72 0.76
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