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ABSTRACT: Recently, research on metal−organic frame-
works (MOFs) serving as a new type of proton conductive
material has resulted in many exciting achievements. However,
direct observation of a well-established proton-transfer
mechanism still remains challenging in MOFs and other
crystalline compounds, let alone other conductive materials.
Herein we report the solvothermal synthesis of a new proton-
conducting MOF, (Me2NH2)[Eu(L)] (H4L = 5-
(phosphonomethyl)isophthalic acid). The compound consists
of a layered anionic framework [Eu(L)]− and interlayer-embedded counter cations (Me2NH2)

+, which interact with adjacent
uncoordinated O atoms of phosphonate groups to form strongly (N−H···O) hydrogen-bonded chains aligned parallel to the c-
axis. Facile proton transfer along these chains endows the compound with single-crystal anhydrous conductivity of 1.25 × 10−3 S·
cm−1 at 150 °C, and water-assisted proton conductivity for a compacted pellet of microcrystalline crystals attains 3.76 × 10−3 S·
cm−1 at 100 °C and 98% relative humidity (RH). Proton dynamics (vibrating and transfer) within N−H···O chains of the
compound are directly observed using a combination of anisotropic conductivity measurements and control experiments using
large single-crystals and pelletized samples, in situ variable-temperature characterization techniques including powder X-ray
diffraction (PXRD), single-crystal X-ray diffraction (SCXRD), diffuse reflectance infrared Fourier transform spectrum (DRIFTS),
and variable-temperature photoluminescence. In particular, a scarce single-crystal to single-crystal (SCSC) transformation
accompanied by proton transfer between an anionic structure (Me2NH2)[Eu(L)] and an identical neutral framework [Eu(HL)]
has been identified.

■ INTRODUCTION

Clean energy production is one of the most challenging targets
for sustainable energy development. Fuel cells, as very
promising candidates, have accelerated the continuous
exploration of novel proton conductors.1 Metal−organic
frameworks (MOFs) or porous coordination polymers
(PCPs), possessing large surface areas and highly ordered
structures, have demonstrated their superiority in gas storage/
separation,2 luminescence,3 catalysis,4 and other fields of
application.5 As a relatively new type of conducting material,
MOFs have also drawn increased attention because their
modular building blocks endow them with diversity and
functional adjustability, and high crystallinity makes them
suitable platforms to well understand the operating mechanism
of proton transfer.6

To date, MOFs with high humidity conductivities have been
widely prepared,7,8 but their operation usually relies critically on
the presence of water molecules and ceases to function at
temperatures above 100 °C. Considering that physical
properties, e.g., magnetism and photoluminescence, of MOFs
can be well modulated by guest molecules,3f,9 excellent proton
conductivities at high temperature (>100 °C) might be realized

when nonvolatile proton carriers such as H2SO4, H3PO4,
imidazole, triazole, NH4

+, and (Me2NH2)
+ are encapsulated in

their cavities or defect sites, and actually this kind of new high-
performance proton conductor has been observed in many
cases.10 However, the synthesis of MOFs possessing intrinsic
high proton conductivities under both humid atmospheric and
high-temperature anhydrous conditions, especially at temper-
atures above 120 °C, still remains a challenging problem.7g,11

In keeping with the preparative development of proton-
conducting MOFs, the detailed proton conduction mechanism
needs to be elucidated, which can direct the rational design of
superior MOF proton conductors functioning over a wide
range of temperatures and under both aqueous and anhydrous
environments. A variety of characterization approaches, such as
water adsorption, anisotropic conductivities of measurement,
and X-ray crystallography, have been employed to investigate
the mechanism of proton transfer.8a−e,10h Very recently,
computer simulations and quasi-elastic neutron scattering
(QENS) were also utilized to elucidate the proton transport
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mechanism in a humid atmosphere.2d,8a,12 However, direct
observation of well-established proton transfer in MOF-based
conductors by a hopping (relay) mechanism using in situ
characterization methods including single-crystal X-ray dif-
fraction (SCXRD) analysis still face challenges, because it
demands harsh terms, for instance inherent high conductivity,
easy proton transfer under accessible conditions, large single-
crystal growth to avoid pelleted measurement,8d,13 and
maintenance of high crystallinity at elevated temperatures.
Visual single-crystal to single-crystal (SCSC) transformation
accompanied by proton transfer among different groups is very
desirable for elucidating proton conduction pathway, but thus
far it has not been realized. For the foregoing reasons, to
capture the intermediate and final states by SCXRD and other
related in situ characterization techniques presents a significant
challenge.
Herein we report a new highly thermal- and water-stable

layered MOF, (Me2NH2)[Eu(L)] (1), in which strongly
hydrogen-bonded (N−H···O) chains between (Me2NH2)

