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Water adsorption in MOFs: fundamentals and

applications

Jérome Canivet,” Alexandra Fateeva,” Youmin Guo,® Benoit Coasne®? and David

%
Farrusseng

This critical review presents the fundamental and practical aspects of water adsorption in Metal-
Organic Frameworks (MOFs). The state of the art of MOF stability in water, a crucial issue to
many applications in which MOFs are promising candidates, is discussed here. Both the stability
in gaseous (such as humid gases) and aqueous media are considered. By considering a non
exhaustive yet representative set of MOFs, the different mechanisms of water adsorption in this
class of materials are presented: reversible and continuous pore filling, irreversible and
discontinuous pore filling through capillary condensation, and irreversibility arising from the

flexibility and possible structural modifications of the host material. Water adsorption properties

of more than 60 MOF samples are reported. The applications of MOFs as materials for heat-

pumps and adsorbent-based chillers and proton conductors are also reviewed. Some directions

for future work are suggested as concluding remarks.

1. Introduction

Water is everywhere! The design and development of moisture-
stable porous materials is crucial for industrial applications such
as gas storage and separation, sensing, catalysis, and proton
conduction. Unfortunately, the first discovered porous metal-
organic frameworks MOF-5! and HKUST-1,> which have
strongly contributed to the boost of the MOF domain, turned to
be particularly moisture sensitive.>> Despite the great interest
stirred by their extraordinary specific surface and calibrated pore
size, the degradation in the atmosphere of these materials has
obviously limited interests for industrial applications. On the
other hand, solubility properties of MOFs are especially
attractive for in vivo medical applications. Water-unstable MOFs
called Bio-MOFs (such as Fe-nicotinate BioMIL-1) were
designed and developed “on purpose” as drug carriers under
7 810 The
understanding of the degradation mechanisms in the presence of

physiological conditions® and for imaging.
water, either in vapour or liquid phases, is hence of utmost
importance for the design and development of the next
generations of porous coordination polymers with appropriate
water sensivity or insensivity in the context of real applications.
The first chapter of this review deals with the stability of MOFs
in humid atmospheres and in aqueous media, and presents the
different degradation-dissolution mechanisms.

The control of water adsorption in microporous solids is
crucial for the development of industrial processes. For instance,
the temperature required for the regeneration of adsorption or
chromatography columns made up of molecular sieves is
governed by their water adsorption properties. On the other hand,
hyperhydrophobic zeolites can be applied for molecular springs
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upon water intrusion.'h Of particular importance for

environmental applications, water adsorption is often

detrimental for COz capture using hydrophilic materials since
water acts as a strong competitor.!> Nevertheless, it was
demonstrated that controlled water adsorption can enhance CO2

capture in MOFs 416 such as MOF-100,'” HKUST-1,'® MIL-
101" and MIL-53.2° The inventory of water effects on diverse
applications is vast and complex, and goes therefore well beyond
this review. We have chosen to focus this review on two
applications where water adsorption properties are directly
involved in the performance of the MOF. The application of
MOF as materials for (1) heat-pumps and adsorbent-based
chillers and (2) proton conductors is described in the third
chapter with emphasis, where possible, on the relationship
between structure and water adsorption. Other applications for
MOF s include
dehumidification,?! water purification,?> 23 thermal batteries, and
production and delivery of drinking water in remote areas (for a
very recent study on these applications, see Ref. 24).

Kaskel and co-workers first reported that water adsorption-
desorption isotherms on a series of diverse MOF's display a broad
variety of behaviours from hyperhydrophobic for ZIF-8 to
exceptional water capacity for MIL-100/-101.%5 The diversity of
water adsorption properties of MOFs is regularly confirmed with
MOFs. The effects of pore size and surface
functionalization by organic groups have been thoroughly
investigated in the case of Ha, CHa, and CO2 adsorption.?®2° A
few rules of thumb have been established and predictive models
have been developed to guide the rational design of MOFs. In
contrast, less effort has been devoted to unravel the diverse
mechanisms of water adsorption in MOFs. The effects of pore
size, pore morphology, and flexibility on water adsorption have

which water adsorption in relevant

novel

not been investigated in a systematic fashion. The lack of
comprehensive and predictive models of water adsorption is
obviously limiting the design of MOFs for applications where
water is present or directly involved. The second chapter of this
review provides a description of the different adsorption
mechanisms that occur in MOFs. Then, a comprehensive review
of the literature is illustrated with specific examples.



2. Stability of MOF in the presence of water

Beyond the observation of MOF degradation in the presence
of water by means of powder X-ray diffraction (PXRD) and
nitrogen adsorption, the rational design of water-stable materials
implies the study of the complex behaviour of MOFs upon water
exposure. Both the effects of exposure to humid vapours (like in
flue gases) and aqueous phases must be considered.

2.1 Stability in pure water

STABILITY IN WATER VAPOURS. In a seminal study Low and
co-workers studied by X-Ray Diffraction (PXRD) the stability
of a series of ten MOFs having different organic linker, pore
structure, metal node nature and coordination, and monitored
their stability after exposure to 1 mol% steam for few hours.3?
The energy assessed using molecular modelling of the ligand
displacement by water molecule was compared with
experimental results for each MOF to map their steam stability
(Fig. 1). Through such a combined virtual and experimental
screening, these authors investigated how the framework nature
(metal coordination, ligand composition) and dimensionality
govern the relative stabilities of MOFs in water. They concluded
on the importance of metal-ligand bond strength as a key
criterion of the water-stability of the materials, more important
than the metal geometry or valence in the case of MOFs
containing trivalent metallic cations. In their study, the most
stable materials were MIL-110/-101, CPO-27 (also known as
MOF-74) and ZIF-8. It is noteworthy that this study did not take
into account the kinetics of the water-induced framework
decomposition since the molecular modeling strategy was based
on the equilibrium ground and transition state configurations
(thermodynamics). While such stability studies are very useful,
it should be emphasized that contradicting results are sometimes
reported in the literature. For instance, while HKUST-1 was
found to be highly stable in water vapour in Ref. 2, other authors
have observed significant decrease in their specific surface area
or water capacity after water adsorption.?> 3!

More recently, the stability of a series of six MOFs was
estimated after water adsorption measurement under 80%
Relative Humidity (RH) at room temperature.® The surface area
loss estimated from nitrogen adsorption at 77K was used to rank
the solid stability after humidity exposure. On the time of the
experiment, the stability follows the order: UiO-66-NH2 > CPO-
27, HKUST-1 >>> DMOF-1, UMCM-1. The crystal structures
were reported to be preserved for almost all the samples, except
for DMOF-1 and UMCM-1 whose instability was attributed to
the low coordination of tetracoordinated zinc-carboxylate cluster
nodes. Although Zr-MOF such as UiO-66 were found to be
extremely stable in the presence of water, isostructural UiO-67,
MOF-805 and MOF-806 made from biphenyldicarboxylate or
bipyridinedicarboxylate ligands (instead of
benzenedicarboxylate in UiO-66) are unstable in water vapor.?*
32 The instability of the extended biaryl-based Zr-MOF
derivatives was attributed to the torsional strain undergone by the
crystal leading to its structural collapse. Similar adsorption

isotherms found for AI-MIL-100 seem to indicate instability or

at least partial collapse of the structure.?* Using PXRD, Dietzel
and co-workers pointed out that exposure to oxygen from
ambient air during water desorption/adsorption initiates the
degradation of Ni/Mg-CPO-27.33
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Fig. 1 Steam stability map of MOFs. The position of the structure for a given MOF
represents its maximum structural stability as probed by XRD measurement, while
the energy of activation for ligand displacement by a water molecule as
determined by molecular modeling is represented by the magenta numbers (in
kcal/mol). Reprinted with permission from ref. 30,

STABILITY IN LIQUID WATER. The stability of various MOFs
immersed in pure water or in wet dimethylformamide (DMF) has
been investigated by Matzger and co-workers on timescales from
hours to months.3* The stability was assessed according to PXRD
recorded before and after exposure at room temperature. The
zinc carboxylates MOF-5 and MOF-177 were found to be
unstable in water:DMF mixtures with ratios higher than 1:4.
MOF-5, which is composed of Zn4sO(COO)s secondary building
units (SBUs), is indeed known to be unstable under exposure to
water vapor* or liquid water.> The stability of MOF-5 under
different relative humidities was also demonstrated in a study on
sampling formaldehyde from air.’> The kinetics of MOF-5
synthesis in diethylformamide (DEF) in the presence of water
was studied by Mertens and co-workers.3¢ Hydrated zinc nitrate
acts as a buffer and stabilizes the pH ensuring slow acid
deprotonation and leading to fairly constant precipitation rate
and well-ordered crystals. The study shows that MOF-5 is
obtained as an intermediate solid which is transformed to
thermodynamically favourable MOF-69C. The latter is built
from inorganic Zn3(OH)2(COO)s monodimensional infinite
chains. In a systematic study, a stability phase diagram in
diethylformamide was proposed as a function of temperature and
water concentration. This phase diagram shows that the stability
domain of MOF-5 is restricted to low water concentration (Fig.
2).
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Fig. 2 Phase diagram mapping the stability of zinc carboxylate SBUs in various
water-DEF mixtures. Reprinted with permission from ref. 3¢,

Allendorf and Greathouse reported Molecular Dynamics
simulations which show that distortion in the MOF-5 lattice
structure already occurs at low water content. Complete collapse
occurs at higher water loading through the replacement of the
ligand oxygen atoms by water oxygen atoms in the Zn
coordination sphere.?” Matzger and co-workers also showed that
UMCM-150 is stable in water:DMF ratio 9:2 for hours and also
for months with a lower amount of water (water:DMF = 3:40).34
In contrast, copper paddlewheel MOFs such as MOF-505 and
HKUST-1 were found to be stable for months in aqueous solvent
(water:DMF = 5:1). However, HKUST-1 starts to decompose in
pure water after 24 hours. Finally the chromium carboxylate
MIL-100 and zinc imidazolate ZIF-8 were stable for months in
pure water. In line with this last result, PXRD showed that
imidazolate MOFs such as ZIF-8 or SIM-1 are stable after
treatment in boiling water for at least 24 hours.?% 3° Bellat and
co-workers showed that AlI-MIL-53 undergoes degradation in
boiling water to form core-shell structures.*’ The surface of MIL-
53 crystals is transformed into gamma alumina under these
conditions while ligands are intercalated into the MOF pores.

2.2. Stability in aqueous acid/base

While some MOFs such as Zr-porphyrin PCN-222, 224, and 225

are stable in some extreme aqueous conditions,*!-43

it is generally
acknowledged that most MOFs formed by carboxylates or
aqueous

hydrochloric or hydrofluoric acid solution.** This is due to the

imidazolates dissolve in acidic media, either
protonation of their organic linker in such media. MOF stability
in strong alkaline solutions have been evaluated for a few
materials. In an early study, Yaghi and co-workers reported that
the PXRD pattern of ZIF-8 remains unchanged after 24 hours in
an 0.1 and 8 M aqueous sodium hydroxide solution at 100°C.%
These authors concluded that the hydrothermal stability of ZIF-
8 is superior to those of original MCM and SBA mesoporous
silica, even competing with the ultrastable derivatives of these
materials. However, hydrolysis under hydrothermal conditions
of the same materials was reported elsewhere.*> Other studies

have reported that strong aqueous bases such as KOH or NaOH

dissolve the structure of UiO-66 and UiO-66-NH2* as well as
that AI-MIL-53.40

On the other hand, materials such as BioMOFs, which are
designed for medical applications, were studied in simulated
physiological media. Serre and co-workers ranked the stability
of a series of seven carboxylate-based MOFs in a phosphate
buffer aqueous solution at pH = 7.4 and 37°C.#7 The stability
follows the order Fe-MIL-100/-127 > Fe-MIL-53, UiO-66-NH:2
> Fe-MIL-53-Br >> UiO-66 > UiO-66-Br. This series shows that
the stability of the UiO series is related to the donor effect of the
ligand substituent as indicated by the Hammet constant (the most
electron rich being the most stable).*® The ligand release is
facilitated by its displacement by phosphates from the buffer
solution and the formation of metal oxide. Indeed a higher
stability of the tested MOFs was found in pure water than in
phosphate buffer.

