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Solid wetting-layers in inorganic nano-reactors: the water in
imogolite nanotube case

In 2016, ‘isolated’ water molecules trapped inside beryl
nanochannels provided the first firm experimental evidence

of the dipole ordering of water molecules and a new ‘quantum
tunneling’ state was evidenced. We have discovered a new
phase of ‘isolated’ water molecules at the inner surface of
inorganic nanotubes and we have investigated their associated
dynamical properties. Our findings are significant to the
emerging field of ‘isolated’ nanoconfined water and to the
areas of water science, nanoreactors and nanofluidics. Inelastic
neutron scattering and DFT-MD techniques are used in
association with new methods of analysis which may be of
interest to other fields of physics and nanosciences.
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By combined use of wide-angle X-ray scattering, thermo-gravimetric analysis, inelastic neutron scattering,
density functional theory and density functional theory molecular dynamics simulations, we investigate the
structure, dynamics and stability of the water wetting-layer in single-walled aluminogermanate imogolite
nanotubes (SW Ge-INTs): an archetypal system for synthetically controllable and monodisperse nano-
reactors. We demonstrate that the water wetting-layer is strongly bound and solid-like up to 300 K
under atmospheric pressure, with dynamics markedly different from that of bulk water. Atomic-scale
characterisation of the wetting-layer reveals organisation of the H,O molecules in a curved triangular
sublattice stabilised by the formation of three H-bonds to the nanotube's inner surface, with covalent

interactions sufficiently strong to promote energetically favourable decoupling of the H,O molecules in
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Accepted 9th April 2020 the adlayer. The evidenced changes in the local composition, structure, electrostatics and dynamics of

the Ge-INT's inner surface upon the formation of the solid wetting-layer demonstrate solvent-mediated
functionalisation of the nanotube’s cavity at room temperature and pressure, suggesting new strategies
for the design of nano-rectors towards potential control of chemical reactivity in nano-confined volumes.
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1 Introduction

Nano-confinement of reactants, reaction solvent, and (co-)
catalysts is a by now established route to the creation of local
chemical environments markedly different from the corre-
sponding bulk-phase analogues.' Driven by the often unex-
pected and appealing effects of nano-confinement on chemical
and physical properties, development of nano-reactors towards
rational control of chemical reactivity by design has turned into
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one of the most thriving areas of contemporary research in
chemistry.">* For such a control to be truly rational, accurate
understanding of the atomistic details of a given reaction in
terms of stoichiometry, structure and interactions is required,
together with quantification of the mutual effects that the nano-
confined species and the nano-confining reactor exert on one
another. However, to our knowledge, this has not been achieved
to date with simultaneous resolution of the systems' stoichi-
ometry, structure and dynamics.'*

Taking the first steps towards a generalised solution to this
unfortunate stalemate, here we illustrate the combined use of
Thermo-Gravimetric Analysis (TGA), Wide-Angle X-ray Scat-
tering (WAXS), Inelastic Neutron Scattering (INS) and Density
Functional Theory Molecular Dynamics (DFT-MD) simulations
for quantitative resolution of the atomistic details of the inti-
mate interface between an archetypal quaternary alumino-
germanate imogolite nanotube and, the most ubiquitous
among the inorganic solvents, water. The combined approach
enables quantitative characterisation of the intimate nanotube-
water interface in terms of its atomic structure, dynamics and
mutual effects at play in the temperature range between 10 K
and room temperature (300 K) at ~1 bar pressure, laying the
basis for a systematic study of the effects of different water-
soluble reactants in the nano-reactor considered.

Even in its bulk form, water shows ‘anomalous’' properties
compared to most liquids. These anomalies stem from the
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specific local tetrahedral organisation of its hydrogen bond
network.”»?>* This network can be significantly modified when
water is confined in one**?® or two dimensions,” inducing
electronic re-hybridisation at the interface with the nano-
confining container*® and the emergence of new physico-
chemical properties. Examples include the emergence of
a new state of square ice® in graphene nanocapillaries, which
has been shown to respond to the presence of ions by forming
ultralong polarisation chains,* or the coexistence of different
phases of two-dimensional water in hydrophilic nanoporous
materials.”” The potential of nano-confinement induced,
emergent new states of water for sustainable energy and
nanofluidics applications has also been recently recognised,**
motivating a growing number of studies ranging from devel-
opment of high-voltage aqueous electrolyte lithium-ion
batteries®*** to innovative proton* and water transport®
strategies.