+

and phosphonate groups of the anionic host framework are
orderly assembled in the interlayer region, which manifests
high-performance proton conductivities under both anhydrous
and water-assisted conditions. More importantly, because MOF
1 retains its good single crystallinity at high temperature, the
proton transfer mechanism of the compound was elucidated by
a series of in situ variable-temperature characterization
techniques including SCXRD, IR, powder X-ray diffraction
(PXRD), and photoluminescence, as well as controlled
experiments including a scarce SCSC transformation accom-
panied by proton transfer between an anionic framework and
an identical neutral framework. All results confirmed that
unique proton vibration and transfer between the (Me2NH2)

+

cations and the phosphonate groups of the host framework
were realized by virtue of strong hydrogen-bonding and
electrostatic interactions, which contributes to the inherently
high proton conductivity.

■ EXPERIMENTAL SECTION
Preparation of (Me2NH2)[Eu(L)] (1). A mixture of Eu(NO3)3·

6H2O (8.9 mg, 0.020 mmol), H4L (7.8 mg, 0.03 mmol), NaOH (4.8
mg, 0.12 mmol), and DMF−H2O solution (1:1, 2.0 mL) was sealed in
a 23 mL Teflon-lined stainless steel container, heated at 160 °C for 3
days, and then cooled to room temperature. Colorless single crystals of
(Me2NH2)[Eu(L)] were isolated. Yield 61% (based on Eu). Elemental
analyses (%) for 1 (C11H13NO7EuP): Calcd C 29.09, H 2.89, N 3.08.
Found C 29.05, H 2.83, N 3.07. IR (Figure S5, KBr pellet, ν/cm−1):
3418 (w), 3065 (w), 3014 (w), 2930 (w), 2901 (w), 2704 (m), 2656
(m), 2400 (m), 2197 (m), 1898 (w), 1859 (m), 1630 (s), 1609 (s),
1545 (vs), 1445 (s), 1380 (vs), 1220 (m), 1147 (m), 1107 (vs), 1173
(vs), 1000 (vs), 953 (s), 915 (m), 785 (s), 756 (m), 707 (m), 685
(m), 614 (m) 536 (vs), 482 (m).
Preparation of [Eu(HL)] (1a). When 1 was heated to 450 °C at a

rate of 0.5 °C·min−1 in a N2 stream for 15 min, 1a was obtained.
Elemental analyses (%) for 1a (C9H6O7EuP): Calcd C 26.42, H 1.48,
N 0.00. Found C 26.69, H 1.45, N 0.00. IR (Figure S5, KBr pellet, ν/
cm−1): 3418 (m), 3280 (m), 2922 (w), 1852 (s), 1621 (s), 1528 (vs),
1450 (s), 1380 (vs), 1228 (w), 1171 (s), 1117 (vs), 961 (w), 905 (s),
793 (m), 773 (w), 758 (w), 705 (m), 678 (m), 614 (m) 527 (s), 471
(m).
Preparation of (Me2NH2)0.6[Eu(L)0.6(HL)0.4]·0.4H2O (1′). 1a

(15.0 mg, 0.037 mmol) was added into an aqueous Me2NH solution
(0.15 mmol Me2NH in 6.0 mL water), which was sealed in a 23 mL
Teflon-lined stainless steel container and then heated at 160 °C for 12
h, resulting in the formation of 1′. Elemental analyses (%) for 1′
(C10.2H11N0.6O7.4EuP): Calcd C 27.63, H 2.50, N 1.90. Found C

24.90, H 2.39, N 1.87. IR (Figure S5, KBr pellet, ν/cm−1): 3473 (m),
3073 (w), 3014 (w), 2932 (w), 2899 (w), 2703 (m), 2648 (m), 2400
(m), 2207 (m), 1857 (m), 1627 (s), 1609 (s), 1539 (vs), 1447 (s),
1374 (vs), 1223 (m), 1151 (m), 1116 (vs), 1073 (vs), 1004 (vs), 962
(m), 912 (m), 793 (s), 782 (m), 708 (m), 685 (m), 626 (w) 540 (s),
485 (m).

