
German Edition: DOI: 10.1002/ange.201510855Metal–Organic Frameworks
International Edition: DOI: 10.1002/anie.201510855

Proton Transport in a Highly Conductive Porous Zirconium-Based
Metal–Organic Framework: Molecular Insight
Daiane Damasceno Borges, Sabine Devautour-Vinot,* Herv¦ Jobic,* Jacques Ollivier,
Farid Nouar, Rocio Semino, Thomas Devic, Christian Serre, Francesco Paesani,* and
Guillaume Maurin

Abstract: The water stable UiO-66(Zr)-(CO2H)2 MOF exhib-
its a superprotonic conductivity of 2.3 × 10¢3 Scm¢1 at 90 88C
and 95% relative humidity. Quasi-elastic neutron scattering
measurements combined with aMS-EVB3 molecular dynamics
simulations were able to probe individually the dynamics of
both confined protons and water molecules and to further
reveal that the proton transport is assisted by the formation of
a hydrogen-bonded water network that spans from the
tetrahedral to the octahedral cages of this MOF. This is the
first joint experimental/modeling study that unambiguously
elucidates the proton-conduction mechanism at the molecular
level in a highly conductive MOF.

There is a growing interest in the discovery of novel proton-
conducting solids for further applications as proton-exchange
membranes, key components in diverse energy-related tech-
nologies, including fuel cells, water electrolysers and redox
flow batteries.[1] Recently, porous crystalline hybrid solids,
metal organic frameworks (MOFs), have shown promising
performances for both water-mediated and water-free (i.e.
anhydrous or with the incorporation of protonic organic
guests) proton conduction operating at T< 100 88C and T�
100 88C respectively.[2–6] Inspired by the advances made in the

field of solid-state proton conductors, the best MOFs were
mostly devised in such a way to contain on one hand a high
concentration of proton sources created by either the
decoration of the pore walls with acidic groups (sulfonic[7]

or phosphonic[8]) or the presence of counterions or acidic
molecules into the pores[9, 10] and to favor on the other hand
the formation of an hydrogen-bonded network as conduction
pathway for an efficient proton transport through the
incorporation of water or protonic guest molecules like
imidazole, triazole or histamine.[11] This led to a handful of
MOFs materials that largely compete with the performances
of Nafion under humidification.[2–6, 12,13] While this effort of
materials design has been relatively successful so far, a better
understanding of the proton transport mechanism could pave
the way towards optimized MOFs by fine-tuning the key
features of their architectures. Up to date, the mechanisms
related to the mobility of protons in these hybrid solids have
been identified basically from the values of the activation
energy obtained by complex impedance spectroscopy
(CIS).[2–6, 12, 13] Two general mechanisms for water-mediated
proton transport in MOFs, commonly referred to Grotthuss
and vehicular mechanisms,[14, 15] have been proposed although
they are generally poorly supported by a microscopic descrip-
tion of the proton and/or water dynamics. To the best of our
knowledge, except for the theoretical work previously
published by one of us on the model MIL-53(Cr) solid,[16] it
is the first time that a joint experimental/computational study
explores at the molecular level the mobility of the charge
carriers in MOFs. A combination of quasi-elastic neutron
scattering (QENS) measurements and molecular dynamics
(MD) simulations was applied to a hydrolytic microporous
robust and highly hydrophilic functionalized microporous Zr-
based MOF, that is, UiO-66(Zr)-(CO2H)2 or Zr6O4-
(OH)4(O2C-C6H2-CO2-(CO2H)2)6·xH2O (x� 16), UiO stand-
ing for University of Oslo.[17] The strongly confined environ-
ment of this functionalized MOF, that bears a high concen-
tration of free CO2H groups together with the presence of
small and bulky microporous cages connected by narrow
triangular windows makes the fundamental understanding of
the transport mechanism challenging. From a practical appli-
cation standpoint, above the attractive features of this solid in
terms of soft and green synthesis conditions and high chemical
robustness,[17] preliminary investigations suggested that UiO-
66(Zr)-(CO2H)2 might be a promising candidate for proton
conductivity (see the Supporting Information).[18]

CIS measurements performed as a function of the
temperature at 95% relative humidity (RH; see Figure S4
and details of the data analysis are given in the Experimental

[*] Dr. D. D. Borges, Dr. S. Devautour-Vinot, Dr. R. Semino,
Prof. G. Maurin
Institut Charles Gerhardt Montpellier UMR 5253 CNRS UM ENSCM
Universit¦ Montpellier
Pl. E. Bataillon, 34095 Montpellier cedex 05 (France)
E-mail: sabine.devautour-vinot@um2.fr