Beyond simple degradation or collapse of the framework
structure, the stability of MOF can be related to an assembly-
disassembly equilibrium. Cohen and co-workers studied the
ability of MOFs to exchange ligands as well as metal cations in
water suspension.*>> 0 As an example, when the UiO-66 solid
made from 1,4 benzenedicarboxylic acid is suspended in an
aqueous solution containing the substituted linker 2-amino-1,4
benzenedicarboxylic acid, the latter is introduced in the solid by
an exchange process yielding to an isoreticular UiO solid
containing both linkers. Although the mechanism of ligand
exchange has not been investigated in depth, it is obvious that
the solubility difference of the linkers is an important driving
force of the process. Similarly, isoreticular MIL-68-(Br/NH2)
solids were obtained.’! The authors have extended this principle
to cation exchange to Al-MIL-53 with an aqueous solution of
Fe’* leading to (Fe/Al)-MIL-53.%

2.3. Structure-Stability relationships

METAL-LIGAND BOND. The stability of MOFs in water can be
attributed to both the electronic and steric effects of the ligand
on the metal node. Indeed, the strength of Metal-Oxygen/Metal-

Nitrogen bonds,?

combined with the shielding ability of the
ligand to protect the inorganic node against water coordination,
drive the water resistance of the materials. As demonstrated for
pyrazolate3? and imidazolate,’® the stability of the framework
formed by its coordination to a cation increases upon increasing
the pKa of the ligand; the metal ligand bond is stronger when
very acidic metals or very basic ligands are used. This property
explains why MOFs made up of strong Lewis acids (AI(III),
Cr(III)) and/or azolates (pKa = 14 vs carboxylate pKa =3.5) are
the most stable such as AI-MIL-53, Cr-MIL-101 and ZIF-8 (Fig.
1)_30

In addition to thermodynamics, kinetics plays an important
role in the degradation of MOF through hydrolysis. Moreover,
hydrophobic ligands such as methylated linkers improve the
stability of the structure on a short time scale only (the position
of the substituents being crucial). Indeed, for DMOF series, the
fully tetramethylated terephthalate ligand allows the framework
to be stable upon water adsorption.>> 3 Given the fact that high



water uptakes are observed in this case, the stability cannot be
attributed to water exclusion but to the shielding of C(0)-O and
Zn clusters surrounded by the numerous methyl groups which
make the node hardly accessible to water. Similar conclusions
were reported for MOF-508 having Me-bipy pillars,>> Banasorb-
22 with trifluoromethoxy groups,’® and frameworks made up of
phosphonate linkers.3”

In addition to the ligand structure, the metal coordination in
the framework nodes was found to govern the water stability of
MOF structures. IRMOF-1-type structures with the three metals
Zn, Mg, and Be were studied using Born—Oppenheimer
Molecular Dynamics in order to determine their behaviour in
liquid water.’® The fully hydrated Be based compounds were
found to be more stable than their analogues containing Mg or
Zn. The reason given by the authors to explain the relative
instability of Mg and Zn-based MOFs compared to the Be
analogues is the tendency of the metal to form penta- and hexa-
coordination spheres combined with the flexibility of the M4O
core and the weaker metal-oxide bonds. Furthermore, Mg
structures were found to break differently from the Zn analogues
due to the larger rigidity of their core and the strong Mg-O
coordination. This would prevent further water coordination to
the metal, in contrast to Zn-IRMOF-1 in which Zn clusters are
more flexible and open up more easily. Moreover, these authors
also pointed out that kinetic effects were behind the
resistance of Be-IRMOF-1 the
activation energy for the metal-ligand dissociation leading to the
hydrated Be-terephthalate compound from Be-IRMOF-1 is
indeed very steep. Similarly, in the case of UiO-type> 3° and
MIL-100/-101 MOFs,%% 6! the high stability of these materials
was related to the high coordination of the metal centres. Indeed,

hydrothermal structures;

upon water adsorption up to 90% RH, the 8-coordinated
zirconium-based UiO-66 was the only one to retain both its
crystallinity and porosity compared to Mg-MOF-74, DMOF-1,
HKUST-1, and UMCM-1.3

The nature of the metal ion itself also plays a crucial role in
the stability of MOFs in water, as demonstrated by Jhung and co-
workers for isotopic MIL-53/-47 frameworks.®?> Based on both
the BET surface area and PXRD analysis, these authors ranked
the stability of these materials after exposure to 7x10-2 M NaOH,
7%102 M HCI aqueous solutions at room temperature and pure
water at 80°C: Cr-MIL-53 > AIl-MIL-53 > V-MIL-47. These
authors did not attribute the relative stability of the framework to
the metal-ligand bond strength (the M-O bond energy follows the
order V > Al > Cr). Moreover, the relative stability cannot be
attributed either to the metal oxidation state or to the
coordination geometry which are the same for the three metal
cations. These authors have proposed a ranking according to the
inertness (i.e., low lability) of the metal cation.

By comparing cations in isoreticular series of MOF, Chabal
and co-workers described the behaviour of Mpz(bdc)2(dabco)
series containing either Cu, Zn, Co or Ni cations under humid
conditions.®* The water-induced degradation mechanism was
reported to be different depending on the cation involved.
According to density functional calculations combined with
experimental water vapor adsorption, the Cu-O bonds were

found to undergo hydrolysis to form hydroxide species while the
ligand displacement occurs to break Zn/Co-O bonds. Finally,
under the conditions described above, the Ni-dabco MOF shows
a very low reactivity i.e. high stability in the presence of water.

DEGRADATION MECHANISMS. Low and co-workers reported two
main degradation mechanisms of MOFs exposed to water: (1)
ligand displacement and (2) hydrolysis. Both mechanisms were
established from computational chemistry and confirmed
experimentally.3® The ligand displacement reaction involves the
insertion of a water molecule into the M-O metal-ligand bond of
the framework. This leads to the formation of a hydrated cation
and to the release of a free ligand:
n+ n- n+ n-
M—L * H,0 ——> M —(OHz)----L (Eq. 1)
In contrast, during the hydrolysis reaction, the metal-ligand bond
is broken and water dissociates to form a hydroxylated cation and
a free protonated ligand:
n+ n- n+ - (n-1)-
M—L * HO ——> M—©H) * HL (Eq. 2)
A ligand displacement mechanism was proposed to explain the
structural breakdown of ZrMOFs (UiO-66) in the presence of
either sodium hydroxide or water (Fig. 3).3?
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Fig. 3 Ligand displacement mechanism proposed to explain the breakdown of UiO-
66 in the presence of sodium hydroxide or water. Reprinted with permission from
ref. 32,

Using first-principles calculations with various water
loadings, the ligand displacement was also proposed as the main
mechanism for the framework decomposition of hydrophobic
IRMOF.% It was found that, in addition to the water molecule
involved in the ligand displacement, additional water stabilizes
both the hydrated metal species and the ligand being displaced.
Furthermore, Coudert and co-workers reported that ZnO clusters
in hydrophobic MOFs. They
demonstrated that, at high water loading, the metal oxide cluster

act as hydrophilic defects

stabilizes a water cluster in its neighbourhood which promotes
the ligand displacement (see also Ref. % for a theoretical
discussion on the stability of MOFs in water). Such a mechanism
may explain the presence of Zn-OH defects which are active in
acid catalysis.%% ¢7

In addition to the thermodynamic stability of the framework,
which is generally attributed to the M-O bond strength as
mentioned above, more complex parameters are required to
evaluate the kinetic stability of MOFs. Walton and co-workers



reported that the breakdown of functional DMOF upon exposure
to water is governed by kinetics.>* Both their experimental and
computational studies show no direct correlation between the
stability of a series of very water sensitive DMOFs and the
basicity of their ligands. The water resistance of such
frameworks depends thus on the activation energy barrier for the
corresponding hydrolysis reaction. Similar conclusions were
reported by Bellarosa et al. for (Be) IRMOF-1 framework.>8
The prediction of water stability from the MOF composition
and structure remains qualitative. Major trends in MOF stability
versus water are acknowledged, even if some data available in
the literature are somewhat contradictory. These discrepancies
may find their origin in the different methods used to assess the
stability of the frameworks. The assessment of crystallinity of a
sample after moisture exposure or hydrothermal treatment may
be misleading since crystallinity might be retained while a part
of the solid is dissolved.®® The measurements of BET surface
area and porous volume from Nz adsorption isotherms after
exposure may also be misleading for the same reasons. On the
other hand,
appropriate for the evaluation of the stability under moisture

cycling water adsorption isotherms is more
exposure. Typically, if the desorption branch in such water
adsorption isotherms crosses the adsorption branch, such as in
the case of DUT-4, it can be concluded that the porous
framework has collapsed totally or partially.?® The limitations of
such a technique are that the origin of the degradation cannot be
determined (amorphisation, hydrolysis, or other). Moreover,
these measurements at high water pressure (higher than Psa at
70°C), which are relevant for hydrothermal processes, are
difficult to perform. In addition to probing structural stability,
water adsorption-desorption isotherms provide an appropriate
mean for the characterisation of hydrophilic-hydrophobic
properties of the porous solids.®®

3. Water adsorption-desorption in MOF

3.1. Adsorption-desorption mechanisms

There are three main types of water adsorption mechanism:
(i) adsorption on metallic clusters which modifies the first
coordination sphere of the metal ion (chemisorption), (ii)
and (iii)
illustrate

layer/cluster (reversible) adsorption,
We
mechanisms using three well-known case studies: microporous
CPO-27 (also known as MOF-74), UiO-66, and mesoporous

MIL-101. Comparison with water adsorption mechanisms in

capillary

condensation (irreversible). below these

porous silica and carbons is also made.

The crystal structure of CPO-27 resembles a honeycomb and
can be obtained with Ni?*, Mg?*, Co?", Zn?" as metal ions. The
intersections of the honeycomb are formed by one-dimensional
helical chains of cis-edge-connected metal-oxygen coordination
octahedra. The channels have an accessible diameter of
approximately 1.1 nm. In its solvated state, the metal atom is
coordinated by a single water molecule while the remaining
coordination sites are occupied by oxygen atoms belonging to

the organic linker. Upon heating, the solvating water molecule is

desorbed which leads to a coordinatively unsaturated metal site
(referred to as “cus”) in the dehydrated structure. Such a
dehydration step corresponds to a transformation of an
octahedral six-coordinated into a five-coordinated species in a
square-pyramidal geometry. An illustration of the electron wave-
function calculated by means of Density Functional Theory
(DFT) shows the large unoccupied orbital in dehydrated Mg-
CPO-27 (Fig. 4).7°

Fig. 4 Excited state wave function calculated by means of DFT for Mg-CPO-27. Mg
atoms are shown in green, oxygen atoms in red, carbon atoms in gray, and
hydrogen atoms in white. The two phases of the wave function are shown in
yellow and teal. Reprinted with permission from ref. 7°.

The thermodiffractogram of Zn-CPO-27 contains abrupt
changes which reveal structure deformation of the cluster upon
dehydration. However, the porous topology remains identical
and, for all metal ions, a structure analogous to the dehydrated
CPO-27 is recovered once all the water molecules leave the
compound. The density probability of water was determined
using single crystal X-ray diffraction at room temperature on a
hydrated sample (Fig. 5).”! The thermal displacement ellipsoids
drawn at a 50% probability level shows that the density gets more
localized as the water molecules become closer to the metal sites.
On the other hand, in the centre of the cavity, the water molecules
are delocalized which reflects the weaker adsorption energy far
from the adsorption sites.

Fig. 5 Single crystal X-ray structure of CPO-27-Zn at room temperature with atom
labelling. The ellipsoids correspond to thermal displacement of water molecule
with an occupancy probability equal to 50%. The size of the ellipsoids indicate the
mobility of water molecules. Reprinted with permission from ref. 71,

The adsorption strength of the water molecules were also
visualized from structure refinement of diffraction data obtained
upon controlled dehydration (Fig. 6).7' At 100°C, the weakly
adsorbed water molecules in the cavity centre desorb while water



in the vicinity of the metal cluster remains adsorbed. Upon
further heating, the water molecules coordinated to the metal
sites remain adsorbed at 108°C and are desorbed at higher
temperature (195°C).