In all these cases, the physico-chemical properties of the
emergent states for the nano-confined phases of water are
typically rationalised in terms of distortions in the local tetra-
hedral environment and/or in terms of frustration of its
hydrogen-bond network, as evidenced experimentally,***® with
very limited effects on the nano-confining host.

Definition of suitable nano-containers, enabling extremely
low loading of nano-confined water, and resulting in physical
decoupling of the nano-confined water molecules, has also been
achieved, revealing exciting new low-temperature quantum
physics. Examples of decoupled water molecules in the litera-
ture range from the isolation and characterisation of metastable
ortho water in endohedral H,O@Cs, composites®” to tunnelling
delocalised quantum states for the protons of water nano-
confined in the beryl mineral.*®

However, in spite of the many recent achievements, quanti-
tative characterisation of the role of nano-container/water
interactions and mutual effects on the composite's structure
and dynamics at chemistry relevant temperatures is, to the best
of our knowledge, missing, motivating the present study.
Additional motivations for the present study can be found in the
current lack of proof of concepts on whether nano-reactors of
suitably tailored surfaces can induce, by means of favourable
chemical interactions, room temperature, standard pressure
decoupling of the nano-confined water molecules. We recall
that, to date, decoupling of nano-confined water molecules in
nanoporous materials has only been achieved by physical
separation in the small cavities (5.1 A diameter) of beryl*® which,
together with the presence of even narrower (~2.8 A diameter)
bottlenecks, limits the system's appeal as a viable nano-reactor.

Motivated by these elements, here we characterise quanti-
tatively the structure and dynamics of one mono-layer of water
adsorbed on the inner surface of a quaternary oxide nanotube of
the imogolite family,* specifically a single-walled (SW) alumi-
nogermanate GeAl,0,H, imogolite-like nanotube (Ge-INT). The
inner diameter of the SW Ge-INT is about 2.8 nm,* ~5.5 times
that of the larger cavities (5.1 A) in beryl,”® allowing water
loading substantially higher than one H,O molecule per peri-
odic repeat unit. The Ge-INT's wall consists of an octahedral
gibbsite-like layer [Al(OH);] with isolated O;GeOH tetrahedron
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units sharing three oxygen atoms, Fig. 1. The presence of
dangling hydroxyl OH groups warrants strong hydrophilicity of
the inner cavity, offering competing interactions to the water—
water ones.

By combining DFT-MD simulations and INS measurements
on samples with quantitatively resolved atomic structure and
water loading, we demonstrate that the nanotube-water inter-
actions are sufficiently strong to (i) create a stable wetting-layer
that, at room pressure (1 bar), remains solid up to 300 K, (ii)
decouple the water molecules in the wetting-layer, leading to
the emergence of a novel two-dimensional (2D) curved structure
in which water molecules are bound exclusively to the nano-
tube's germanol groups, and (iii) significantly alter the
dynamics of the hosting nanotubes with water-induced soft-
ening of the nanotubes’ inner hydroxyl stretching modes as
large as ~150 meV (~1210 cm ™ '). Notably, the 2D nanotube-
water interface is observed to present consistently harmonic
dynamics in the 10-300 K temperature range. These results pave
the way to a systematic study of the effects of different water
loadings and water-soluble reactants in complex oxide-based
nanoreactors starting from, but not limited to, the imogolite
family.