Test of Exchange with Ammonium Analogues. The experi-
ments were carried out by adding 1 (9.0 mg, 0.02 mmol) and 0.04
mmol of an ammonium analogue (Et2NH·HCl, MeNH2·HCl and
NH4Cl separately) into water (6.0 mL) and then heating at 160 °C for
3 days. The PXRD patterns (Figure S6) and EA results (Table S1) of
these samples agreed well with those of 1, implying that the strong
hydrogen-bonded chains remain intact and the (Me2NH2)

+ cation is
not replaced by other ammonium analogues.

Calculation of Thermal Expansion Coefficients. The linear
thermal expansion coefficient α was calculated by

α = ∂ ∂ ×f T T f T( )/ 1/ ( )

where T is the temperature, and f(T) is the temperature-dependent
unit-cell parameter of interest, which was fitted by a suitable linear
equation:

= +f T a a T( ) 0 1

Single-Crystal X-ray Diffraction Analysis. Diffraction measure-
ments were performed on a Rigaku XtaLAB Pro diffractometer with
Mo Kα radiation (λ = 0.71073 Å) for 1 at variable temperatures, and
Cu Kα radiation (λ = 1.54184 Å) for 1′ at 200 K. SCXRD data of 1a
was collected with Mo Kα radiation (λ = 0.71073 Å) on a Bruker D8
VENTURE diffractometer at room temperature. All structures were
solved by the direct method and refined by full-matrix least-squares on
F2 using the SHELXTL-2013 package. All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms (H1a and H1b) attached
to N atom of (Me2NH2)

+ were located from difference Fourier maps,
and their positions were freely refined with isotropic thermal
displacement parameters fixed at 1.2 times Ueq of their parent N
atom. Fourier difference maps (F0 − Fc) in bitmap and contour styles
were both computed with the WinGX program system. Other
hydrogen atoms were placed in geometrically generated positions.
Detailed structure refinement parameters and crystallographic data are
given in Table S7.

■ RESULTS AND DISCUSSION
Syntheses and Characterization. Solvothermal reaction

of Eu(NO3)3, H4L, and NaOH in H2O−DMF (DMF = N,N-
dimethylformamide) yielded colorless block-like crystals of
(Me2NH2)[Eu(L)] (1). SCXRD analysis showed that its
asymmetric unit (space group P21/c) consists of one Eu(III)
ion, one L4− ligand, and one (Me2NH2)

+ ion (Figure S1) which
results from thermal decomposition of the DMF molecule.
Each Eu(III) center is coordinated octahedrally by four
carboxylate O atoms of four L4− ligands and two phosphonate
O atoms of two other L4− ligands. Each L4− ligand coordinates
with six Eu(III) ions by four O atoms from two carboxylate
groups and two O atoms from one phosphate group, leaving
one uncoordinated O atom (O7). This gives rise to a wavy-
layered architecture, which can be considered to be composed
of countless edge-shared ring units (along the bc plane) with
L4− ligands located in its central regions (Figures 1a and S2). If
both Eu(III) and L4− are considered as 6-connected nodes, the
layered structure can be simplified as a new binodal 6,6-
connected network with point symbol {415}.14

The anionic host framework constructed by the intercon-
nection of [Eu(L)]− units is charge-balanced by the periodically
aligned (Me2NH2)

+ cations that occupy the interlayer region
(Figures 1b and S3). Interestingly, a view down the c-axis shows
zigzag hydrogen-bonded (N−H···O) chains each assembled by
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linking an alternate arrangement of (Me2NH2)
+ cations and O7

atoms of phosphonate groups (Figures 1c and S4). Importantly,
the hydrogen-bonded N−H2 groups can be confirmed by two
strong and wide IR spectral bands ν1 (2000−2550 cm−1) and ν2
(2550−2800 cm−1) (Figure S5),15 which are significantly lower
than 2800 cm−1 for normal hydrogen-bonded N−H stretching
vibrations.7g,11,16 Judging from the different distances between
donor (N1) and acceptor (O7) atoms for H1a (2.693(2) Å)
and H1b (2.716(2) Å), spectral bands ν1 and ν2 can be ascribed
to the hydrogen-bonded N−H1a and N−H1b stretching
vibrations, respectively. In addition, it has been demonstrated
that the hydrogen-bonded chain retains its integrity in the
presence of ammonium analogues (Figure S6 and Table S1). In
brief, strongly hydrogen-bonded chains constructed by optimal
acid−base pairing has yielded a crystalline material that holds
promise as a good proton conductor.11

Prior to proton conductivity measurements, the thermal and
water stability of 1 were investigated.17 Thermogravimetric
analyses (TGA) and differential scanning calorimetry (DSC)
showed that 1 can be thermally stable up to 300 °C (Figures S7
and S8), which was also determined by variable-temperature
PXRD (Figure 2a). Furthermore, PXRD patterns of samples
soaked in water for six months or boiled in water for 2 weeks
did not differ from that of an as-synthesized sample (Figures S9
and S10), indicating that 1 is an excellent thermal- and water-
stable crystalline material. In a word, the unique structural
characteristics and high thermal and water stabilities of 1 make
it a promising candidate as an excellent proton-conducting
material under both anhydrous and humid conditions.
Proton Conductivities under Anhydrous Conditions.