T
%
§

Fig. 6 Location of water molecules in CPO-27-Zn as a function of the temperature
from powder X-ray analysis. The red spheres indicate the position of the water
molecules. Reprinted with permission from ref. 71,

Although the framework symmetry of Ni-CPO-27 does not
change upon dehydration, in contrast to its Zn counterpart, local
modifications occur which are revealed by substantial changes in
its spectroscopic features. The removal of water from the cus
modifies the optical spectrum of the host material. This result
shows that the guest-host interaction between water and the MOF
atoms induce changes in the local structure.”

Hydradation/dehydration in Co-CPO-27 proceeds in a
similar fashion as in its Ni counterpart. Dehydration in Co-CPO-
27 was quantified by estimating water site occupancy from X-
Ray thermodiffraction.”’ Three main temperature desorption
profiles were observed (Fig. 7). While the water molecules
located in O6 and O8 (06 is the closest molecule to the centre of
the channel) have a site occupancy that first decreases upon
heating, the two bulk water molecules in O5 and O7 leave the
structure at a temperature of 90°C. Above this temperature, their
removal increases until all the bulk water disappears at 120 °C.
The coordinating water molecule located in O4 remains
108°C. At this
temperature, more than three quarters of the bulk water
molecules (05, 06, O7, O9) have already desorbed from the
channels. The water molecule in O4 starts to be removed from

unaffected until the temperature reaches

the structure and very little of it remains at 140 °C. Dehydration
is complete at 180°C.
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Fig. 7 Site occupancy for water adsorbed in CPO-27-Co as a function of
temperature. The red spheres indicate the position of the water molecules.
Reprinted with permission from ref. 71

In summary, the strongest adsorption site in CPO-27
corresponds to the unsaturated metal site. Hydration/dehydration
of water adsorbed in this site induces either local or global
deformation of the framework. At a larger relative humidity
(lower temperature), adsorption proceeds through reversible and
continuous pore filling; strong adsorption sites (i.e. closest sites
to the framework) get filled at low pressures followed by
adsorption in sites corresponding to weaker adsorption energies.
Strong and reversible adsorption of water molecules on
unsaturated sites (cus), which are at the origin of the Lewis
acidity of MOF, are usually found in dinuclear square paddle-
wheel systems such as HKUST-173 and in trigonal prism systems
such as MIL-10074 7% and MIL-101.7% The heat of adsorption of
the first and second water molecules adsorbed on the dicopper
paddle-wheel were estimated from dispersion-corrected DFT: -
49 kJ/mol and -44 kJ/mol, respectively. These values are lower
but comparable to the molar vaporization enthalpy of water (~44
kJ/mol).”’

Reversible hydration/dehydration of the Al-trimer in Al-
MIL-100 is accompanied by a change in the local symmetry as
monitored by NMR investigations.” Reversible hydration/
dehydration occurs at the inorganic cluster in UiO-66 but with a
different mechanism than for the CPO family. The inorganic
cluster of UiO-66 solids is a ZrsO4(OH)4 octahedron, forming
lattices with 12-fold connection through a 1,4-benzene-
dicarboxylate linker.’® Two H20 molecules per ZrsO4(OH)4
cluster desorb from the structure when the material is heated
above 250°C. Such a dehydration step leads to a loss of one
oxygen in the first coordination sphere of Zr atoms whose
coordination decreases from 8 to 7. Fig. 8 illustrates the fully
reversible dehydroxylation process of UiO-66, where each
inorganic Zr¢O4(OH)s cluster rearranges into a distorted ZrsOs
cluster showing a preferential squeezing direction.>® 78 7%
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Fig. 8 (top) Stick and ball representation of dehydroxylation undergone by the
inorganic ZrgO4(OH),4 cluster upon thermal treatment at 300 °C in vacuo. This
dehydration leads to a distorted ZrgOg cluster. Red, blue, and cyan colors refer to
Zr, O, and H atoms, respectively. (bottom) Stick and ball representation of the
perfect Zrg octahedron. Reprinted with permission from ref. 78,

Fig. 9 Adsorption sites for water in UiO fumarate (MOF-801). Sites | and Il are
primary adsorption sites close to ZrgO4(OH), units, while cubane water clusters
form at higher water pressure upon filling sites Ill. Reprinted with permission from
ref. 24,

The mechanism of water physisorption has been studied for
the isostructural UiO-66 made with fumarate linkers (also
referred to as MOF-801).24 80 Despite the minor difference in
pore size of ~0.1 nm, it can be assumed that the mechanisms of
water physisorption in native UiO-66 and MOF-801 are similar.
As shown in Fig. 9, at low water pressure, the water molecules
are adsorbed through H-bonding in two tetrahedral cavities close
to the p3-OH groups of SBU (sites I and IT). Upon increasing the
pressure, more water molecules get confined in the cavity by
forming new hydrogen bonds (site III) with several of the
adsorbed molecules at the primary binding sites. Such further
adsorption leads to the formation of water cubane clusters.
Finally, these secondarily adsorbed molecules provide further
binding sites to facilitate the adsorption in the larger cavities and
subsequent water condensation in the framework. This
physisorption mechanism seems somewhat similar to those
found for activated porous carbons for which surface water
molecules first adsorb onto oxygenated/hydroxylated surface
sites. These adsorbed water molecules then act as nucleation sites
for the formation of larger water clusters. Eventually, these
clusters connect either along the surface or across the pore, which
leads to pore filling.?!- 82 When the density of oxygenated sites at
the surface is appreciable, pore filling occurs through a
continuous filling process. Such a continuous filling, which is
observed for UiO-66 solids, is confirmed by the large heats of
adsorption at low coverage.? 84

In the examples above, which correspond to hydrophilic CPO-
27 and UiO-66 whose pores are of a size ~1 nm, water adsorption
follows a pore-filling mechanism similar to that observed for
with pores,
condensation mechanism takes place. The critical diameter D.

zeolites.® For adsorbents larger capillary
above which capillary condensation is observed is given by the
following equation (in contrast, below this critical diameter, pore
filling is reversible and continuous):%
De =40T/NT—T) €8
where ¢ = 2.8 A is roughly the size of the water molecule, 7 the
temperature, and 7c = 647 K the bulk critical temperature for
water. D = 2.0 nm for water adsorption at room temperature.
This value was estimated from Eq. (1) which has been shown to
describe both molecular simulations and experiments on
adsorption in porous materials.®® For porous solids with pores
larger than 2 nm, water adsorption isotherms exhibit step-wise
adsorption due to capillary condensation, which is typical of
class V adsorption isotherms as classified by Brunauer, Deming,
Deming, and Teller.8”> 38 Because of the irreversibility of
capillary
nanoporous materials with large pores are always accompanied

condensation, most adsorption isotherms for
with a hysteresis loop between the adsorption and desorption
branches. The adsorption-desorption isotherms of MCM-41 with
a pore size of 3.6 nm illustrates the typical “S” shape profile and
the hysteresis loop typically found for mesoporous adsorbents
(Fig. 10).%° The water adsorption isotherms of MIL-101 with
pore sizes of 2.9 and 3.4 nm follow a similar step-wise adsorption
and large water uptakes. For adsorption isotherms measured with
high resolution, a two-step process is observed which is thought
to arise from the filling of the 2.9 nm pores closely followed by
that of the 3.4 nm pores.?® In the case of mesoporous silica, the
first adsorption isotherm deviates from successive adorption-
desorption isotherm cycles. This is due to the hydroxylation of
the surface of the silica upon the first adsorption cycle which
generates a more hydrophilic adsorbent.®! As a consequence, for
the subsequent measurements, the water uptake is significantly
larger at low water partial pressure which results in the decrease
of the apparent pore diameter and thus the decrease of the

capillary condensation pressure. This principle of surface



modification — adsorption property relationship is general and
will be discussed later in the case of surface functionalisation of
MOFs. The mechanisms of water adsorption in Cr-MIL-100 and
Cr-MIL-101 have been studied by means of Monte Carlo
molecular simulation.”?> A marked difference was found between
fluorinated and hydroxylated Cr3* clusters, which illustrates that
the partial charge at the nodes drives the hydrophilicity of the
surface and, thus, the shape of the adsorption isotherm at low
water pressure. At higher loadings, water-water interactions
become dominant and irreversible capillary condensation occurs.
Gascon and co-workers have shown that the accuracy of
molecular simulation is very sensitive to the model parameters
for the adsorbate-adsorbate interactions.”> Volumetric and
calorimetric measurements on MIL-100 confirm the water
uptake mechanism e.g. nucleation-growth followed by capillary
condensation at larger pressure.”> The adsorption enthalpies
decrease from ~ -80kJ/mol to ~ -45-50 kJ/mol when the coverage
increases from 0 to <20% (corresponding to an uptake of about
0.1g/g). At larger coverage, the heat of adsorption remains
constant to a value close to the evaporation enthalpy of water ~44
kJ/mol at 25°C.
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Fig. 10 Adsorption—desorption cycles of water at 298 K on (left) MCM-41 with a
pore size of 3.6 nm and (right) Cr-MIL-101. Reprinted with permission from refs.
8 and %, respectively.

In conclusion, despite somewhat different adsorption
mechanisms, MOF share common features with porous oxides
or carbons. As in the case of silicate-based solids, inorganic
clusters in MOFs (such as UiO, CPO-27, HKUST-1, MIL-
100/101) can be dehydrated and rehydrated upon appropriate
hydrothermal treatment. Physisorption rather proceeds through a
nucleation-growth process of small water clusters adsorbed on
primary sites than layer/multilayer adsorption mechanism.?* 7!
Depending on the apparent pore size of the MOF, the water
uptake in the center of the pore occurs through reversible and
continuous pore-filling or through capillary condensation
(irreversible and discontinuous). We note that, once the pores are
filled, the confined water is quasi-liquid provided the pores are
large enough. In this case, the dynamics of confined water has
Finally, it is worth
mentioning that capillary condensation in MCM materials can be
accompanied with a deformation of the silica framework due to
capillary forces which apply to the wall.?® °7 The silica host
shrinkage due to water adsorption is somehow similar to the
breathing of AI-MIL-53 upon hydration although the nature of
the forces and the mechanisms of the flexibility differ.’® Indeed,
as discussed above, for adsorbents with pore size smaller than 2

been investigated (see for instance.®s %

nm, the presence of a hysteresis loop between the adsorption and
desorption branches cannot be assigned to the irreversibility of
capillary condensation but to a deformation of the framework
due to guest-host interactions (for a recent perspective article on
adsorption-induced deformation of MOF, see Ref. %°).

The originality of water adsorption properties in MOFs lies
in the very diverse profiles of adsorption-desorption isotherms.
This is due to the fact that MOFs exhibit a great diversity in terms
of pore size, pore structure, inorganic clusters, and chemical
functionality.'” As a result, MOF can exhibit water uptake
profiles which are typically found for zeolites, mesoporous
silica, and carbons. Finally, it should be emphasized that sample
pretreatment prior to adsorption experiments is a key issue when
MOFs are considered. For instance, in the case of water
adsorption in flexible Gallium-based MIL-53 MOF, it was
shown that the shape of the adsorption isotherm strongly depends
on the initial activation conditions.!?"> 192 The next section
describes and discusses water adsorption-desorption isotherms
for a non exhaustive yet representative set of MOF materials.

3.2. Water adsorption-desorption isotherms

Unless specified otherwise, the water adsorption isotherms
discussed in what follows were measured at 298K. The uptakes
are plotted as a function of the relative humidity p/p°® (p°
corresponds to the bulk saturating vapor pressure at the
measurement temperature). The use of relative pressures allows
an easier comparison of adsorption isotherms recorded at slightly
different temperatures. In this review, the adsorption isotherms
are described and discussed by comparing two different
quantitative indexes of hydrophilicity/hydrophobicity which can
be estimated from water adsorption data measured at one
temperature. The first indicator is the water adsorption capacity
CH2o (in em? of water per g of sample) which mainly reflects the
pore volume at the exception of superhydrophobic microporous
solids for which water adsorption proceeds by liquid water
intrusion.!®® The second indicator is the relative pressure o =
p/p° at which half of the total water capacity is reached;*® o
increases with increasing the hydrophobicity of the porous solid.
The advantages of this indicator are that (i) it is a priori
independent of the water adsorption capacity, (ii) it is normalized
(0 <o < 1) and (iii) it captures relatively well the relative
pressure of the inflexion point for “S”-shaped adsorption
isotherms (type V). Other relevant indicators are the heat of
adsorption at low coverage and Henry’s constant (Ku) which
corresponds to the slope of the adsorption isotherm at very low
water partial pressures (where the adsorbed amount increases
linearly with water pressure). However, these data are more
rarely reported in the literature which makes a consistent
comparison between different sets of data less convenient.