2 Methods

The procedure used to synthesise SW Ge-INTs and to prepare
powder samples is described in ref. 40 and 41. Nanotubes are
separate (not bundled) in the powder (see the inset in Fig. S2 in
the ESIt). The same powder sample was used in two different
states for INS experiments: a partially hydrated (pHyd) state,
with a water wetting-layer in the cavity, and a dry state. The
pHyd state is obtained by preheating the sample for 12 hours at
90 °C, whereas the dry state is obtained by heating it at 220 °C.
The sample was sealed in an aluminium cell after heating, so
that the pressure is about 1 bar at room temperature. Based on
thermogravimetric analysis (reported in the ESIT), treatment at
90 °C is sufficient to cause desorption of additional water from
the nanotube's cavity and its relatively hydrophobic outer (AIOH
decorated) surfaces.*>*

Fig. 1 Polyhedral representation of a SW Ge-INT where OzAl(OH)s
octahedra (in blue) are arranged to form a honeycomb network and
0O3GeOH tetrahedra (in green) are placed right above each octahedral
cavity.

This journal is © The Royal Society of Chemistry 2020
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DFT geometric optimisations at 0 K and DFT-MD simula-
tions at 150 K were performed with the CP2K/Quickstep
package.** Computational details can be found in the ESLf
Two models were considered for the simulations: a water-
devoid dry nanotube (dry) and a nanotube with a water
wetting-layer in the cavity (pHyd), with a one-to-one ratio
between the water molecules and germanium atoms in the
system, as per the results of the thermogravimetric analysis.

For the nanotube itself, its chiral indices and axial period
were determined from the X-ray scattering diagram obtained by
following the methodology developed in ref. 45 and detailed in
the ESL.t DFT and DFT-MD simulations were accordingly
carried out on a nanotube of chiral parameter equal to (22, 0)
with twenty-two Ge atoms along the circumference. One tubular
unit cell comprises forty-four GeAl,0O,H, units.

Inelastic neutron scattering investigations were performed
using the neutron spectrometers IN4C and IN1-LAGRANGE at
the Institut Laue-Langevin. On IN1-LAGRANGE, measurements
were done at 10 K, while on IN4C the evolution of the spectra
was investigated in the temperature range from 10 K to 300 K.
On IN4C, inelastic spectra were recorded using a set of two
incident neutron wavelengths A = 0.9 A and 1.7 A, with the
largest wavelength allowing the measurement of low frequency
modes. The raw data were normalised to incoming flux and
corrected from the sample holder contribution by measuring an
empty cell under the same conditions. IN4C data were rescaled
to merge with IN1 data around 60 meV, to provide a single
spectrum over a large energy range, from a few meV to 500 meV.
Data were processed to obtain the so-called generalised density
of state (GDOS) which is a neutron weighted observable.*®

3 Results and discussion

Fig. 2a and b show the atomic density maps calculated from the
DFT-MD trajectories for the dry and pHyd nanotube, respec-
tively. As shown in Fig. 2a, the nanotube's inner oxygen atoms
are arranged in a triangular lattice. DFT-MD simulations reveal
peculiarly large (~1 A) amplitude motions for the inner
hydrogen atoms, H;, (also see Fig. S4at). These large amplitude
motions are suppressed by the presence of the water wetting-
layer (Fig. 2b), pointing to strong interactions between the
nanotubes and the water molecules. The water molecules form
a strongly bound wetting-layer with an adsorption energy (Eaqs)
of —0.712 eV per H,O molecule at the PBE level. Due to the very
favourable interactions with the nanotube's inner surface, the
wetting-layer sits very close to the surface of the nanotube, with
radial distances between the water oxygen atoms and the
nanotube’s H;, being shorter than 1 A (Fig. S4bt). As shown in
Fig. 2b, the water molecules in the wetting-layer arrange in an
ordered triangular sublattice, where only one triangular site
over two in-between germanol groups is occupied by a water
molecule. Each water molecule forms three H-bonds with the
germanol groups of the Ge-INT’s inner surface, satisfying the
geometric H-bonding criteria proposed in ref. 47. Optimisation
of the pHyd Ge-INT's geometry reveals asymmetric adsorption
of the H,0 molecules on the Ge-INT's inner surface, leading to
one very short (1.50 A) H-bond and two larger (1.82 A and 1.96 A)