Dr. H. Jobic
Institut de Recherches sur la Catalyse et
l’Environnement de Lyon CNRS, Universit¦ de Lyon
2. Av. A. Einstein, 69626, Villeurbanne (France)
E-mail: herve.jobic@ircelyon.univ-lyon1.fr

Dr. J. Ollivier
Institut Laue Langevin
BP 156, 38042 Grenoble (France)

Dr. F. Nouar, Dr. T. Devic, Dr. C. Serre
Institut Lavoisier Versailles, UMR 8180 CNRS
Universit¦ de Versailles
45 Av. des Etats-Unis, 78035 Versailles, cedex (France)

Prof. F. Paesani
Department of Chemistry and Biochemistry
University of California, San Diego
La Jolla, CA 92093 (USA)
E-mail: fpaesani@ucsd.edu

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under http://dx.doi.org/10.
1002/anie.201510855.

Angewandte
ChemieCommunications

3919Angew. Chem. Int. Ed. 2016, 55, 3919 –3924 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/ange.201510855
http://dx.doi.org/10.1002/anie.201510855
http://dx.doi.org/10.1002/anie.201510855
http://dx.doi.org/10.1002/anie.201510855


Section) indicate that the conductivity (s) of UiO-66(Zr)-
(CO2H)2 increases from 8.5 × 10¢4 S cm¢1 (25 88C) to 2.3 ×
10¢3 Scm¢1 (90 88C) (Figure 1), illustrating the superprotonic
behavior of this MOF (s> 10¢4 S cm¢1).[19]

The value of s measured at 90 88C is comparable with those
collected under humid conditions for the best water-mediated
proton-conducting MOFs reported so far.[2,–6, 12,13] Interest-
ingly, the performances of this solid are maintained after
consecutive heating and cooling cycles (see Figure S5).
Moreover, the activation energy deduced from the Arrhenius
plot (see Figure 1, Ea = 0.17 eV), is among the lowest values
reported for other hybrid porous solids[2–6] which suggests
a highly efficient water-mediated proton transport. This value
falls into the [0.1–0.4 eV] range which is usually related to
a Grotthuss-like mechanism.[15]

In order to shed light onto the water-mediated proton
transport in UiO-66(Zr)-(CO2H)2, QENS experiments were
also carried out. This technique is particularly suited to follow
the diffusion of hydrogen, or hydrogen-containing molecules,
because of the large cross-section of hydrogen.[20] Further-
more, since this cross-section is incoherent, one can probe
individual proton dynamics. QENS has been used in the past
to characterize the diffusion of dihydrogen in porous solids
like zeolites and MOFs and of hydrogen in metal
hydrides.[21–23] Proton motion has been less studied.[24–30]

Diffusion coefficients have been obtained in proton-conduct-
ing oxides,[24] but local and long-range motions must be
disentangled, and there are complications due to trapping or
disorder. Attempts were made to investigate acidic aqueous
solutions,[25] however the proton motion is coupled to
diffusive motions of the vehicles (H2O or H3O

+). Confine-
ment plays a big role in perfluorinated sulfonic membranes,
where localized translational motions, fast rotational motions
and slow hopping of protons in the vicinity of the sulfonic
charges have been reported.[26] Acidic clathrate hydrates are
easier to study than solutions or liquids because the transla-

tional degrees of freedom of water are substantially re-
duced.[27–29]

Here, the QENS measurements were performed on a fully
hydrated UiO-66(Zr)-(CO2H)2 sample in the temperature
range of 300–373K. Two QENS spectra obtained at relatively
low and high Q are reported in Figure 2. The spectra were first

fitted with the model appropriate to the acidic clathrate
hydrates: all protons are dynamically equivalent and located
within “clouds” surrounding the oxygen atoms (hydronium
and water species).[27–29] Proton diffusion results from jumps
between the protonic clouds, which are only performing local
reorientational motions, that is, no diffusion of oxygen atoms
is observed. Fits with this model lead to broadenings which
are too narrow at low Q and too large at high Q, as shown in
Figure 2a and 2b, even using various models for the localized
motions: rotation inside or on the surface of a sphere, or
uniaxial rotation. The only possibility to fit satisfactorily the
spectra was to consider that two dynamical species are
observed on the time scale of the experiment: a “free” proton
performing long-range diffusion and a diffusing and rotating
water molecule, with a ratio proton/water varying with
temperature in the range 300–373 K. Refinements with this
model led to an improvement to the fit, with weighted profile
R factors, Rwp, decreasing from 12.2% to 7.7%, for the 9
spectra measured at 373 K in the selected Q range. Refine-
ments show that the proton diffuses faster than water (the
reverse yielding poorer fits). The self-diffusion coefficients,
Ds, were obtained by fitting the spectra measured at small Q
with a Fickian diffusion model, the estimated error varying
between 50% at 373 K and a factor 2 at 300 K, because the
broadenings get smaller when the temperature is reduced.