Water adsorption-desorption isotherms of Ni- and Mg-CPO-
27 are reported in Fig. 11. Both adsorption isotherms exhibit a
type-1 profile characterized by a large water uptake at low
pressure and a long saturation plateau as usually found for
zeolites. The very large adsorption capacity at low pressure
makes these porous solids the greatest hydrophilic adsorbents in



the domain of physisorption. It should be emphasized that the
capacity of Mg-CPO-27 is somewhat larger than for Ni-CPO-27
because of the larger molar mass of the later.
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Fig. 11 Water adsorption isotherms at 298 K on isoreticular CPO-27 solids: (/eft)
Ni-CPO-27 and (right) Mg-CPO-27. Reprinted with permission from refs. 1% and 5,
respectively.

The pore structure of MIL-125 is a tridimensional network
made up of two types of cage whose accessible diameters are 0.6
nm and 1.2 nm. Similarly, UiO-66 exhibits two types of cavity
of diameter 0.75 nm and 1.2 nm. Both cavities are made of corner
sharing inorganic clusters and terephathalate-based linkers.
Hence, the families of UiO-66 and MIL-125 solids are
microporous solids which exhibit similar tridimensional pore
structure and bimodal pore size distribution although their
clusters are made of different cations and arrangements:
Zrs04(OH)s+ and TisOs(OH)s+ for UiO-66 and MIL-125,
respectively. As a result, UiO-66 and MIL-125-NH:z exhibit very
similar water adsorption-desorption isotherms (Fig. 12). The
adsorption isotherms exhibit a “S” shape with a small uptake at
low pressure followed by an adsorption step with inflexion
points at p/p°=0.3 and 0.2 for MIL-125-NH: and UiO-66,
respectively. For the two solids, the desorption branches do not
perfectly coincide with the adsorption branches. For such small
pore sizes, well below the critical diameter of 2.0 nm at 25°C,
irreversibility associated with capillary condensation can be
ruled out. These hysteresis loops have been tentatively assigned
to minor modifications of the porous structure due to guest-host
interactions and network flexibility.®°

Water adsorption-desorption cycles were carried out for
UiO-66 in order to evaluate the effect of hydration-dehydration
on its adsorption properties. These adsorption cycles were also
intended to check the stability of the framework upon cycling.
Two water adsorption isotherms were obtained at 298 K with a
regeneration step between them at 353 K for 2 hours under inert
gas flow. The two adsorption isotherms obtained coincide (Fig.
12, right panel). The water uptake at low pressures is low until
the relative humidity reaches 25%. Between 30% and 50%
relative humidity, the water adsorbed amount increases rapidly
to reach a plateau at around 0.37 g.g”'. Assuming confined water
has a density close to the bulk liquid density, the pore volume
calculated from the water adsorption isotherm is 0.35 cm?.gl.
This pore volume is close to that obtained from nitrogen
adsorption at 77 K. Additional cycling was carried out with soft
evacuation in order to avoid dehydration of the ZrsOs(OH)4
cluster when formed. The second and following cycles are
shifted with respect to the first one. However, for a given relative

pressure, the four consequent runs show the same water uptakes.
The small shift of the adsorption isotherm to lower pressure
during the first three cycles indicates a higher degree of
hydrophilicity in agreement with the hydration process on the
inorganic cluster from Zr¢O¢ to Zr¢O4(OH)4 (which corresponds
to a mass variation of 1.35% only).
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Fig. 12 (/eft) Water adsorption/desorption isotherms for MIL-125-NH, measured
at T = 25 °C (adsorption: filled symbols; desorption: empty symbols); (right) Two
consecutive water adsorption/desorption cycles for UiO-66 with regeneration at
353 K under an inert atmosphere. Reprinted with permission from refs. 83 and 7°,
respectively.

Water adsorption-desorption in mesoporous MOF is
illustrated in Fig. 13 in which we consider MIL-100 and MIL-
101 solids. These materials are built from the assembly of
trinuclear clusters of trivalent cations among Cr3', Fe3*, AI** and
terephtalate-based linkers for MIL-101 and trimesate for MIL-
100. The porous structures are tridimensional arrangements of
accessible mesopores of a size 2.5 nm and 2.9 nm for MIL-100
and 2.9 nm and 3.4 nm for MIL-101. Adsorption-desorption
water isotherms for MIL-100 and MIL-101 with different metal
cations were reviewed by Henninger et al.3!- 1% A1l MIL-100/101
solids exhibit similar water adsorption isotherms which are
characterized by a very large water uptake at relative humidities
ranging from p/p® = 0.25 to 0.60. The total water capacity is
smaller for MIL-100 (about 0.8 g.g™") than for MIL-101 (1.2 g.g"
1, as expected from the pore volumes for these two solids.6! 0
Irreproducible results regarding the total capacity have been also
reported for different Cr-MIL-101 samples while the type of
adsorption isotherm remains unchanged. Such discrepancies
may originate from lower sample crystallinity or incomplete pore
evacuation prior to adsorption measurement. While the water
adsorption isotherms for Fe- and Cr-MIL-100 solids are very
similar, the adsorption isotherm for Al-MIL-100 leads to a
different water total capacity. This is believed to be due to the
presence of 1,3,5-benzenetricaboxylic acid in the cavities which
is more difficult to evacuate.”
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Fig. 13 Water adsorption-desorption isotherms for different Cr-MIL-101 samples
(left) and for isostructural MIL-100 made from Fe3*, Cr3* or AI3* (right). Reprinted
with permission from refs. 19 and 3%, respectively.

The adsorption properties of MOFs can be tuned by
modifying the surface properties of their porous framework. It
can be achieved by (1) direct synthesis of isoreticular MOF
starting from functionalised linkers bearing various hydrophylic
or hydrophobic groups or (2) post-synthesis modification using
a reactive center on the MOF for grafting chemical functions.
MOF made from 1,4-benzene dicarboxylic acid are outstanding
model compounds because most of them can be obtained in one
or two synthesis steps with diverse pending organic functions.
This has led to the concept of isoreticular solids.?” The effects of
surface decoration on gas adsorption properties were illustrated
for many materials such as MOF-5,2% 28 MIL-53,10¢ MIL-88'%7
and Ui0-66.1%8-110 Water adsorption isotherms on isoreticular Cr-
MIL-101, with their aromatic ring functionalized by amino (-
NH32), nitro (-NO2) and sulfonic acid (-SOsH) groups, were
compared.®! %0 The partial pressures at which the inflection point
is observed are o = 0.31 for the hydrophylic material MIL-101-
NH: and a = 0.45 for the hydrophobic material MIL-101-NO2
(Fig. 14). While the adsorption pressures are very sensitive to the
linker chemistry, water desorption in MIL-101 samples takes
place at similar pressures, p/p°~0.32-0.37.%° Consequently, the
hysteresis loops are wider for Cr-MIL-101 and Cr-MIL-101-NO2
Cr-MIL-101-NHa.
understood  as

than for These observations can be

follows. Because of its larger surface
hydrophilicity, water adsorption prior to capillary condensation
in Cr-MIL-101-NH2 is larger than in the two other materials. At
p/p° = 0.3, the adsorbed amount of water in Cr-MIL-101-NH2> is
approximatively twice that in Cr-MIL-101-NOz. As a result, the
cavity which gets capillary
(corresponding to the pore volume less the volume occupied by
the adsorbed water molecules) is smaller for Cr-MIL-101-NHz
than for Cr-MIL-101 and Cr-MIL-101-NO>. In turn, because of

its smaller size, such a cavity becomes filled at a lower capillary

filled upon condensation

condensation pressure than for the other materials. In contrast,
the desorption pressures for these three materials are very
similar; this is due to the fact that, since the sizes of the fully
filled pore are very similar, desorption takes place at a similar
pressure.

Tuning the adsorption properties of MOF by grafting short
polyols and ethylenediamine on the coordinative unsaturated
sites (cus) was demonstrated by Wickenheisser et al. for MIL-
100."" Although grafting leads to a decrease in the pore volume,
water adsorption isotherms of the modified compounds Cr-MIL-
100-EG, Cr-MIL-100-DEG and Cr-MIL-100-EN
enhanced uptake of water at lower partial pressures and no loss

show an

of total water uptake capacity compared to non-modified Cr-
MIL-100.
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Fig. 14 Water adsorption-desorption isotherms of Cr-MIL-101-NH, (square) and
Cr-MIL-101-NO, (circle). The full and empty symbols are the adsorption and
desorption data, respectively. Reprinted with permission from ref.%.

The effect of surface modification on water adsorption was
studied by Cmarik et al. by adding an amino subsituent onto
Ui0-66.1%% The decoration of the porous walls by —~NH2 groups
enhances the hydrophilicity as it allows H-bonding interaction
which is reflected by the larger uptake at low relative humidity
(Fig. 15).
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Fig. 15 Adsorption of water on UiO-66 and UiO-66-NH, at 298 K. Reprinted with
permission from ref. >.

Stock and coworkers also studied the effect on water
adsorption of surface modification on isostructural CAU-10
using a large variety of functions (-NO2, -NHz, -CH3, -OCH3, and
-OH groups).'!? The general chemical formula of these solids is
[AI(OH)(1,3-benzenedicaroxylate)]. The inorganic building unit
of the CAU-10 framework is a chain of cis-connected, corner-
sharing AlOg¢ polyhedra. The resulting solid is a two dimensional
porous network with square-shaped sinusoidal channels. These
intersecting channels have a diameter of ~0.7 nm.
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Fig. 16 Water adsorption isotherm at 298K of a series of CAU-10 functionalised by
-NO,, -NH,, -CHs, -OCH3, and OH-groups. Reprinted with permission from ref. 112,

The decoration of the CAU-10 walls by the different organic
groups strongly modifies the maximum water capacity and the
shape of the adsorption isotherm (Fig. 16). As expected, the
water maximum capacity decreases with increasing the size of
the functionalization group. Pristine CAU-10 exhibits an abrupt
uptake in a single adsorption step. Such an adsorption profile,
which was also reported for In-MIL-68, is rare.® Hydrophilic
substituents (-NH2, -OH) shift adsorption to lower relative
humidity whereas hydrophobic substituents (-NO2, -OCHs, -
CH3) shift the inflection of the “S” curve to larger relative
pressures.