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 DFT-MD atomic density colour map (T = 150 K) for (a) the dry
Ge-INT and (b) the partially hydrated (pHyd) Ge-INT. The horizontal
axis corresponds to the curvilinear coordinate along a circle of radius
R, the mean radial atomic coordinate; the vertical axis is the z coor-
dinate along the nanotube axis. Oxygen and hydrogen densities are
shown in red and pink, respectively. Only the inner O and H atoms of
the Ge-INT's wall are shown for the sake of clarity. The O atoms of the
nanotube form a triangular lattice, marked in light blue. The arrow in (a)
marks the large amplitude motion of inner hydroxyls, H, in the dry
nanotube. On the right part of (b), continuous grey lines represent the
OH bonds within the water molecule. Dotted grey lines highlight the
H-bonds in the system. (c) DFT optimised geometry (T = 0 K) for the
pHyd Ge-INT with the corresponding H-bond distances. Al: green, Ge:
blue, O: red, H: grey.

ones (see Fig. 2). Importantly, with the shortest H,0-H,O
intermolecular distance of 3.15 A, there are no additional H-
bonds between water molecules in the layer.

To the best of our knowledge, such a configuration and
decoupling have not been previously observed for water in
differently hydrophilic structures®** or on metal* adsorption
substrates, pointing to a critical role of the triangular GeOH
lattice (Fig. 2a) in promoting interactions sufficiently large to
induce separation of the H,O molecules in the adlayer. We
return to this point at the end of this section by quantifying the
different interactions at play in the pHyd Ge-INT.

Nanoscale Adv., 2020, 2, 1869-1877 | 1871
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Fig. 3 (a) Generalised densities of states (GDOS) for the dry nanotubes

(red trace), the partially hydrated (pHyd) nanotubes (blue) and bulk ice
(cyan). Experiments were performed at 10 K. The difference between
the GDOS for the dry and pHyd nanotubes is shown in purple. The
inset reports a zoom in image of the data in the 0-60 meV range. (b
and c) DFT-MD derived GDOS (T = 150 K) for the pHyd (b) and dry (c)
nanotubes (solid black line). The calculated GDOS for the nanotube’s
inner (H;,) and outer (Hoy) H atoms are displayed as orange and green
filled peaks, respectively. The calculated GDOS for the H atoms of the
water molecules (Hy,o) is shown as blue filled peaks. The grey area
corresponds to the multiphonon contribution. (d) Difference between
the calculated total GDOS for the pHyd and dry nanotubes.

We now turn to INS study of the dry and pHyd nanotubes
and the ensuing quantification of the role of the water-nano-
tube interactions in the dynamics of the composite system.
Given the very large incoherent neutron cross-section for H
atoms, only the vibrations of the hydrogen atoms contribute to
the experimental generalised density of state (GDOS). Fig. 3a
reports the GDOS of the pHyd and dry Ge-INTs at 7= 10 K§, and
their difference spectrum, together with the GDOS for a pure
water sample (hereafter referred to as bulk water).

Since the neutron intensity is directly proportional to the
number of H atoms present in the sample, one can derive the

§ Absolute renormalisation of the measured and calculated DOS of the dry and
pHyd systems was performed by applying the same renormalisation factor, so
that the integral over the energy of the DOS for the pHyd system is equal to six
(the number of H atoms per Ge atom).
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water content of the pHyd nanotube by first integrating the
difference spectrum, and dividing the result by the integral of
the pHyd spectrum. The procedure returns an intensity loss of
~39%, in good agreement with the amount of water estimated
from thermogravimetric analysis, which was one molecule of
water H,O per GeAl,0,H, entity (33% hydrogen loss on drying).

As evident from Fig. 3a, the drying process, leading to
complete removal of H,O from the nanotube, affects signifi-
cantly the measured GDOS: the intensity of the low energy peak
at about 15 meV for the pHyd sample is strongly reduced for the
dry nanotube (see the inset in Fig. 3a). The same conclusion
holds for the intense and broad band with maximum intensity
at ~70 meV.

The measured spectrum of bulk water is dominated by
a broad asymmetric contribution centred at ~70 meV and
shows an almost identical profile to the difference spectrum
above ~160 meV. Based on these similarities, one can attribute
the peaks at ~70 meV and ~200 meV to, respectively, the
libration and bending modes of the H,O molecules in the
wetting-layer.