Figure 1. Plot of the logarithm of the proton conductivity at 95% RH
as a function of the inverse temperature for UiO-66(Zr)-(CO2H)2. The
dashed line corresponds to the Arrhenius fit.

Figure 2. Comparison between experimental (++) and calculated QENS
spectra obtained at 373 K for the fully hydrated UiO-66(Zr)-(CO2H)2, at
(a,c) Q = 0.26 ç¢1, and (b,d) Q = 0.96 ç¢1. The solid lines correspond
to (a,b) one proton diffusing and rotating, and (c,d) a proton (dashed
line) plus a water molecule (dotted line). The instrumental resolution,
of Gaussian shape, is indicated by the dotted-dashed lines in (a) and
(b).
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Proton diffusion is characterized by a Ds of 3.5 × 10¢9 m2 s¢1, at
373 K, with an activation energy of 0.15 eV (Figure 3) in good
agreement with the value obtained by CIS measurements.
Water diffuses about one order of magnitude slower, with a Ds

of 1.4 × 10¢10 m2 s¢1, at 373 K, and a larger activation energy,
that is, 0.20 eV. Both dynamics are slower than those reported
for the bulk water (Ds(H2O) = 2.3 × 10¢9 m2 s¢1 and Ds(H+) =

9.4 × 10¢9 m2 s¢1 at 300 K).[31, 32] The rotational motion of water
was described by a rotational diffusion model, with a corre-
lation time t of 57 ps at 300 K, and an activation energy of
0.14 eV.

Molecular dynamics simulations, using the anharmonic
multistate empirical valence bond (aMS-EVB3) model,[33,34]

were performed in the NVE ensemble at temperatures
ranging from 300 K to 450 K to provide a detailed molec-
ular-level picture of the transport mechanism in play. This
computational approach which has been successfully
employed in the past to model proton transport in aqueous
environments,[35, 36] allows the mobility of both an excess
proton and the water molecules to be simultaneously
followed. Here UiO-66(Zr)-(CO2H)2 was investigated as
fully hydrated and treated using our previously derived
flexible force field (see details in the Experimental Sec-
tion).[17] From the mean-square displacement (MSD) curves
averaged over multiple time origins and five different MD
trajectories, it was thus possible to extract the self-diffusion
coefficient Ds for both water and the center of excess charge
(CEC) using the Einstein relation. The simulated Ds for H2O
and the associated activation energy (Ea = 0.20 eV) are in
excellent agreement with the QENS data (Figure 3). These
calculations further confirmed that the self-diffusivity of the
proton is faster as compared to water although the simulated
Ds(CEC) underestimates the corresponding QENS value.
This observation supports that the transport of the excess
proton is largely governed by the Grotthuss mechanism rather
than a vehicular scenario where the excess proton would be
transported along with the water molecules that solvate it.[15]

The simulated activation energy for the proton diffusion is

similar to the experimental value (0.17 eV vs. 0.15 eV) and
remains lower as compared to that for water (0.20 eV).

The proton-hopping event between H2O molecules can be
conveniently identified by tracking the conversion of the CEC
at the vicinity of an ith oxygen atom (“pivot hydronium”) to
a jth oxygen atom (new “pivot hydronium”) through the
MOF pores along the MD runs.[16, 33] The time decay of the
pseudo-continuous correlation function Cpc(t) is defined as
Cpc(t) = hhi(0)hi(t)i/hhi(0)hi(0)i where hi(t) = 1 if the ith
oxygen atom is the pivot hydronium oxygen, and zero
otherwise.[16, 33,34, 37] Figure 4 shows that Cpc(t) slowly decays

at room temperature. The relaxation time, tPC obtained from
the fits to the long-time decay of Cpc(t) at 300 K of
approximately 270 ps is significantly longer than the corre-
sponding value for an excess proton in bulk water (ca.
1.7 ps).[38] This observation emphasizes that the water-medi-
ated proton dynamics in the MOF is largely restricted to local
displacements at ambient temperature corresponding to
intra-cages motions. Figure 4 further shows that when the
temperature increases, tPC significantly drops and hence the
proton diffusivity becomes faster (Figure 3). This suggests
a significant rearrangement of the water molecules at high
temperature in such a way to ensure a more efficient proton
transfer through the entire porosity of UiO-66(Zr)-(CO2H)2.