The effects of pore decoration by organic groups on water
adsorption were also studied using isoreticular imidazolate and
triazolate-based MOFs. The hyperhydrophobic features of ZIF-
8 were first highlighted by the group of Kaskel and later applied
for alcohol separation by Denayer.?> !> ZIF-8 does not show
significant water uptake even at pressures close to the bulk
saturation vapour pressure. Similar results were obtained on ZIF-
71 which is made from 4,5-dichloroimidazolate.'’* Such
behaviours, which are typical of hyperhydrophobic zeolites,'®3
arise from the absence of polar centres (hydrogen bond groups at
the surface and uncoordinated centres from the inorganic pattern)
together with the very small pore windows of the sodalite cavity
(~0.3nm).'13

The microporous solids ZIF-90 and SIM-1 are isoreticular to
ZIF-8 and possess both an aldehyde group on the 5-position for
SIM-1 (on the back of the imidazolate) and on the 2-position for
ZIF-90 (between the two nitrogen of the imidazolate ring). The
aldehyde functionalized ZIF exhibits an “S”-shaped adsorption
isotherm (Fig. 17). Water uptakes of 0.12 cm’/g and 0.29 cm?’/g
are observed for SIM-1 and ZIF-90, respectively. Such water
uptakes are consistent with the pore volumes measured for these
solids.!16 117 The hysteresis observed for SIM-1 is assumed to
arise from the flexibility of ZIF porous solids upon guest
adsorption.!18-120

0,20 1
- 0154
) s
=) | oo
- | o—9 e —
! _ o
£ o010 e B
[0] | O e
° Ve
5 oy
5 I
e . y ./ |
(;“ 0,05 g
i |
e | Cgwwe ="
0,00 R g we - w
'y I T

02 03 04 05 06 07 08 09 10
p/p°

Fig. 17 Water adsorption-desorption isotherms at 298K for ZIF-8 (squares) and
SIM-1 (circles). Closed and open symbols correspond to adsorption and desorption
respectively. Reprinted with permission from ref.%°,
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Liquid water can penetrate the microporous structure of ZIF-
8 upon applying large pressures. A water uptake of ~0.5 mL.g"!,
corresponding to the porous volume measured by nitrogen
adsorption, (see Table 1), occurs at about 27 MPa (Fig. 18).!2!
The water isotherm

intrusion—extrusion shows a narrow

hysteresis as extrusion occurs at a slightly lower pressure than
the intrusion pressure (for a detailed discussion on intrusion in
porous media, see Refs 122123, The heat of adsorption, which was
estimated from Grand Canonical Monte Carlo simulations at
about 52 kJ mol.-1, is somewhat larger than the bulk vaporization

enthalpy of water and therefore indicates the adsorbed phase is
115

dense with strong water—water interactions.
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Fig. 18 Water intrusion—extrusion isotherms for ZIF-8. Pressures are in the range
from 5 to 50 MPa. Reprinted with permission from 121,

Water in ZIF-8 displays an interesting shock-absorber
behaviour. The stored energy is close to 13.3 J/gram of solid,
which is twice the value found for water in zeolites with
equivalent pore apertures (2.4 - 4.4 A). The value for
hydrophobic MOF is close to FER, MTW, and TON-type
zeolites but with a much smaller intrusion pressure. This
noticeable difference is assumed to be due to the lower stiffness,
shear modulus, and Young modulus for ZIF-8.124 This promising



result paves the way for new applications in the field of energy
storage.

Although pyrazolate-based MOFs exhibit very high stability
in water, their water adsorption characteristics remain largely
unexplored. Isostructural series of six distinct pyrazolate-based
MOFs, Zn(NDI-X), were investigated by Wade et al.'?> These
solids possess infinite chains of tetrahedral Zn?" ions bridged by
pyrazolate groups channels with
functionalised naphthalenediimide linkers lining the channel

and have ~1.6 nm

surface. The resulting adsorption isotherms are all of type V (Fig.
19).  Post-synthetic of Zn(NDI-SEt) with
dimethyldioxirane was used to generate ethyl sulfoxide and ethyl

oxidation

sulfone groups, which render the channels more hydrophilic as
evidenced by shifts in water uptake to the 30-40% relative
humidity range.
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Fig. 19 Water adsorption isotherms for Zn(NDI-SEt), Zn(NDI-SOEt), and Zn(NDI-
SO,Et) measured at 293 K Reprinted with permission from ref. 125,

While the dipolar moment of the linker has been shown to be
correlated with CO:z adsorption for a series of isoreticular
sodalite type ZIF, the hydrophobic parameter m was tentatively
proposed as a descriptor of the water adsorption property of
MOF by the groups of Kitagawa®® and Dinca.'?’ &t is calculated
using Eq. (2) where Pu and Px are the partition coefficients of the

parent and derivative compounds, respectively: !

n=Log Px—Log Pu 2)
While rt is related to the hydrophobicity for the isoreticular series
of MIL-101 (-H, NHz, -NO2), it partially describes the effect of
chemical modification for the triazolate series Zn(NDI-X) with
X=-SEt, -SOEt, -SO2Et. The water adsorption step for Zn(NDI-
SOEY) is clearly shifted with respect to that for Zn(NDI-SO:zEt),
despite similar hydrophobic parameters for the —SOEt and —
SO2Et groups. However, m, which derives from water—octanol
partitioning, differs from hydrophilicity data determined in other
solvent mixtures and therefore leads to biased predictions.

The effects of pore decoration by organic substituents on
water adsorption are more complex to unravel in the case of
flexible porous MOFs, also referred to as soft MOFs.!?’
Breathing induced by CO: adsorption is well known for
isoreticular series such as for MIL-53,!%¢ MIL-88!2% and jungle-
gym-like porous solids.'?® However, breathing induced by water
adsorption is much less documented in MOFs. Rare examples

show that breathing upon water adsorption can be controlled or
switched on/off by modification of the porous surface through
grafting of substituents onto the framework. Water adsorption-
desorption isotherms for a series of isoreticular Al- and Fe-MIL-
53 are reported in Fig. 20.13 Adsorbed amounts are reported in
mol of water adsorbed per metal (either Al or Fe) unit. AI-MIL-
53-NHz exhibits reversible type-I adsorption isotherm which
reaches a maximum of one water molecule per Al. This
maximum adsorption capacity corresponds to the hydrated
structure in which a water molecule is located at the centre of the
channel where it interacts with the two opposite AIO(OH)
chains.’® The desorption branch of AlI-MIL-53 is superimposed
with the adsorption and desorption branches of the former. The
difference between Al-MIL-53 and Al-MIL-53-NHa lies in the
adsorption branch of the latter which describes an “S” shape
(type V). As a consequence, water adsorption in Al-MIL-53 is
not fully reversible. This phenomenon arises from the larger
flexibility of MIL-53 as demonstrated by XRD studies and CO2
adsorption.'!> 132 The total uptake for MIL-53-(COOH):
corresponds to two water molecules per metal unit, which
suggests that a water molecule forms a hydrogen bond between
two free carboxylic acid functions. The hysteresis loop observed
in the water adsorption isotherm indicates strong guest-host
interactions accompanied with structural modifications upon

adsorption.
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Fig. 20 Water adsorption (filled symbols) and desorption (open symbols)
isotherms of dehydrated Al-MIL-53 (blue, m), AI-MIL-53-NH, (pink, ¥), Al-MIL-53-
OH (green, A) and Fe-MIL-53-(COOH); (red, ®) at 298K. Reprinted with permission
from ref. 130,

In contrast to the other MIL-53 materials of this study, Al-
MIL-53-OH exhibits breathing upon increasing the water
adsorbed amount from 1 to 2 water molecules per Al center. This
abrupt uptake occurs at a relative humidity around 80%. This
stepwise adsorption corresponds to structure changes from a
narrow-pore phase to a large-pore phase.

Water adsorption in Ga-MIL-53 is quite different from Al-
MIL-53 as the narrow-pore phase of Ga-MIL-53 is
thermodynamically more stable at ambient temperature (in
contrast to to A1-MIL-53).101-133.134 Ag 3 result, in contrast to Al-
MILS53, the water adsorption isotherm is fully reversible for Ga-
MILS3. Four different regions are observed upon increasing the
water vapour pressure: (i) swelling of the narrow-pore phase



upon increasing the loading to 0.05 mol/mol; (ii) formation of an
intermediate hydrated phase at 100 Pa at 298K, (iii)
monohydration of the narrow-pore phase Ga(OH)(bdc), and (iv)
transition to the large-pore phase (Fig. 21).'2 The two narrow-
pore phases and narrow-pore monohydrated phase coexist in a
relatively small pressure window.
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Fig. 21 Phase diagram (water pressure, temperature) of Ga-MIL-53 which shows
the stability domains of the different structures. The red segments correspond to
the experimental transitions. Reprinted with permission from ref. 102,

100 1000

water adsorption experiments clearly indicate that solid solutions
of CID-5/6 exhibit gate-opening whose amplitude is directly
related to the amount of CID-5 and CID-6 (Fig. 22).

The Table 1 reports the water adsorption data for a large
variety of MOFs. As underlined above, the total uptake varies
from 0.1 cm?/g for the most hydrophobic MOF (ZIF-8) to 1.4
cm?®/g for the MOF with the largest pore volume (MIL-101). As
expected, the porous volume and surface area calculated from the
N2 adsorption isotherms are very well correlated. In contrast,
some differences are observed between the porous volume seen
by nitrogen adsorption and the water capacity. This shows that
the specific behavior of some samples in the presence of water
leads to large departures between their water capacity and the
water amount expected on the basis of their porous volume. The
index o, which corresponds to the pressure at which pore filling
occurs, is rather linked to the pore size. The functionalization of
MOFs by polar groups (either amino or aldehyde) systematically
leads to a shift to lower o..%” This is consistent with the reduction
of the apparent pore size close to the pore filling or condensation
pressure since the adsorbed water layers occupy part of the
cavities.

By combining experimental data and molecular simulation,
Coudert et al. have built a water vapour pressure—temperature
diagram for the structural transitions of Ga-MIL-53.'92 This
phase diagram allows estimating the energy barrier for the
transition between the different phases. The two first transitions
from the narrow pore empty phase to the intermediate phase and
to the monohydrated phase are characterized by very low free
energy barriers due to their close structural proximity (around 0.1
kJ/mol and 0.3 kJ/mol, respectively). These small energy barriers
explain the lack of hysteresis upon adsorption—desorption cycles
at low pressure. In contrast, the barrier for the narrow pore —
large pore transition is significantly larger with a value between
7 to 10 kJ/mol. While the breathing of MIL-53 MOFs induced
by water has received attention, other MOFs have not been
considered in details. Recently, Ortiz et al. have predicted the
flexibility of NOTT-300 (wine-rack structure) using first-
principles calculations.'?> Solid solutions of soft porous MOF
structures have shown water adsorption tunability by controlling
the composition of the solid solution. The interdigitated CID-6
solid is a quite rigid porous framework whereas an isoreticular
compound CID-5 made from different substituents is very
flexible.!3¢ Series of solids made from solid solutions of CID-5
and CID-6 with different ratios of substituent S-nitroisophthalate
and 5-methoxyisophthalate in the range 0.06 < x < 0.92 were
synthesized. Given that CID-5 is nonporous (as determined by
N2 adsorption at low temperature), it exhibits an irreversible
gate-opening behaviour upon water adsorption while porous
CID-6 shows a more linear and fully reversible water uptake. The
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Fig. 22 Water adsorption (closed circles) and desorption (open circles) isotherms
at 298 K for: a) CID-5 and solid solution CID-5/6 (x=0.06-0.22) and b) CID-5/6
(x=0.43-0.82) and CID-6. Reprinted with permission from ref. 136,




Table 1. Summary of reported MOF porous features and water adsorption properties measured at 298K (unless specified).