In view of the plentiful strongly hydrogen-bonded chains
periodically aligned along the crystallographic c-axis in 1,
alternating current (AC) impedance measurements were first
performed on a selected large single crystal with dimensions of
about 0.32 mm × 0.29 mm × 0.26 mm. With the single-crystal
orientation determined by PXRD, only one diffraction, indexed
as (002), was observed, which identified the c-axis as the
orientation direction of the hydrogen-bonded chains (Figure

2b). By attaching gold-pasted electrodes to both identified sides
of the single crystal,13c AC conductivities were measured at 30−
150 °C under anhydrous conditions (N2 atmosphere), and the
real (Z′) and imaginary (Z″) parts of the impedance spectrum
are shown in Figure 2c. The impedance plots could be
excellently fitted by a designed equivalent resistor−capacitor
(RC) circuit, and the tail at low frequencies should correspond
to diffusion impedance (Figure S12). At 30 °C, the proton
conductivity of a single-crystal sample was 1.69 × 10−4 S·cm−1,
reaching a maximum of 1.25 × 10−3 S·cm−1 at 150 °C (Figure
S13), which is higher than those of phosphate/sulfonate-based
MOFs, such as β-PCMOF2(Tz)0.3,

10g [Zn(HPO4)(H2PO4)2]·
2H2Im,18 [(Me2NH2)3(SO4)]2[Zn2(o x)3],

11 and [Zn-
(H2PO4)2(TzH)2],

13d and comparable to those of [ImH2]
[Cu(H2PO4)2Cl]·H2O

19 and [Zn3(H2PO4)6(H2 O)3]·Hbim.
20

Just as expected, no proton conductivities exist through other
crystal faces under similar conditions (Figure S14), which
further proves that efficient proton transfer occurs solely along
the hydrogen-bonded chains. The proton transfer activation
energy (Ea) for a single crystal of 1 along the c-axis was
calculated to be 0.21 eV (Figure 2d) according to the least-
squares fit of an Arrhenius plot, which is close to the lowest
value reported for proton-conductive MOFs under anhydrous
conditions (Figure S15 and Table S2), and only behind one
MOF [(Me2NH2)3(SO4)]2[Zn2(ox)3] reported by the Ghosh
group.11 Such a low activation value means that proton
conduction in 1 belongs to the Grotthuss (hopping)
mechanism (<0.4 eV), which further supports that the strongly
hydrogen-bonded chains constructed by acid−base pairs in 1
can yield facile and efficient proton transfer with the help of
electrostatic interactions.11 In contrast, AC impedance
measurements of 1 using a compacted pellet of microcrystalline
crystals exhibit extremely poor proton conductivity in the range
of 10−8 to 10−7 S·cm−1 even at 150 °C under dry N2
atmosphere, which is possibly attributable to big grain
boundary resistance under N2 atmosphere; in other words,

Figure 1. (a) Perspective views of the layer anionic host framework of
1 along the a-axis (the uncoordinated O atoms of phosphonate groups
are shown as red spheres) and (b) the sandwich-type structure of 1
along the c-axis with the counter cations (Me2NH2)

+ periodically
aligned in the interlayers. (c) Strongly hydrogen-bonded (N−H···O)
chain assembled alternately by (Me2NH2)

+ cations and uncoordinated
oxygen (O7) atoms of phosphonate groups of the anionic host
framework.