A careful inspection of the MD trajectories evidenced
that the water molecules are mostly distributed in the
tetrahedral cages at 300 K (Figure S14) forming relatively
strong interactions with the free CO2H functions grafted on
the linker (see the corresponding radial distribution functions
in Figure S9). This in turn drastically reduces not only the
translational dynamics of the confined H2O (Figure 3) but
also their rotational motions as illustrated by the slow
simulated rotational correlation time of 22 ps within the
same range of the value than the QENS findings. These water
molecules preferentially form clusters assembling up to 10
molecules with the formation of a 3D-bonded arrangement in
the available space of the cages. Further, the radial distribu-
tion function between O(H2O)-O(H3O

+) shows a first peak

Figure 3. Arrhenius plot of Ds for protons (squares) and water mole-
cules (circles) in the fully hydrated UiO-66(Zr)-(CO2H)2 : QENS (open
symbols) and aMS-EVB3-MD simulations (full symbols). Figure 4. Pseudo-continuous time correlation function calculated from

the aMS-EVB3-MD simulations at different temperatures.
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centered around 2.5 è which integrates to 3.0 at its first
minimum (see Figure S10). These findings are in line with
EigenÏs view corresponding to the formation of a hydrated
hydronium ion (H9O4

+).[39] At this temperature, the water
molecules are characterized by long residence times (ca. 3 ns)
in the tetrahedral cages and only a few of them travel over
long distances from the tetrahedral to the octahedral cages by
crossing the narrow triangular windows. This hampers the
formation of a percolated hydrogen-bond network through
the pores and hence implies that the excess charge only rarely
migrates from one cage to another.

At higher temperature, the water molecules are equally
distributed in both the tetrahedral and octahedral cages,
which is consistent with a significant decrease of the residence
times in the tetrahedral cages by a factor of 20 (ca. 125 ps;
Figure S14). Interestingly an H-bond network that bridges the
two cages can be formed. The analysis of the hydrogen-
bonded (HB) network size distribution (see the Supporting
Information) shows that H2O preferentially form much
longer HB networks as compared to the situation at ambient
temperature, with more than 60 % of the total water
molecules being part of this network (see Figure S12).
Moreover, the average number of H-bonds per water
molecules is significantly lower than in the bulk water
(3.6)[40] and globally decreases from 2.4 (300 K) to 2.0
(450 K). This trend suggests a reorganization of the confined
water molecules at high temperature that favors the forma-
tion of a percolating HB network. Furthermore, the HB
lifetime is much shorter (18 ps vs. 1000 ps at 450 K and 300 K,
respectively, Figure S13) which is consistent with a much less
packed geometry for H2O within the pores (Figure S14) and
a faster rotational correlation time (0.8 ps). All together the
spatial arrangement and the dynamics of H2O offer an
optimal scenario to allow a proton shuttling over long
distances. This is illustrated in Figure 5 which reports the
positions occupied by both water and proton during a 10 ns
MD trajectory collected at 450 K. The migration of the water
molecules from the tetrahedral cage (A) to the adjacent

octahedral cage (B) forms a H2O hydrogen-bonded bridge
that connects the two types of cages through the triangular
windows. This creates a path allowing the excess proton to
jump from one cage to another. Such a proton transfer over
long distances ensures a faster diffusivity and hence a higher
conductivity as compared to ambient temperature.

In summary, we evidenced that UiO-66(Zr)-(CO2H)2

shows a relatively high proton conductivity at 90 88C and
95% relative humidity which combined with a good water
stability and a low cost and environmental friendly synthesis,
makes this MOF among a few others as a promising candidate
for further exploration in the field of solid-state proton-
conducting technology. A microscopic picture of the proton
transport in the best conducting MOFs has been missing. To
address this challenging question, QENS experiments sup-
ported by MD simulations have proven to be valuable for
probing distinctly the dynamics of both confined proton and
water that has been only rarely achieved so far in proton
conductors. This dual approach applied for the first time to
MOFs reveals that the proton transfer over long distances is
assisted by a hydrogen-bonded water network that forms
a pathway that links the tetrahedral and the octahedral cages.
This fundamental understanding might be of prime impor-
tance to tune the chemical and topological features of the
MOFs for an optimization of their proton-conduction per-
formances.

Experimental Section
MOF synthesis: The sample was prepared and activated according to
a procedure described elsewhere.[17] For the QENS measurements, in
order to reduce the scattering from the framework, a deuterated
analogue UiO-66(Zr)-(CO2D)2 with formula Zr6O4(OD)4(O2C-C6D2-
CO2-(CO2D)2)6·xD2O was prepared using synthetic conditions and
activation from literature[17] (see the Supporting Information for the
characterization data). The regular 1,2,4,5-benzenetetracarboxylic
acid linker was replaced with the deuterium-enriched analogous
molecule (D6; EI: 98 % from Euriso-top), while the exchange of the
hydrogen atoms of the m2-OH bridges was obtained by stirring the
sample in boiling D2O after activation.