MOF Pore diameter / nm S ger/ m2.g"! Pore volume / cm?’.g™! o Uptake / cm®.g! Ref.
Ni-CPO-27 1.1 639 0.36 0.02 0.48 104
Ni-CPO-27 1.1 1040 0.46 0.02 0.50 2%
Mg-CPO-27 1.1 1400 0.65 0.02 0.68 3
Mg-CPO-27 1.1 1250 0.53 0.02 0.60 %

HKUST 0.9/0.6 n.d. n.d. 0.10 0.40 137
HKUST 0.9/0.6 1270 0.62 0.2 0.51 3
Al-fumarate n.d 1300 n.d 0.25 0.41 137
Fe-MIL-100 2.5/2.9 1549 0.82 0.35 0.81 %
Fe-MIL-100 2.5/29 1917 1 0.30 0.77 93
AI-MIL-100 2.5/2.9 1814 1.14 0.27 0.50 93
Cr-MIL-100 2.5/2.9 n.d. n.d. 0.31 0.82 ol
Cr-MIL-100 2.5/29 1330 0.77 0.35 0.40 1
Cr-MIL-101 2.9/3.4 3017 1.61 0.46 1.28 %
Cr-MIL-101 2.9/3.4 2059 1.1 0.42 1.01 60
Cr-MIL-101 29/3.4 3124 1.58 0.45 1.40 %0
Cr-MIL-101-NH, <2.9/3.4 2690 1.6 0.42 1.06 138
Cr-MIL-101-NH, <29/3.4 2509 1.27 0.36 0.90 %0
Cr-MIL-101-NO, <29/34 1245 0.7 0.50 0.44 138
Cr-MIL-101-NO, <2.9/3.4 2146 1.19 0.45 1.08 %0
Ui0-66 0.75/1.2 1032 0.52 0.39 0.40% 83
Ui0-66 0.75/1.2 1160 0.52 0.25 0.40 3
Ui0-66 0.75/1.2 1030 0.4 0.30 0.36 0
Ui0-66 0.75/1.2 1290 0.49 0.35 0.42 2%
UiO-66-fumarate 0.5/0.7 690 0.27 0.1 0.28 %
Ui0-66-NH, <0.75/1.2 1040 0.57 0.12 0.35 3
Ui0-66-NH, <0.75/1.2 830 0.35 0.15 0.36 0
UiO-66-NH, <0.75/1.2 1123 0.52 0.16 0.34 108
Ui0-66-NH, <0.75/1.2 1328 0.7 0.22 0.38% 83
Ui0-66-NO, <0.75/1.2 792 0.4 0.18 0.37 108
Ui0O-66-1,4-Naphtyl n.d. 757 0.42 0.25 0.26 108
Ui0-66-2,5-(OMe), n.d. 868 0.38 0.20 0.42 108
Ui0-67 1.2/1.6 2064 0.97 0.55 0.18% 83
MOF-841 0.9 1390 0.53 0.25 0.48 %
MIL-125-NH, 0.6/1.2 1220 0.55 0.20 0.37% 83
In-MIL-68 0.6/1.2 1100 0.42 0.58 0.32 0
In-MIL-68- NH, 0.6/1.2 850 0.302 0.44 0.32 0
DUT-67 0.9/1.7 1560 0.6 0.49 0.3 2%
CAU-6 0.5/1.0 625 0.25 0.15 0.32 139
CAU-6 0.5/1.0 760 0.34 0.05 0.3 %
CAU-10 0.7 635 0.25 0.17 0.31 12
CAU-10 0.7 600 0.26 0.15 0.3 2%
CAU-10-CH; n.d. n.d. n.d. 0.45 0.15 12
CAU-10-OCH; n.d. n.d. n.d. 0.25 0.07* 12
CAU-10-NO, n.d. 440 0.18 0.35 0.15" 12
CAU-10-NH, n.d. n.d. n.d. 0.11 0.19* 12
CAU-10-OH n.d. n.d. n.d. 0.17 0.27 12
Al-MIL-53 n.d. 1040 0.51 0.14 0.10 0
Al-MIL-53 n.d. n.d. n.d. 0.30 0.09 130
Al-MIL-53-NH, n.d. n.d. n.d. 0.02 0.09 130
Al-MIL-53-OH n.d. n.d. n.d. 0.75 0.40 130
Fe-MIL-53-(COOH), n.d. n.d. n.d. 0.05 0.16 130
Ga-MIL-53 n.d. 1230 0.47 0.02 0.05 0
ZIF-8 1.1 1255 0.64 0.80 0.02 16
ZIF-8 1.1 1530 0.48 0.80 0.01 25
ZIF-90 1.1 1200 0.48 0.35 0.29 1
SIM-1 0.6 470 0.23 0.25 0.12 0
Zn(NDI-SEt) 1.6 888 n.d. 041 0.25% 123
Zn(NDI-SOE) <1.6 927 n.d. 0.26 0.30% 125
Zn(NDI-SO,Et) <1.6 764 n.d. 0.35 0.25% 125

Note : ¥ measured at 293K, # measured at lower relative humidity p/p°=0.5-0.7.

4. Applications involving water adsorption

4.1 Heat-pumps and chillers

The interest in efficient cooling and heating technologies
which use environmentally friendly refrigerants is rapidly
growing. In addition, there is an increasing energy demand for
summer air-conditioning and also data center cooling. Unlike
traditional vapour-compression heat pumps, which rely entirely



on electrical power, adsorption-based processes can exploit low
temperature waste heat or solar collectors as primary energy
sources. Solar thermal collectors or waste heat from industrial
processes constitute very attractive thermally-driven adsorption
chillers or adsorption heat pumps for the efficient use of low-
temperature heat. Reference papers on this emerging technology
can be found in the literature.'# 14! A few works on MOFs as
water adsorbents for heat transformation are also available in the
literature (for instance, see the works by Aristov and Henning,
Janiak and coworkers, and others).!38, 142144
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Fig. 23 Principle of heat transformation. Reprinted with permission from ref. 105,

conditions of the cycle determined by the three governing
temperature levels. Nevertheless, the working capacity measured
on an adsorption isotherm at two different relative humidities can
be used as a first screening process for adsorbent selection. The
methodology for this adsorbent screening based on adsorption
isotherm data are described elsewhere.?!> 0 125 Both the
thermodynamic and dynamic requirements for designing optimal
adsorbents for heat transformation are summarized in Ref. !4,
The evaluation of materials for thermally driven chillers (TDC)
or adsorption-based heat pumps (AHP) applications can be
realized by measuring isobars at the condenser and evaporator

147 For typical values corresponding to practical

pressures.
applications, this window lies between 0.05 < p/p° < 0.32 in
which a maximum working fluid exchange has to be reached.!
Silica generally displays poor water working capacities (0.2-0.3
g/g). More hydrophilic zeolites and zeotype adsorbents exhibit
the

hydrophilicity with these materials leads to higher desorption

larger working capacities. However, increase in

temperatures which often surpass those provided by low-
temperature waste heat or solar collectors.

In adsorption-based processes, the heat transformation is
called adsorption chillers when cooling application is wanted and
heat pumps for heat generation. The basic principle of a heat
transformation unit operating by adsorption and desorption of a
working fluid is illustrated in Fig. 23.1% Fig. 24 shows the data
recorded by a thermal camera which measures the temperature
increase resulting from the heat generated while water adsorption
takes place in an adsorbent containing vessel.’! In contrast, water
evaporation absorbs heat and leads to a temperature decrease in
the opposite vessel. During the regeneration process, heat from a
high temperature source (e.g. solar collector, waste heat, etc.) is
used to desorb water from the porous solid. The released water
vapour condenses at an intermediate temperature level with the
heat of condensation released to the environment in the cooling
case. The thermodynamics of this system can be described by a
cycle consisting of two isosters and two isobars.!4 The working
conditions are determined by three temperature levels: (i) high
temperature for regeneration, (ii) medium temperature for
condensation and cooling of the adsorption process, and (iii) low
temperature in the evaporator.’! The selection of the
adsorbent/adsorptive working pair mainly depends on the three
temperature levels which are dictated by the application. For air-
conditioning systems, water is a very efficient refrigerant since
it has a very large evaporation enthalpy leading to a high amount
of heat that can be extracted from the evaporator per adsorption
cycle.3! As far as thermodynamic aspects are concerned, the most
important figure of merit is the loading spread also called the
working capacity, i.e the mass of adsorbed water per unit of
adsorbent mass. This loading spread depends on the operation

Fig. 24 Experimental setup for the illustration of heat and cold generation in the
adsorption step. The left image shows the system before opening the manual
valve. The right image shows the data recorded by a thermal camera picture a few
minutes after opening the valve. The thermal data indicate the different
temperatures in the device: ~-5 °C in the water flask (with ice formation) and ~40
°C in the adsorbent flask. Reprinted with permission from ref. 31,

Metal organic frameworks for the applications above are very
attractive owing to their tunable water adsorption-desorption
properties. MOFs
exceeding 1g/g in some cases. Furthermore, the “S”-type
adsorption isotherm often found for MOFs makes them
appropriate since a very large working capacity can be obtained

generally display large water uptake,

on a very narrow window of relative pressures. As described in
section 2.3 and in Table 1, many MOFs exhibit stepwise
adsorption in a pressure range which falls into the relevant
windows, that is, at low to medium humidity. Water cycling
adsorption/desorption were carried out on various MOF
exhibiting type V adsorption isotherms, Al- and Fe-MIL-100
(Fig 25),”* Ui0-66 and MIL-125,% MIL-101,%- 138 functionalised
MIL-1013% and post-modified ~ MIL-101.!!"!
experiments are illustrated in Fig. 25 for AI-MIL-100. Samples

The cycling

were exposed to a humidified gas flow with a partial water
vapour pressure of 5.6 kPa using argon as a carrier. The
temperature was varied between 40 and 140°C for 40 cycles and
5h per cycle. AI-MIL-100 is relatively water-stable with,



however, subsequential losses of water capacities (-6% after 40
cycles). Interestingly, the degree of crystallinity is enhanced after
cycling, which may arise from an additional activation/washing
of the pores by the repeated condensation of the adsorbate.’
is the Cr-MIL-101-NH2 which
exceptional performances with high lift (0.55 g/g) and an average

Another example shows
heat of adsorption of 43 kJ/mol over 40 cycles without
performance loss.'3® While the stability of several MOFs after 40
adsorption/desorption cycles makes them promising candidates,
short experimental assay are still insufficient for practical
applications for heat transformation (commercially available
adsorbents are hydrothermally stable after 200,000 and 60,000
cycles). Other possible issues, which might hamper the use of
MOFs for heat transformation, include the presence in many

cases of adsorption/desorption hystereses and the low
temperature lift for heat pump applications.
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Fig. 25 Temperature profile and load signal of the AI-MIL-100 during cycling
experiment acquired at a water vapor pressure puo = 5.6 kPa. Reprinted with
permission from ref. 93,

4.2 Proton conducting MOFs

Proton exchange membrane fuel cell (PEMFC) is an
attractive energy conversion technology that uses clean
renewable sources (hydrogen and air) for electricity production.
High power densities and low operating temperatures make
PEMFCs promising candidates for use in stationary as well as
transport and portable applications.'*® A PEMFC consists of a
porous anode and a porous cathode separated by a polymer
electrolyte membrane (PEM). Hydrogen is supplied to the anode
and is oxidized to produce an electron and a proton. Protons
travel to the cathode through the proton exchange membrane.
Protons and electrons arriving at the cathode are then combined
with oxygen to give water. This creates a current flow through
the electric circuit that the fuel cell is powering. The overall
performance of the fuel cell in such an architecture is directly
affected by the proton conductivity of the PEM.

The state-of-the-art material for PEM is Nafion, which has
to be used in its fully hydrated state for good performance.
Therefore, the water content of the material critically affects its

proton conductivity performance.'4% 3% The hydration state has
to be carefully monitored as dehydration leads to membrane
drying and, thus, proton conductivity loss. On the other hand,
increased water content in the system leads to flooding of
electrodes and is extremely detrimental to fuel cell performance.
The molecular structure of Nafion is composed of a hydrophobic
polyfluorocarbon backbone with hydrophilic ion exchange side
chains containing sulfonate groups. Upon hydration, swelling of
the polymer occurs and creates a phase separation; hydrophilic
pores that contain water are surrounded by the hydrophobic
polyfluorocarbon. In the hydrated state, Nafion displays a high
proton conductivity (up to 10! S.cm™! at room temperature, 100%
relative humidity).!3! Another advantage of this material is to be
currently commercially available. However, the cost of PEMFC
components is high when compared to the cost of traditional
systems. The focus of research in this field of materials science
is therefore on reducing the cost of PEMs. Another criterion for
a useful PEM material is high thermal, hydrolytic, and
mechanical stabilities. In the case of Nafion, the glass transition
temperature at around 90°C limits its thermal stability so that a
lot of efforts are devoted to the development of a more robust
material for its use as a PEM. New materials should have a strong
water uptake, high proton conductivity, low gas permeability,
and high stability.

As described MOFs are good
candidates for applications involving water adsorption since

in the sections above,

their crystalline nature allows a precise understanding of the
structural changes upon hydration. For these reasons, they have
attracted a great deal of attention as PEM materials for PEMFCs.
After a brief summary of proton conduction mechanisms and
measurement setups, we review below the research progress
made in this field.