Figure 2. (a) In situ variable-temperature PXRD patterns of 1 under
N2 atmosphere. (b) PXRD patterns of simulation (black), a large
single-crystal of 1 relative to the bc plane (green) and the ab plane
(red). (c) Nyquist plot of 1 at 150 °C and (d) Arrhenius plot of
conductivities of 1 from 30 to 150 °C under anhydrous conditions
along the c-axis.
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hydrogen-bonded chains cannot link up cooperatively among
microcrystalline crystals in the compacted pellet under this
condition.
Proton Conductivities under Different Humid Con-

ditions. The distinctly different proton conductivities between
a large single crystal and a pellet suggested to us that water
molecules may serve as bridges to establish a way for proton
transfer among the microcrystalline crystals in the pellet. To
confirm this conjecture, AC impedance measurements under
different humid conditions were performed. It should be first
noted that, although 1 is a nonporous structure, the pellet
sample of 1 can exhibit good capacity for water storage,
showing water vapor uptake six times (48.3 cm3·g−1) that of its
dispersed sample (8.13 cm3·g−1) (Figure S11), possibly due to
abundant small interstices generated in the pellet sample.
Compared with the proton conductivity of single-crystal
sample, the impedance plots for the pellet sample could be
fitted well by two serial equivalent RC circuits (Figure S16), in
which one RC circuit was assigned to the bulk phase, and the
other to the grain boundaries.21 By comparing the range of
frequencies showing relaxation processes and their activation
energy (0.38 and 0.74 eV, respectively) of R1 and R2,

21 and
considering the results of single-crystal samples, the smaller one
(R1) in relative high frequency should be attributed to bulk
resistance, and the larger one (R2) may be grain-boundary
resistance, respectively. Furthermore, the values of (R1 + R2)
were considered as the resistance of a pellet. The linear region
of the Nyquist plots also resulted from an ion-blocking at the
electrodes which, combined with DC conductivity of 1,
definitely excludes the possibility of electronic conduction
(Figure S17).21b Under 98% relative humidity (RH), the
proton conductivities for the pellet of 1 at 30 and 100 °C were
2.17 × 10−5 and 3.76 × 10−3 S·cm−1, respectively (Figure S18).
In particular, the value of 3.76 × 10−3 S·cm−1 is the highest
conductivity reported among MOF materials, even higher than
those of Cu-DOSA (1.9 × 10−3 S·cm−1 at 85 °C and 98%
RH),22 PCMOF-5 (2.5 × 10−3 S·cm−1 at 60 °C and 98%
RH),8e and In-IA-2D-1 (3.4 × 10−3 S·cm−1 at 27 °C and 98%
RH),7g being comparable to those of PCMOF21/2 (2.1 × 10−2

S · c m − 1 a t 8 5 ° C a n d 9 0 % R H ) 2 3 a n d
[(Me2NH2)3(SO4)]2[Zn2(ox)3] (4.2 × 10−2 S·cm−1 at 25 °C
and 98% RH).11 The activation energy for the pellet of 1 at
98% RH was evaluated as 0.72 eV, respectively, which should
belong to a combination of Grotthuss (hopping) (< 0.4 eV)
and vehicle mechanism (> 0.4 eV), indicating that numerous
water molecules (mobile proton carriers) effectively bridge
adjacent microcrystalline crystals in the compacted pellet to
transport protons. In addition, we tried to use compound 1 as a
solid-state electrolyte to assemble a H2/O2 fuel cell (Figure
S19), which gives a maximum open circuit voltage (OCV) of
0.87 V at 80 °C, 98% RH (Figure S20), similar to those
reported in the literature.10a,24

Proton Vibration within the (N−H···O) Hydrogen
Bond. The inherent high conductivity and excellent thermal
stability of 1 further prompted us to investigate the type of
hydrogen-bonded chain and even the positions of protons. In
situ SCXRD at different temperatures showed that, over a span
of 300 K, there are significant variations of a by 1.2% for 1,
corresponding to an average thermal expansion coefficient of αa
= 41.3 ppm K−1, which is ca. 8 and 5 times larger than those of
the b (4.9 ppm K−1) and c (−8.3 ppm K−1) axes, respectively
(Figure S21 and Table S3).4g,25 Careful structural analysis
supports that the anisotropic changes of unit-cell parameters

arise from supramolecular interaction between 2D anion
frameworks and dynamic (Me2NH2)

+ cations,25b,26 which
reveal more severe vibration than that of 2D anion host
frameworks (Figure S22 and Table S4). Actually, this drastic
vibrational behavior may facilitate dynamic transfer of protons
along the hydrogen-bonded (N−H···O) chain.10f,h,18
As is well-known, when the included guest molecules are

strongly confined within a host framework of high crystal-
linity,26c,27 proton dynamics within strong hydrogen bonds can
be visualized at the molecular/atom level by SCXRD.26a,28 In
the case of 1, the electron-density distribution of the hydrogen-
bonded hydrogen atoms (H1a and H1b) of (Me2NH2)