The low-energy range (=50 meV) of the INS spectrum for
bulk water is dominated by vibrational translational modes
around 6 meV and between 20 and 35 meV.* These modes are
well separated by a 20 meV gap from the sharp onset of the
libration band (~60 meV). In the difference spectrum, a well-
defined peak at 15 meV is found. Then, the GDOS-intensity
increases continuously at higher energies, filling the gap up to
the libration band. Additional peaks are also clearly visible in
the difference spectrum around ~125 meV and 145 meV. As
these peaks are not present for bulk water, and are sensitive to
the presence of the wetting-layer, they necessarily stem from
vibrations specific to the intimate H,O-Ge-INT interface.
Although they cannot be unambiguously assigned to either H,O
or Ge-INT specific vibrations on the basis of the INS results
alone, the availability of MD-DFT simulations enables us to
overcome this shortcoming.

We simulated atom-resolved GDOS from the DFT-MD
trajectories and the corresponding atom-specific velocity auto-
correlation functions (VACFs), as detailed in the ESL.{ DFT-MD
trajectories were propagated at 150 K (not 10 K) to allow for
a computationally faster equilibration of the system and ther-
malisation of the constituting atoms. Fig. 3b and c report the
calculated GDOS for the dry and pHyd Ge-INTs, together with
the corresponding difference. Spectral filtering, detailed in the
ESI,f allows straightforward visualisation of the atomic
displacements contributing to the vibrational modes in
a selected energy window.

The simulated GDOS for the pHyd nanotube (Fig. 3b)
reproduces closely the major features of the experimental data.
The peaks in the GDOS for the water molecules of the wetting-
layer can be readily assigned to a bending mode at 200 meV
(Fig. S10ct), a wide librational band starting at ~40 meV (see
Fig. S10b¥), and an additional mode centred around 15 meV.
This mode is specific to the H,O molecules in the wetting-layer.
It corresponds to local translational motions of the whole water
molecule trapped in the triangular germanol site (see
Fig. S10at). These translational motions involve displacements

This journal is © The Royal Society of Chemistry 2020
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in the three directions of space, both within the plane locally
parallel to the nanotube wall and perpendicular to it, with
amplitudes of about 0.1 A.

The Ge-INT's contributions to the simulated spectrum are
due to (i) modes involving displacements of the H atoms of the
inner germanol groups (H;, modes) and (ii) modes involving
displacements of the H atoms of the aluminol groups on the
outer surface of the nanotube (H,, modes). For the pHyd
nanotube, the H,,,c modes contribute to the 20-130 meV energy
window. Conversely, the H;, modes are clustered in a doubly
peaked feature with maximum intensities at around 140 meV
and 160 meV (Fig. 3b). Interestingly, the wagging modes of
terminal hydroxyls on the (110) surface of rutile-structured tin
oxide are calculated at the same energies.> This doubly peaked
feature is clearly visible also in the experimental difference
spectrum, although at slightly smaller energies (125 meV and
145 meV), so that it can now be assigned to the H;,, modes. Also
according to the simulations, the two peaks are associated with
scissoring and twisting modes of the Ge-O-H fragment, respec-
tively. As shown in Fig. S9a and b,} the twisting mode corre-
sponds to the displacement of the H atom in a plane locally
parallel to the inner surface of the nanotube. Conversely, the
scissoring mode corresponds to bending of the Ge-O-H frag-
ment towards and away from the Ge-INT's surface.

In contrast to the H,,, modes, the H;, twisting and scissoring
modes are found to be highly sensitive to the presence of the
wetting-layer (Fig. 3c). Specifically, in the absence of interacting
H,0 molecules, the scissoring mode is softened to about 120
meV while the twisting mode is broadened and downshifted to
about 20 meV. Its softening is responsible for the negative
values below 50 meV in the difference spectrum between the
calculated GDOS of the pHyd and dry nanotubes in Fig. 3d.