PROTON CONDUCTION MECHANISMS. The most prominent
mechanisms used to explain proton conduction are the “Vehicle
mechanism” » 152,153 The vehicle
mechanism can be described by proton diffusion occurring along
with the diffusion of the vehicle (water molecule). Here, counter

and “Grotthus hopping”.

diffusion of unprotonated water drives transport of the neat
proton. This type of proton motion is thus strongly dependent on
water diffusion in the media. In the Grotthus mechanism, water
transport is not necessary as proton motion occurs through the
transfer from one water molecule to the next via hydrogen
bonding. The hydration level of the membrane will favour one
mechanism over the other. At low relative humidity (RH), there
is not enough water molecules to create a hydrogen bond path so
that the vehicle mechanism prevails. When the relative humidity
increases, channels of continuous hydrogen bond pathways are
accessible and protons can migrate by Grotthus hopping. The
activation energy for proton conduction through the vehicle
mechanism is higher than through a hopping mechanism.
Typical reported activation energies are 0.1-0.4 eV for the
Grotthus mechanism and 0.5-0.9 eV for the vehicle mechanism.

PROTON CONDUCTIVITY IN MOFS. Proton conductivity of
MOFs is generally assessed by two-probe AC impedance



spectroscopy. The microcrystalline powder is pelletized and
placed between electrodes to perform measurements on a wide
frequency range (10-107Hz). In addition to the bulk-like intrinsic
conductivity of the MOF, the total conductivity can include
extrinsic conductivity contributions due to conduction pathways
such as grain boundaries. In an ideal study, both the resistive and
capacitive components of the intrinsic and extrinsic impedance
have to be determined, and an equivalent circuit should be used
to fit the data.'>* However, most of the time, experiments only
consist of macroscopic measurements on pellet samples so that
the resulting impedance contains both the bulk and grain
boundary contributions. To assess the bulk conductivity and to
perform anisotropic measurements, impedance spectroscopy on
a single crystal is a good yet challenging alternative. Another
possible method is to perform measurements on oriented thin
films. When such set ups are feasible valuable information on
intrinsic and directional conductivities is obtained.

Even if preliminary studies on coordination polymers for
proton conduction date back to 1979,!5% noticeable progress has
been made only recently in this field.'>%18 MOFs with proton
conductivity can be divided into two conductor types; aqueous
and anhydrous. However, only hydrated phases are within the
scope of this review so that we emphasize studies providing data
on water content. Although sorption isotherms are desirable in
order to properly assess water content, relatively few works
systematically report these data. In case no water sorption
isotherms have been measured, authors rely on
thermogravimetric analysis (TGA) for the assessment of water
content. It is also worth noting that few authors have considered
MOF stability toward hydrolysis, a key feature for PEMFC
applications. As mentioned above, MOF proton conductivity
was first reported under humid conditions in 1979. In this study,
the authors investigated H2dtoaCu (dtoa = dithiooxamide) whose
crystalline structure was unknown.'> A moderate proton
conductivity of 10° S.em” was reported as well as its
dependence on the relative humidity. In more recent studies
efforts have been made to obtain water sorption data on MOFs
and correlate them with proton conductivity. In what follows, we
first review how water triggers conductivity of neutral
frameworks. Charged structures (i.e., MOFs containing charged
species participating to conduction) is then considered. The
MOF-based

membranes or thin films, closer to real life applications, is then

development of composite systems such as

discussed.

NEUTRAL FRAMEWORKS. Hydrophilicity is an important factor
to promote water-mediated proton conductivity. Mallick et al.
synthesized a series of Ca-BTC frameworks in a variety of
solvents.!”® These as-synthesized phases contain different
amounts of water coordinated to the Ca?" ion as measured by
water sorption isotherms. The highest water uptake (6.1
molecules per Ca), which was measured for Ca-BTC-H:O, leads
to the greatest proton conductivity (1.2x10* S.cm™ at room
temperature and 98% RH) with a low activation energy of 0.18
eV. The presence of acidic, metal-coordinated H>20 molecules
plays a key-role by facilitating H bond paths inside the pores.

The importance of the MOF structure on the water uptake was
further demonstrated with a series of homochiral MOFs built
from Zn?" and an amino-acid derived linker L- or D-3-methyl-2-
(pyridin-4-ylmethylamino)butanoic acid.'®® Among the four
chiral compounds that were obtained, [Zn(I-Lc1)(Cl)](H20)2 and
[Zn(d-Lc)(C1)](H20)2 display proton conductivity of 4.45x103
S.cm™! and 4.42x107 S.cm™! with activation energies of 0.34 and
0.36 eV, respectively. This behavior was attributed to the
influence of the halogen atom in the structure. Chlorinated
structures lead to stronger H-Cl bonds compared with their
brominated counterpart as well as higher water uptake which
allows the formation of a continuous 1D helical water chain
inside the pores.

Pore surface decoration is an important factor influencing the
conductivity performance of MOFs. In the study of a series of
Al-MIL-53-R (R = -H, -NHz, -OH) and Fe-MIL-53-COOH, a
correlation was found between the pKa of the R functionalities
and the conducting properties of the MOF.!3° Water adsorption
isotherms and adsorption-induced flexibility are discussed in
section 3.2 (Fig. 18). A predominance of the acidity of the
functional group over the water uptake capacity was also found.
Al-MIL-53-OH adsorbs 3 times more water than Fe-MIL-53-
COOH but its conductivity is almost an order of magnitude
lower. Room temperature conductivities at 95% relative
humidity ranges from 2.3%x10° for R = -NH2 to 2.0x10¢ S.cm™!
for the more acidic R = -COOH. Higher conductivity and lower
activation energy were obtained upon decreasing the pKa of the
R substituent. The dominant pathway for proton transport was
proposed to be H-bond creation between water, u-OH and -
COOH groups in 1D channels. The pore surface decoration
concept was further demonstrated by attaching a sulfonic acid
group to 50% of the aromatic rings in Al-MIL-53;6! following
this post-synthetic modification, the sulfated material was found
to exhibit a higher water uptake than the parent material.
Although the RH was not carefully controlled in this study,
exceptionally high conductivities were reported at low
temperatures (from 20 to 60°C) with values an order of
magnitude above those for the best performing MOFs.

Several metal phosphonate-based coordination polymers
were also studied for H* conduction. In these compounds the
acidic PO3H function is generally only partly bonded to the metal
so that H bonds can form with water in the pores. Phosphonate-
coordinated compounds are also known to be robust toward
hydrolysis so that they are suitable for water-mediated H*
conduction. In the 2D layered Zn phosphonate MOF PCMOF-3
(Zn3(L)(H20)2-2H20 with L = 1,3,5-benzenetriphosphonate),'¢?
ordered chains of water molecules were observed in the
interlayer porosity by X-ray diffraction. H bond transfer was
monitored by solid state NMR with 'H or ?H isotopes. Proton
mobility was demonstrated down to temperatures as low
as -20°C. The rather low H" conductivity of 3.5x107 S.cm™! was
attributed to grain boundary constraints while the low activation
energy of 0.17eV was explained by a high proton mobility. The
same benzenetriphosphonate ligand was later used for an
isomorphous replacement in the 3D trisodium,4,6-trihydroxy-
1,3,5-trisulfonate benzene polymer B-PCMOF-2.19 In this case,



a third of the linkers were substituted while the overall crystalline
structure was maintained. As a result, the pores were partially
lined with acidic hydrogen phosphonate groups and the H*
conductivity was enhanced by a factor 16 along with a decrease
in the activation energy. The same group reported a 3D PCMOF-
5164 with molecular formula [La(HsL)(H20))(L = 1,2,4,5-
tetrakisphosphonomethylbenzene). A diprotic phosphonic acid
group was left uncoordinated in this structure (Fig. 26), which
allows 1D H-bonding in the highly acidic channels. A noticeable
conductivity of 1.3x107 S.cm™! (room temperature, RH = 98%)
and a low activation energy of 0.16 eV were reported. Using
PXRD, the compound structure was demonstrated to remain
intact after 7 days in boiling water as well as after impedance
spectroscopy measurements.

Fig. 26 (a) Structure of PCMOF-5 as viewed down the a-axis. Free phosphonic acid
groups and uncoordinated water molecules are located in each pore. (b) View
showing the one-dimensional hydrogen-bonding array formed between
phosphonic acid groups and free water molecules in the direction of the g-axis.
Reprinted with permission from ref. 163,

Heating & rehydration

tetraphosphonate rotation
Py —y

New positdon of water molecules

Fig. 27 Rotation of the tetraphosphonic groups after heating and new position of
the water molecules. Reprinted with permission from ref. 167,

Another La phosphonate La(HsDTMP)-7 H20 was obtained
by Cabeza et al. from La’" and HsDTMP (HsDTMP = hexa-
methylenediamine-N,N,N',N'-tetrakis(methylenephosphonic-
acid).'® This microporous structure possesses 1D channels that
are filled with H2O molecules. A similar conductivity was
measured (8x10 S.cm™") with an activation energy of 0.25 eV
in 98% RH at room temperature. This work was further extended
to the synthesis of a microporous 3D pillared structure from
Mg?" and the isomeric HSODTMP ligand (HSODTMP = octa—
methylenediamine-N,N,N',N'-tetrakis(methylenephosphonic
acid) which leads to a 3D pillared structure when used with Mg?*
metal centre.!%® The presence of POH groups pointing towards
the channels filled with water allows proton conductivity. The
MgH«ODTMP-6H20
conductivity (1.6x10 S.cm™' in 100% RH at room temperature)

compound showed a high proton
and an activation energy of 0.31eV.

Casciola et al. reported a flexible zirconium tetraphosphonate
framework that underwent a phase transition upon thermal
treatment and successive rehydration.!'®’

The two phases shown in Fig. 27 were named 1 lp@H (“Ip”
stands for large pores) and 1 np@H (“np” stands for narrow
pores). Impedance spectroscopy measurements for this system
showed that the bulk conductivity was an order of magnitude
higher for the large pore phase than for the narrow pore phase.
A slightly higher water uptake (5.5 versus 4.5 molecules per
formula unit), as determined from powder structural data, was
proposed to explain this result. The difference of water location
inside the pores leads to shorter H-bonds for 1 Ip@H which
provide two possible paths for proton hoping. Both materials
checked for
spectroscopy; no phase transition or deterioration was observed

were structural integrity after impedance

during the measurements.

CHARGED FRAMEWORKS. The electrical neutrality of charged
frameworks is insured by the presence of counterions inside the
pores. If protic counterions are used, they can also act as proton
carriers. In water-mediated conduction the hydrophilicity of the
charged ion can directly impact the water uptake capacity and
hence the proton conductivity. In the series of the 2D oxalate-
bridged layered MOFs [NR3(CH2COOH)][MCr(ox)3]-nH20 (R
= -Me, -Et, or -n-Bu, and M = Mn or Fe), the charge
compensating  [NR3(CH2COOH)]" ammonium can be
exchanged, which affects the hydrophilicity of the MOF
material.? In this system, the hydrophilicity of the compound
decreases with increasing the size of the R substituent. As
expected, the highest water uptake was measured for the most
hydrophilic Me-FeCr sample (22% weight) even in moderate RH
conditions. The highest conductivity, 0.8x10* S.cm!, was
observed at room temperature for a relative humidity 65% (Fig.
28).
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Fig. 28 Water vapor adsorption isotherms for different MOFs at 298K. The blue,
red, green, and purple symbols correspond to Me-FeCr, Et-FeCr, Bu-FeCr, and
NBu4, respectively. Reprinted with permission from ref. 20,