+ can be
clearly observed in X-ray difference Fourier maps (Figures 3a,

S23 and S24). Excitingly, in situ SCXRD measurements
showed that, as temperature increases, the H1a atom gradually
moves away from its parent N1 atom, while the N1−H1b bond
length remains almost unchanged (Figure 3b). Importantly,
such peculiar behavior is well repeated during the heating−
cooling cycle (Table S5). Besides these, considering the fact
that low electron density of the H atom hardly provides an
accurate determination of the positions of all H1a and H1b
atoms in the single crystal of 1, a more subtle investigation of
proton dynamical behavior needs to draw support from other
characterization methods, e.g., IR spectra.29 As mentioned
above, the wide spectral bands ν1 and ν2 can be ascribed to the
hydrogen-bonded N−H1a and N−H1b stretching vibrations,
respectively.15 When temperature rises from 298 to 573 K, the
in situ diffuse reflectance infrared Fourier transform spectrum
(DRIFTS) shows that both ν1 and ν1 gradually shift to higher
frequencies at varying degrees (Figure 3c), probably resulting
from weakening of the hydrogen bonds at high temperatures
(Table S5),29b,30 which even overwhelms the red-shift influence
caused by elongation of the N−H1a bond. Additionally, as the
temperature rises, DRIFTS spectra showed that the absolute

Figure 3. (a) X-ray difference Fourier map in the region of the
(Me2NH2)

+ and phosphate groups of 1. (b) Variation of hydrogen-
bond (N−H···O) distances of 1 at different temperatures. (c)
Temperature-dependent DRIFTS spectra for 1 under N2 atmosphere.
(d) Sufficiently high temperature would eventually lead to breakage of
one N−H bond of (Me2NH2)

+ cation, and thus the phosphate groups
should accept the protons to maintain electric neutrality of 1.
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intensity of ν1 gradually decreases while ν2 remains almost
unchanged, suggesting a probable reduction in the number of
H1a atoms attached to N centers; that is, some of the H1a
atoms may shuttle between the donor (N1) and acceptor (O7)
atoms at high temperatures, although this hypothetical behavior
is not observable in X-ray difference Fourier maps. The above
phenomena seem to indicate that sufficiently high temperature
would eventually lead to loss of one H+ from N−H2 of
(Me2NH2)

+ cations. In this way, the proton acceptor, namely a
phosphate group of the host framework, can maintain the
electric neutrality of 1 (Figure 3d). This hypothesis has been
confirmed by subsequent SCXRD, X-ray photoelectron spec-
troscopy (XPS), IR, and luminescent measurements.
Proton Transfer from (Me2NH2)

+ Cations to O3P
Groups. Because high temperature induces stretching of the
N−H1a bond in (Me2NH2)

+, sufficiently high energy would
promote H+ transfer to the O sites of PO3 groups. As the
boiling point of Me2NH is only 7.4 °C, it would easily escape
from 1 after its incorporation. As expected, TGA showed that 1
gives a weight loss of 9.7% from 350 to 450 °C (Figure S7),
which can be attributed to Me2NH molecules (calcd: 9.9%)
from deprotonated (Me2NH2)

+ lattice cations, finally yielding a
new phase (1a), which was also verified by variable-temperature
PXRD (Figures 2a and S25). Elemental analyses (EA) and XPS
showed the absence of N atoms in 1a, implying that all Me2NH
molecules have successfully escaped from 1 (Figures 4a and

S26). Another crucial information provided by XPS is that the
valence state of the Eu(III) ion in 1a is consistent with that of 1
(Figure S26c). Besides, compared with 1, the two strong and
wide IR spectral bands ν1 and ν2 in 1a completely disappeared,
while the 3280 cm−1 peak referring to PO-H, appeared (Figures
4b and S5),31 indicating acidification of PO3 groups and the
presence of PO3H after Me2NH removal.
A precise single-crystal structure of the final phase [Eu(HL)]

(1a) after proton transfer from (Me2NH2)
+ cations to the O3P

group provides the most convincing evidence. SCSC trans-
formations are highly desirable to identify the structural
changes observed with single-crystal X-ray crystallography.32

Taking advantage of the high thermal stability of 1a, we
successfully prepared high-quality single crystals by an
extremely slow heat-treatment process. Crystal data: space
group P21/c, a = 7.9655(5) Å, b = 15.6161(9) Å, c = 9.2917(6)
Å, β = 112.201(2)o, V = 1070.11(12) Å3 (Table S7). Crystal
structure analysis of [Eu(HL)] (1a) showed that while it retains
the original space group and metal−ligand connectivity of the
2D host framework of (Me2NH2)[Eu(L)] (1), the interlayer
Me2NH

