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Open guestions on water confined in
nanoporous materials

Francois-Xavier Coudert B4 Anne Boutin? & Alain H. Fuchs!

Water adsorption in soft nanoporous materials can trigger large-scale structural
transitions and introduce new properties in the confined water phase. Here, we
look at some of the outstanding questions in this lively field of research.

The understanding of the impact of confinement at the molecular (or nanometric) scale on the
properties of polar fluids, and of water, in particular, is an open physico-chemical problem of
both practical and fundamental interest. Practical, because residual water plays an important role
in many industrial processes, such as separation and catalysis, or biological systems; and fun-
damental, because the behavior of water confined by complex and heterogeneous surfaces is still
to be rationalized. Water is a strongly polar molecule, and as such its adsorption into nano-
porous materials gives rise to a rich phenomenology due to strong guest-guest interactions, and
tunable host-guest interactions, depending on the chemical nature of the nanopores surface.
Based on the balance between these factors, adsorption of water can take place in the vapor or
the liquid phase, i.e., with a gamut of characteristic pressure that goes from Pa to the GPal.
Moreover, water-water interactions are strongly directional and forming a characteristic
hydrogen bond network. This leads to structural and dynamic frustration arising in the confined
liquid phase, due to the external confining field imposed by the host framework.

In order to probe the rich behavior of these complex systems, researchers in the last decade
have used an increasing number of techniques, both experimental and computational, leading to
rapid progress in our understanding of the structure, dynamics, and thermodynamics of water in
confined spaces. In particular, there has been increased adoption of in situ setups with varying
temperature and pressure (or water content), including X-ray and neutron scattering, vibrational
spectroscopies (infrared, Raman, and sum-frequency generation), and NMR. In addition, many
large-scale studies now routinely include molecular simulation at different levels of description:
from Monte Carlo simulations, classical molecular dynamics, to ab initio methods (e.g., first-
principles molecular dynamics) and even path integral simulations, which take into account the
quantum nature of nuclei.

Despite the availability of such advanced tools, there are many open questions about the
nature, behavior, and properties of water confined in structurally and chemically complex
nanopores. We note here that the unusual properties of water under confinement in dynamic
spaces has been long recognized in the study of biomolecules, where proteins exploit some of the
anomalous properties of confined water in their biological function (e.g., to ensure rapid water
flow in aquaporins or to gate proton flow in proton pumps and enzymes)>3. In this piece, we
provide a short introduction to the recent progress and open questions in the behavior of water
confined inside materials at the nanoscale.

Beyond the “rigid host” approximation

One area that has seen rapid development is that of water confinement in highly flexible
nanoporous materials. The past two decades have seen the multiplication of novel nanoporous
materials based on molecular or supramolecular frameworks, such as metal-organic frameworks
(MOFs), covalent organic frameworks, and supramolecular organic frameworks. Compared to
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inorganic materials, such as zeolites, this new generation of
nanoporous solids—named “soft porous crystals”—are based on
relatively weak supramolecular interactions and demonstrate
large-scale intrinsic structural flexibility. In order to fully
understand the behavior of water in these dynamic materials, we
need to shift our focus from the classical view (or approximation)
of the “rigid host” material as an inert matrix, that acts merely as
a fixed external potential on the adsorbed phase.

One of the areas where the effect of the host flexibility is
perhaps the strongest, and not yet fully understood, is in the
intrusion of water at high pressure in hydrophobic soft porous
crystals®®. There, two different responses are intertwined: the
response of the host framework to the hydrostatic pressure
exerted, and the deformation linked to the presence of the
adsorbate inside the pores—which exerts anisotropic adsorption
stress, from within the pores®. This two-pronged effect has been
reported in the past in several MOFs and some zeolites (although
with a smaller amplitude of strain) and is sometimes referred to
as “superhydration”, because of the larger water uptake that is
made possible by the flexibility of the host.