Impedance measurements were performed on a broadband
dielectric spectrometer, Novocontrol alpha analyzer over a frequency
range from 1 Hz to 1 MHz with an applied ac voltage of 20 mV. The
temperature T and relative humidity RH were controlled by an Espec
Corp. SH-221 incubator in the ranges between 25–9088C and 40–95%
RH, respectively. Under these experimental conditions, the formation
of anhydrides is prevented (see Figure S7). The samples were
equilibrated for 24 h at given T and RH values, to ensure fixed
water content. They were pressed under a pressure of 0.6 GPa to form
pellets of the powder samples (2.02 mm thickness and 16 mm2

surface). Pellets were sandwiched between two gold plates electrodes,
allowing the two-probe method for electrical measurements. Resis-
tivity was determined from the semicircles extrapolation in the
Nyquist plots. Conductivity was calculated considering s = 1/R × l/S
where R is the impedance (W), s is the conductivity (S cm¢1), l and S
are the sample thickness (cm) and surface (cm2), respectively.

QENS experiments: The measurements were performed at the
Institut Laue-Langevin, using the time-of-flight spectrometer IN5. A
high resolution of the order of 5 meV (half-width at half-maximum,
hwhm) was obtained with an incident neutron energy of 0.82 meV
(10 è). Low-energy spectra, where �hw is the energy transfer, were
measured at different scattering angles. The wave-vector transfer, Q,
is related to the scattering angle, the presence of strong Bragg peaks

Figure 5. Illustration of the water (blue) -mediated pathway followed
by the proton (orange) along the tetrahedral (A) and octahedral
cages (B) of UiO-66(Zr)-(CO2H)2. aMS-EVB3-MD simulations per-
formed at 450 K.
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restricting the number of spectra to the Q range 0.2–0.96 è¢1. During
a QENS experiment, motions which occur in space and in time are
measured in Q¢w space through Fourier transform. The observed
intensities are thus presented here in terms of the scattering function,
S(Q,w), also called dynamical structure factor. Information on
translational and rotational motions can be obtained by analyzing
the quasi-elastic broadenings at small energy transfers, as a function
of wave-vector transfer. Regarding the data analysis, the weighted
profile factor Rwp is defined as shown in Equation (1),

Rwp ¼
X

i

wi yi obsð Þ ¢ yi calcð Þ½ ¤2
,X

i

wi yi obsð Þ½ ¤2
 !1=2

ð1Þ

where yi(obs) and yi(calc) denote the experimental and calculated
values, and the weight is wi = 1/yi(obs). Two samples were prepared
after desorption at 373 K: the first one fully hydrated (120 H2O per
unit cell) and the second one desorbed, the weight of the MOF being
identical for the two samples. The scattering from the empty MOF
was subtracted from the spectra recorded with the loaded sample,
after normalization and corrections with standard programs.

aMS-EVB3 MD Simulations: These calculations were performed
at four different temperatures (T= 300, 350, 400, and 450 K) using the
DL-POLY-2[41] software with a simulation box containing one cubic
unit cell of UiO-66(Zr)-(CO2H)2 containing H2O molecules. The
initial distribution of water molecules as preliminary obtained by
Grand Canonical Monte Carlo simulations performed at p/p0 = 1 (80
H2O per unit cell) while the excess proton was randomly added to one
H2O molecule to form the initial H3O

+ ion. The UiO66-(CO2H)2 was
treated by using our previously reported flexible force field[17] while
the aqueous proton was treated by the aMS-EVB3 model and the
water by the aSPC/Fw force field.[16, 33] The MOF/water and MOF/
hydronium interactions were obtained using the Lorentz–Berthelot
mixing rules. This approach is capable of mimicking the proton
hopping between water molecules at infinite proton dilution.[42] The
position of the center of the excess charge (CEC) is explicitly given by
the vector rCEC ¼

P
ic

2
i ri, where c2

i is the probability and ri is the
position of the center of charge in the hydronium in ith EVB
state.[42, 43] This protonated system was equilibrated for at least 2 ns in
the NVT ensemble using Nos¦–Hoover thermostat with a relaxation
time of 1 ps. After equilibration, 5 trajectories of 2 ns and a few
trajectories of 20 ns were collected for each temperature in the NVE
ensemble.
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