+ counterions have been completely removed (Figures
4c and S27−S29). This resulted in over −25% and −21%
shrinkages of the unit-cell volume and length of the a-axis,
respectively, together with small changes of the b (+2.3%) and c
(< −1%) axes (Figure S29 and Table S7). In view of the fact
that removal of Me2NH molecules resulted in attachment of
protons to O atoms of phosphoric groups, SCSC trans-
formation occurs from a cationic sandwich type MOF
(Me2NH2)[Eu(HL)] to a closely packed neutral one [Eu(HL)]
thermally accompanied by proton transfer. To our best
knowledge, there are few comprehensive reports on this kind
of structure transformation,8d,33 even through the literature
contains a large number of transformations based on studies of
the initial and final structures.4g,25b,32b,34

Obviously, comparison of the proton conductivities of 1a
with that of 1 can be utilized to examine the role that the
hydrogen-bonded chains play during proton transfer. Never-
theless, due to poor crystallinity of the large single crystals of
1a, AC impedance measurements could not be carried out.
However, measurements conducted on a compacted pellet of
1a under high humidity conditions indicate that the proton
conductivity of 1a falls sharply (5.29 × 10−5 S·cm−1 at 100 °C,
98% RH), being far less than that of 1 (3.76 × 10−3 S·cm−1 at
100 °C, 98% RH), which implies that the strongly hydrogen-
bonded chains in 1 may facilitate transfer of protons (Figures
5a and S18). The calculated activation energy (1.50 eV)

suggests that 1a requires a large number of water molecules to
serve as carriers to transport protons according to the vehicle
mechanism (> 0.4 eV) (Figure 5b). Therefore, a conclusion can
be drawn that the hydrogen-bonded chains of 1 really play a
vital role on fast proton transfer.

Reversible Proton Transfer Verified by Luminescence
Properties. To better understand the role of strongly
hydrogen-bonded chains (N−H···O) in the structure−property
relationship of structure 1, its temperature-dependent photo-
luminescence properties were investigated. With increasing

Figure 4. (a) High-resolution XPS spectra of N 1s. (b) IR spectra. (c)
Proton transfer from an anionic structure to an identical neutral
structure induced by removal of Me2NH molecules.

Figure 5. (a) Nyquist plots of 1 and 1a at 100 °C and 98% RH. (b)
Arrhenius plots for bulk (red) and grain-boundary (green)
conductivities of 1 and Arrhenius plot of proton conductivity of 1a
(blue); the linear fits are shown as black lines.
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temperatures from 25 to 150 °C, the intensity of the
characteristic red emission of Eu(III) corresponding to the
5D0 → 7F2 transition (609 nm) remained steady and then
showed a slight decrease before reaching 300 °C, which arises
from radiative relaxation of the excited-state energy-induced
high temperatures. Upon further heating, emission intensity
gradually declined until it completely disappeared at 450 °C,
which could not be recovered by cooling back to room
temperature (Figure 6a,b). These observations suggest that

irreversible changes happened in the structural transformation
from 1 to 1a. Besides this, room-temperature lifetime
measurements of samples of 1 after different temperature
treatments showed that the lifetime of the 5D0 excited state is
almost unchanged (∼1.60 ms) from 25 to 300 °C but drops
sharply (0.39 ms) when heated continuously (Figures 6c and
S30, and Table S6), which coincides with the process of
Me2NH removal (Figures 2a, S7, and S25). Considering that
vibronic coupling with O−H can effectively quench the excited
state of lanthanide-based MOFs,13b,35 the present observation
of luminescence quenching and shortened lifetime prompted us
to conclude that formation of O−H in 1a occurred after
removal of deprotonated Me2NH molecules from the
(Me2NH2)

+ cations.
To further verify whether the protons can reversibly hop

among the acid−base pairs, experimental conversion of 1a back
to 1 was carried out. When a sample of 1a was heat-treated in a
Me2NH aqueous solution, its luminescence intensities partially
recovered (Figures S31 and S32). In addition, the PXRD
pattern and IR of this prepared sample (1′) agreed very well
with those of 1 (Figures S5 and S32). In particular, after
persistent attempts, we were able to determine the single-
crystal structure of 1′ (Table S7) and demonstrate its similarity
to that of 1, which lent further support to the idea that Me2NH
molecules could penetrate the interfacial layer of 1a and finally
recapture the protons from the protonated phosphate groups to

form (Me2NH2)
+ cations (Figures S5, S31, and S32). In other

words, reversible proton-hopping between the (Me2NH2)
+

cations and phosphate groups along the hydrogen-bonded
chains has been successfully realized, which can sufficiently
demonstrate the importance of a continuous passageway in the
hydrogen-bonding chain for proton conduction and deepens
our understanding of the proton-transfer mechanism in MOFs.