A similar metal-oxalate compound (NHa4)4[MnCr2(0ox)s]-4
H20 was reported by Verdaguer et al.'®® This 3D framework
exhibits chirality which arises from the helical [Cr(ox)3]*
moieties. The structural data also show that water molecules and
ammonium cations are hosted inside the pores. Single crystal X-
ray diffraction provides evidence of a conductive pathway
formed by hydrogen bonding between the framework oxygen
from the oxalate linkers, the water molecules, and the ammonium
cations. The conductivity of this compound significantly
depends on the humidity; the high conductivity of 1.1 10-3 S.cm"
Iat 295K and 96% RH was attributed to the proximity between
the protic ion NH4", the water molecules, and the framework
oxygen atoms. The 2D layered framework (NHa)2(adp)-
[Zn2(0x)3]-3H20 (adp = adipic acid, ox = oxalate) is made up of
infinite layers of anionic [Zn2(ox)3]*polymer. Adipic acid in the
interlayer space is located in the vicinity of the ammonium ions
and water molecules.!®® This spatial arrangement constitutes a
hydrogen bond pathway with high proton conductivity of 8-10-
S.cm™! at room temperature and 98% RH. The high activation
energy reported for this process suggests that the conduction
mechanism rather pertains to water or ammonium diffusion than
a hopping mechanism. Another way to introduce charged proton
carriers into the structure of MOFs is to use an electrically
charged spacer. For example, highly acidic hydrogen in
imidazolium ions, which are known to favour proton
conductivity, have been used to promote anhydrous proton
conductivity in MOFs. 170 In the case of
[{(Zno.25)s(O) } Zne(L)12(H20)29(DMF)69(NO3)2]n  (H2L 1,3-
bis(4-carboxyphenyl)imidazolium), the resulting MOF is built
using a positively charged H:L ligand. The charge is
compensated by the presence of nitrate anions in the structure
(Fig. 29).!"! This porous compound has two types of channels,
both lined with acidic methylene protons from the linker.
Conductivity in this compound is clearly correlated with the
water uptake by the framework; at least 5 adsorbed water
molecules per formula unit are needed to reach high proton
conductivity. Conductivities as high as 2.3x10 S.cm™ were
measured for 95% RH at room temperature.
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Fig. 29 (left) Six metallomacrocycles connected to the core {ZngO} cluster. (right)
Proton conductivity dependence on water uptake. Conductivity was measured
with an increase (filled circles) and a decrease (open circles) of the water content.
Reprinted with permission from ref. 171,

Post-synthetic introduction of charged species has also been
used as a way to enhance ionic conductivity in the pores of MOF
materials. Calcium squarate [Ca(C404)(H20)] was reported to be
a microporous compound with 1D pores of a diameter D = 3.4 A
(Fig. 30).!7? The mobility of water molecules in the parent MOF
was found to be very low as water is coordinated to the metallic
ion. An enhancement of water mobility was achieved by post
synthetic solid phase reaction with LiCl. Single crystal
diffraction shows that some coordinated water molecules are
replaced by Cl- ions which enable the Li* ions to migrate in the
channels. Homogeneity of the functionalisation was confirmed
by EDX. For the resulting structure, a formula of
[Ca(C404)(Cl)0.5(H20)0.5](Lio.s)(H20)3.5 was proposed at 40%
RH. The latter compound adsorbs more water than its parent
material, and the adsorption isotherms exhibit a hysteresis loop
when adsorption/desorption cycles are performed. As shown in
Fig. 31, a remarkable conductivity increase by a factor 10° (with
respect to the parent MOF) was found for the modified
compound. The conductivity remains high upon decreasing the
RH from 40 to 10% due to the hysteresis in the water release
process. 'H and Li solid state NMR was used to measure the
diffusion coefficients in the pores; both ionic species were found
to be highly mobile. A membrane electrode was also assembled,
and an open circuit voltage of 1V was retained for 2 hours.

Fig. 30 Crystal structures: (a) CaMOF>xH,0 at 10 °C and (b) CaMOF-LiCIoxH,0 at
-50 °C along the c-axis (top) and the coordination environments around the Ca2+
ions (bottom). Non-coordinating water molecules are omitted for the sake of
clarity. Blue, gray, red, and green are Ca%, carbon, oxygen, and chlorine
respectively. For chlorine, one disordered position is displayed. Reprinted with
permission from ref. 172,
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Fig. 31 (a) Arrhenius plots of ion conductivity for CaMOF>xH,0 (open circles) and
CaMOF-LiCIoxH,0 (filled circles) at RH = 40%. (b) Humidity dependency of ion
conductivity for CaMOF-LiCIDxH,0 at 25 °C (filled circles). The H,O adsorption
(filled triangles) and desorption (open triangles) isotherms of 1-LiCl at 25 °C.
Reprinted with permission from ref. 172,

COMPOSITE SYSTEMS. As
measurements on bulk MOFs can be challenging to interpret.

mentioned earlier, impedance
The bulk and grain boundary contributions are complex and
uncertainty remains as to whether the pores or the external
surface act as pathways for proton transfer. One strategy to avoid
grain boundary contributions is to perform measurements on
single crystals. However, this technique is not always possible
due to limitations in growing large enough crystals. Another
possibility, which was used by Kitagawa and co-workers, is to
grow a nanofilm of a porphyrinic MOF (Cu—TCPP) using a
modular assembly approach.!”® The oriented thin film allows
anisotropic impedance measurements in order to determine the
nature of conduction pathways. This also increases the efficiency
of devices and provides a step towards real life applications. A
2D MOF structure was oriented with the a,b directions in the
plane of the films and 1D pores, which run along the c-axis,
aligned out of plane (Fig. 32). Water sorption measurements
show that adsorption does not occur inside the pores but on the
surface of the mesopores between nanosheets. X-ray diffraction
in various RH conditions shows no structural change upon
hydration. When a 350 nm thick nanofilm is deposited between
two electrodes for impedance measurements, the conductivity is
found to be strongly dependent on RH. A high conductivity value
0f 3.9%1073 S.cm™! at 98% RH was attributed to a sharp increase
in the water adsorbed amount upon capillary condensation at RH
> 90%. Given that this condensation takes place on the surface
of the nanosheets and not inside the nanopores, the conductivity
pathway is thought to take place through dangling water and
carboxylate groups at the MOF surface and through the
condensed water molecules.

Fig. 32 Schematic representation of a MOF nanofilm for electrical measurement
(a) and the modeled crystal structure of the MOF nanofilm (b and c). All H atoms
are omitted for the sake of clarity. Reprinted with permission from ref. 173,

In a similar approach, Ti-MIL-125-NH> nanoparticles were
deposited on interdigitated electrodes.®* The influence of RH on
the impedance response was studied to assess the performance
of such architecture for humidity sensor device. Although water
sorption was not quantitatively studied in this work, a sorption
isotherm for bulk Ti-MIL-125-NH>2 was reported elsewhere.®3
The impedance signal at low frequencies is highly dependent on
the relative humidity, which demonstrates that the film can be
used as a humidity sensor. Recovery of the impedance signal in
different RH conditions
adsorption/desorption cycle (only a very narrow hysteresis was

was also checked by probing

obtained). Fast response times were found when the device is
taken from 11 to 95% RH, which demonstrates the viability of
the concept.

Another emerging approach in this field consists of using
MOFs to build a polymer composite membrane. A 2D layered
chiral Ca** MOF displaying proton conductivity in a humid
atmosphere was embedded in the highly hydroscopic PVP
(polyvinylpyrrolidone) polymer matrix by spin coating.!”* Sub-
micron rods of MOF were used to increase interface contact in
this purely physical mixture. This study suggested that the PVP
polymer enhances the humidification properties of the composite
and, hence, facilitates H" transport pathways in the MOF. The
conductivity of the composite at 50% weight MOF loading was
found to be greater than that for the pure MOF. The authors in
ref. 7% also highlighted the cost effectiveness of such a
membrane compared to Nafion although the performance of the
latter remains better at the moment. Another approach was to
strongly attach through chemical bonding Fe-MIL-101-NH:z to
the SPPO (sulfonated poly-2,6-dimethyl-1,4-phenylene oxide)
polymer.'75 Notably, SPPO has been already widely envisaged
for fuel cell membranes.!’® To design the composite system, the
sulfonate groups of SPPO were reacted with SOCI: affording
sulfonyl chloride SO2Cl groups in the polymer. These were
reacted with amine functions from the MOF leading to the
sulfonamide forming a bridge between the MOF and SPPO. An
optimal MOF content for proton conductivity was found to be
6% weight. A high conductivity of 0.1 S.cm™!' was achieved with
this loading at 298 K and 98% RH. This value is much higher
than that of the pure MOF and slightly higher than for the pure
SPPO. The conductivity promotion was considered to be due to
the presence of the highly acidic sulfonamide groups along with



the unsaturated Fe(III) centres that are able to increase the acidity
of water molecules by modifying their coordination.

The examples listed above show that MOFs can be used to
reach high water-triggered proton conductivities needed for
PEM materials. Phosphonate based frameworks are known for
their hydrostability and are therefore attractive candidates.
Studies of water adsorption in these materials should be explored
in more details. MOFs exhibiting hysteretic water sorption
Table 2: MOF conductivity data in hydrated conditions

isotherms are also interesting materials for PEM applications as
they would allow performance stability in a more flexible RH
domain than Nafion. The recent development of MOF-based
composite systems is a promising step towards real-life
applications. Yet, the stability under working conditions needs to
be further explored before their use in fuel cell applications
becomes viable.

MOF Water capacity” / wt% Log(o) Ea/eV Impedance measurement conditions Ref.
CaBTC 22 -3.92 0.18 98% RH, room temp. 199
[Zn(Vd-La)Cl] 12 435 034 98%RH, 31°C 160
Al-MIL-53-H 7.5 -7.64 0.47 95% RH, room temp. 130
Al-MIL-53-NH, 7.5 -8.64 0.45 95% RH, room temp. 130
Al-MIL-53-OH 38 -6.38 0.27 95% RH, room temp. 130
Fe-MIL-53-COOH 10.9 -5.70 0.21 95% RH, room temp. 130
PCMOF-3 13.7 15.8"® -4.46 0.17 98% RH, room temp. 162
PCMOF-2 4.99" 5.3% -2.45 0.21 90% RH, 20°C 163
PCMOF-5 1 12.4™ -2.89 0.16 98% RH, 21.5°C 164
La(HsDTMP), 15.5" 183" -2.10 0.25 98% RH, 24°C 165
MgHsODTMP ¢ 16.6™ 19.9" -2.80 0.31 100% RH, 19°C 166
ZrL? 1_np@H 20.5" -5.82 - 95% RH, 30°C 167
ZrL? 1_lp@H 25" -4.59 0.2(;'?;::{‘18'1;3'1 95% RH, 30°C 167
Me-FeCr 22 -4.10 - 65% RH, room temp. 2
Et-MnCr 10.5 -7.00 - 65% RH, room temp. 2
Bu-FeCr 43 -10.70 - 60% RH, room temp. 2
NH,[MnCr(ox)s] 9.9 -2.96 0.23 96% RH, 22°C 168
(NH,)2(adp)Zny(0x)3 9.4° -2.10 0.63 98% RH, room temp. 169
{(Zny25)s(0)} Zng(L)12 26 -2.64 0.22 95% RH, room temp. 1
[Ca(C409)-(Cl)o s(H:0)05](Lios) 285 -1.74 0.18 40% RH, room temp. 1”2
MOF-PVP50 22 -4.24 0.54 65% RH, room temp. 174
SPPO/Fe-MIL-101-NH, 50.7 -1.00 - 98% RH, room temp. 173

#: water capacity at the RH of the impedance data; *: water uptake was not assessed by volumetric or gravimetric analysis but using TGA, ICP or crystallographic
data; **: raw TGA data; **: calculated water weight percent for the anhydrous material.

5. Conclusions and perspectives

At the exception of heat-pump and thermally driven adsoroption
chillers for which water stable MOF materials may exist, most
applications in which MOFs are promising candidates deal with
much more demanding media such as acid or basic media. The
quest of more stable MOFs, while keeping a very large and
controlled porosity, is therefore a corner stone for the
development of industrial applications. Among the different
approaches for the design of more stable MOFs, the use of cation
with high valence and coordination number such as Zr*', the
synthesis of porous solids with infinite inorganic chains such as
in MIL-53, and the use of azolate linkers are very interesting
directions to explore.

A large variety of stable MOFs exhibits very attractive water
adsorption profiles for heat-pump and chiller applications.
Obviously, MOFs offer infinite solutions for the design of

efficient adsorbents thanks to their versatility in terms of pore
size and surface chemistry. The challenge lies in the design of
porous solids which adsorb reversibly a very large amount of
water within a narrow relative humidity window. Beyond long
term stability issues, adsorption kinetics,'4? heat conductivity,
and shaping/processing are key aspects for the overall efficiency
of the system which need to be investigated in depth. Similarly,
shaping of MOF as chemically and mechanically stable thin
films is also a prerequisite for proton conducting applications.
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