Water adsorption introducing new properties

In some cases, the adsorption of water in flexible structures can
lead to a structural transition into a phase with novel and generally
rare properties for crystalline materials. For example, hydration
near water saturation pressure can lead to the emergence of a
superprotonic phase in a zirconium phosphonate MOF, with very
high proton conductivity’”. A similar effect was observed in
((CH;),NH,),[Li,Zr(C,04)4], as depicted in Fig. 1: it exemplifies
well how the structural changes triggered by water adsorption
introduce new properties in the confined water, that does not
derive from either the parent framework or the bulk waterS.

Another case of interest, which has only recently been evidenced
and understood, is that of “negative hydration expansion”, i.e., the
occurrence of strong contraction of porous materials upon water
adsorption. Indeed, while adsorption of guest molecules is gen-
erally considered to lead to material expansion and stiffening, in
some specific cases the inverse effect is possible: pore shrinking and
softening is a counterintuitive mechanical response®. This phe-
nomenon is most often observed in soft materials, but it can also
occur in more rigid frameworks if the host-guest interactions are
particularly strong—as water-host interactions can be. One such
example is the contraction (10% volume shrinkage) of the oxide
ZrW,0g under hydration, a “cold case” of old experimental find-
ings that was only recently solved by X-ray diffraction, total scat-
tering, and quantum mechanical calculations!?.

It was recently proposed and demonstrated that this “negative
hydration expansion” could be leveraged into the fabrication of
actuators and metamaterials!!. While water itself is known for its
many anomalous physical properties, it is interesting to think of
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Fig. 1 Structural change of a metal-organic framework upon water
adsorption. A proton-conducting phase, owing to a hydrogen-bonded chain
of water molecules, forms in the pores of the MOF ((CH3),NH>),[Li>Zr
(C,04)4] upon water adsorption. Reprinted with permission from ref. 8.
Copyright 2015 American Chemical Society.

how it can also impart new properties and new functions to
porous materials.

Reactivity of confined water

Like other chemical properties, molecular reactivity is strongly
affected by confinement at the molecular scale. This effect is at
play in heterogeneous catalysts and enzymes!2, and can even be
used to control reactivity quantitatively through hybrid
light-matter states!3. However, there remain many open ques-
tions about the impact of confinement on liquid water. One
recent example showing the vast prospects opened by this effect
are the recent studies demonstrating that confinement of water in
ionic and organic solvents can control its reactivity at electrified
interfaces!*. Changing the composition of these electrolytes of
water confined in an acetonitrile matrix leads to changes in
water—ion coordination and water adsorption at the electrode
interface, therefore, allowing fine-tuning of the reactivity of the
system, controlling the electric potential at which the hydrogen
evolution reaction occurs

Another example of the need to take into account water
reactivity in complex chemical systems is the study of water
confined between graphene oxide (GO) layers. GO is a graphene-
based material presenting a high number of disordered oxygen-
bearing groups (hydroxyl, epoxides, and carboxylic acids). Recent
ab initio molecular dynamics simulations of chemically realistic
models of GO have confirmed that chemical processes occur at
the GO/liquid water interface, giving rise to a negative charge of
the GO layers, drastically affecting the behavior of water near the
interface by disrupting its hydrogen-bonding patterns and
speeding up its transport!>.

These questions of reactivity of confined water are directly
related to the water stability of supramolecular porous frame-
works. Several applications (including heterogeneous catalysis,
water harvesting from air, and energy storage) require porous
frameworks that are hydrothermally and chemically stable, yet
many MOFs have been demonstrated to be unstable in the pre-
sence of water, depending on the temperature or pH!®. Even for
materials that are considered structurally stable, the impact of
aging in presence of water is typically not well characterized, and
still poorly understood.

Conclusions

In conclusion, we observe a growing need for the characterization
of confined water and its interactions with nanoporous materials,
at multiple scales of length and time, through in situ and in
operando experimental techniques as well as multiscale compu-
tational approaches. Such synergistic studies allow for the
description of more complex phenomena, including structure,
thermodynamics and chemical reactivity, in nanoporous materi-
als whose complexity—both in terms of structure and behavior—
are becoming ever more sophisticated. This is particularly true for
flexible materials, with chemically heterogeneous pore surfaces,
oftentimes embedded into hierarchical or nanostructured com-
posite materials.
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