■ CONCLUSION

In summary, we have successfully synthesized a new acid−base
pair proton-conducting MOF, which features highly ordered
strongly hydrogen-bonded chains between counter cations
(Me2NH2)

+ and phosphonate groups of the anionic host
framework. This new crystalline material exhibits remarkable
anhydrous conductivity along hydrogen-bonded (N−H···O)
chains, and water-assisted proton conductivity in a powder
pellet. More importantly, by virtue of the excellent single
crystallinity of the material at high temperature, the proton
transfer mechanism was well elucidated by a series of in situ
variable-temperature characterization methods, as well as
controlled experiments including SCSC transformation accom-
panied by proton transfer between an anionic framework and
an identical neutral framework. The comprehensive study
demonstrated unique proton vibration and transfer among
acid−base pairs within hydrogen-bonded (N−H···O) chains via
electrostatic interactions. To our best knowledge, there exist
very few reports of highly effective proton conductors that can
provide such direct visualization of proton dynamical behavior.
We believe that this work can be instructive for further
exploration of new proton conductive materials and even point
the way to improvements of efficient proton sensors.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.6b12847.

Experimental procedures and PXRD, IR, TGA, DSC,
XPS, proton conductivity, H2/O2 fuel cell, and photo-
luminescence measurements (PDF)
CIF data (ZIP)

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: zangsqzg@zzu.edu.cn.

ORCID

Shuang-Quan Zang: 0000-0002-6728-0559
Thomas C. W. Mak: 0000-0002-4316-2937
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (nos. 21601157, 21501046, 21371153,
21671175), the Program for Science & Technology Innovation
Talents in Universities of Henan Province (164100510005),
and Zhengzhou University. We are grateful to Prof. S.-F. Lu of
Beihang University for the H2/O2 fuel cell measurements.

Figure 6. (a) Photoluminescence microscopic images of 1 at different
temperatures. (b) Emission spectra of 1 recorded from 25 to 450 °C
and then cooled to 25 °C (excitation at 394 nm). (c) Decay lifetimes
of 5D0 →

7F2 transition of 1 with emission monitored at 609 nm (λex =
394 nm) at room-temperature after being heated at different
temperatures under N2 for 30 min.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b12847
J. Am. Chem. Soc. 2017, 139, 3505−3512

3510

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.6b12847
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b12847/suppl_file/ja6b12847_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b12847/suppl_file/ja6b12847_si_002.zip
mailto:zangsqzg@zzu.edu.cn
http://orcid.org/0000-0002-6728-0559
http://orcid.org/0000-0002-4316-2937
http://dx.doi.org/10.1021/jacs.6b12847


■ REFERENCES
(1) (a) Scofield, M. E.; Liu, H.; Wong, S. S. Chem. Soc. Rev. 2015, 44,
5836−5860. (b) Kreuer, K.-D.; Paddison, S. J.; Spohr, E.; Schuster, M.
Chem. Rev. 2004, 104, 4637−4678.
(2) (a) Jiang, J.; Furukawa, H.; Zhang, Y.-B.; Yaghi, O. M. J. Am.
Chem. Soc. 2016, 138, 10244−10251. (b) Cui, X.; Chen, K.; Xing, H.;
Yang, Q.; Krishna, R.; Bao, Z.; Wu, H.; Zhou, W.; Dong, X.; Han, Y.;
Li, B.; Ren, Q.; Zaworotko, M. J.; Chen, B. Science 2016, 353, 141.
(c) Chen, K.-J.; Scott, H. S.; Madden, D. G.; Pham, T.; Kumar, A.;
Bajpai, A.; Lusi, M.; Forrest, K. A.; Space, B.; Perry, J. J.; Zaworotko,
M. J. Chem. 2016, 1, 753−765. (d) Savage, M.; da Silva, I.; Johnson,
M.; Carter, J. H.; Newby, R.; Suyetin, M.; Besley, E.; Manuel, P.;
Rudic,́ S.; Fitch, A. N.; Murray, C.; David, W. I. F.; Yang, S.; Schröder,
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