No negative values are observed in the experimental GDOS-
difference shown in Fig. 3a. However, analysis of the atomic
displacements for the twisting mode reveals large amplitude
motions of the H;, atoms (Fig. S8b¥), already visible in Fig. 2a.
Accordingly, harmonic approximation of the system's vibra-
tions, implicit in the approach used to calculate vibrational DOS
from the VACF,** should not hold for this mode, causing the
observed deviations between experimental and calculated
GDOS traces. Regardless of the quantitative disagreement
between the calculated and experimental GDOS differences
below 50 meV, the conclusion of a very soft local potential
determining the orientation of the inner OH bonds in dry Ge-
INTs should thus be qualitatively correct. The spectral signa-
ture of such an anharmonic movement is closer to that of
a diffusive mode (in the form of a quasielastic scattering) or of
a damped harmonic oscillator than to a classical molecular
vibration. Its observation is, therefore, conditioned by the
energy resolution of the spectrometer. More experimental
insights into the H;, twisting could thus be obtained thanks to
quasi-elastic experiments with different energy windows.

Above 50 meV, it is interesting to note the rather good
agreement between the GDOS measured at 10 K and calculated
at 150 K. Except for the H;, twisting in the dry Ge-INT, the
vibrational modes do not imply particularly large amplitude
motions. Therefore one can reasonably consider them as rather

This journal is © The Royal Society of Chemistry 2020
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harmonic between 10 K and 150 K, so that the corresponding
features in the GDOS should not be strongly temperature
dependent.

The observed sensitivity of the low energy, large amplitude
twisting mode for the Ge-INT's H;, atoms invites comparison
and discussion against available results for the chemically
analogous, yet synthesised under different conditions,>* double-
walled (DW) Ge-INT. In spite of the same composition, SW Ge-
INTs have an inner diameter (2.8 nm) twice as large as DW Ge-
INTs (1.4 nm).**** Accordingly, H-bonding interactions between
the H;, atoms in DW Ge-INTs are expected to be stronger than
those in SW Ge-INTs and thus our conclusions on highly flexible
inner O-H;, bonds in dry SW Ge-INTs may not be transferable
to DW-INTs. Importantly, analysis of the shape of the stretching
band measured by infrared spectroscopy for DW Ge-INTs at low
relative humidity ratio® indicates four-fold (not three-fold)
coordination for the water molecules wetting the inner
surfaces of DW Ge-INTs. Given the DW Ge-INTs' 1.4 nm inner
diameter, and the geometry of H,O, four-fold coordination of
water molecules is necessarily achieved by the mixing of H,O-
H,0 and H,O-INT H-bonding in the wetting-layer, as in
aluminosilicate imogolite nanotubes.*® Altogether, these
elements point to the composition, local structure and curva-
ture of the SW Ge-INTs as being crucial for the occurrence of
suitably spaced, thence weakly H-bonded and highly flexible O-
H;, bonds in the dry INT, which can in turn adjust optimally to
the H,O molecules in the wetting-layer. The increase of the
nanotube’s curvature (decrease of its diameter) leads to highly
mobile and labile wetting-layers or clusters, with mixed H,0-
H,0 and H,O-INT H-bonding connectivity.

Fig. 4 reports a comparison between the temperature
dependent GDOS for bulk water and the Ge-INT H,O wetting-
layer in the 10-300 K range. We recall that, as shown in
Fig. 3, the difference between the GDOS for the dry and pHyd
Ge-INTs contains only the water translational mode and
a librational component in the 1-80 meV energy window. Thus,
the GDOS results in this energy window are exclusively due to
the water wetting-layer on the Ge-INT's inner surface. The bulk
water spectrum reveals the anharmonic character of the lattice
modes, with progressive broadening and damping of the GDOS
features with an increase of temperature from 10 K to 250 K. The

a Bulk Water b
— 10K 225K
— 150K — 250K
200K — 300K

pHyd-dry

GDOS

0_IIIII|I|III|IIIII|IIIII—IIIII|IIIII|IIIII|IIIII

60 0 20 40 60
E [meV]

o
N
o
N
o

Fig. 4 Generalised density of state (GDOS) as a function of temper-
ature: (a) bulk water and (b) GDOS of pHyd nanotubes minus GDOS of
dry nanotubes.
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melting to the liquid state is further demonstrated by the
complete loss of the ice characteristic translational modes at
300 K. By contrast, the trace for the wetting-layer results to be
almost temperature independent. This shows that the structure
of the wetting-layer is kept unchanged and its dynamics are
rather harmonic up to temperatures as high as 300 K, reiter-
ating an extremely strong affinity adsorption between the Ge-
INT's inner surface and the H,O wetting-layer. This observation
demonstrates that the H,O wetting-layer remains solid-like up to
300 K. Finally, it should be noted here that the diffusion of water
molecules into the first layer of two-dimensional oxide surfaces
can also be considerably reduced by strong hydrogen bonds
with the surface.””

DFT simulations suggest that the increased resilience to
melting of the wetting-layer with respect to bulk water stems
from the strong interactions experienced by the H,O in contact
with the Ge-INT. At the PBE level, the calculated cohesive energy
(Econ) for hexagonal I;, ice is —0.666 eV per molecule, in semi-
quantitative agreement with previously published PBE results
for more extended basis-sets than those used here (TZV2P:
—0.706 eV per molecule, QZV2P: —0.678 eV per molecule).*® For
the H,0 molecules in the wetting-layer, the calculated E,q45 is
—0.712 eV per molecule. Eo,, and E,qs, defined in the ESL are
conceptually equivalent and can be directly compared. Such
a comparison indicates that in spite of the reduced number of
H-bonds (three instead of four), the water molecules are more
strongly bonded in the wetting-layer than in ice. We thus find
that the formation of three 1.50 A, 1.80 A and 1.96 A H-bonds, as
present in the wetting-layer, is energetically favoured over
formation of four 1.77 A H-bonds, as present in the optimised
structure of ice I,. Calculation of the harmonic zero-point
vibrational energies (ZPEs, defined in the ESI}) for the H,O
molecules in I, ice (0.498 eV per molecule) and in the wetting-
layer (0.526 eV per molecule) does not alter this conclusion.
Addition of the vibrational ZPE to the calculated E,4s (Econ) of
the wetting-layer (I, ice) results in corrected energies of
—0.186 eV per molecule (—0.168 eV per molecule).

Analysis of the pHyd Ge-INT's atom-projected electronic
density of states (PDOS) enables one to appreciate why the H,O-
Ge-INT interactions in the pHyd Ge-INT are stronger than the
H,0-H,0 ones in I, ice. For the sake of clarity, we recall that the
electronic PDOS is to be understood as the atom-specific
contribution to the number of (Kohn-Sham DFT) electronic
states per unit of energy for the adopted simulation cell, that is,
the energy-dependent atom-specific contribution to the Kohn-
Sham states (eigenvalues) at 0 K.

Fig. 5a shows the electronic rehybridisation between the Ge-
INT and the H,O molecules, leading to broader H,O-PDOS
features spanning most of the Ge-INT's valence band (VB) and
indicative of covalent bonding of the H,O molecules with the
Ge-INT. Simulation of the wetting-layer's PDOS in the absence
of the Ge-INT leads to three well-defined PDOS peaks, due to the
H,0 HOMO, HOMO-1 and HOMO-2 (Kohn-Sham) states, with
no intermediate band-like PDOS feature in between them.
These results indicate that the H,O-Ge-INT electronic re-
hybridisation and the ensuing enhancement of the covalent
component of the H,O bonding with the Ge-INT increase the
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Fig. 5 (a) Calculated atom-projected electronic density of states
(PDOS) for the pHyd Ge-INT and its constituents. The Ge-INT's and
wetting-layer's contributions to the PDOS are labelled "pHyd: Ge-INT"
and “pHyd: H,O", respectively. The calculated PDOS for an isolated
Ge-INT [Ge-INT(Rpnya)l and the H,O wetting-layer [HoO(Rpnya) in the
pHyd optimised geometry (Rp1yq) are also shown for comparison. (b)
Atom-resolved analysis of the PDOS for the wetting-layer (pHyd: H,O)
using the same labelling as in Fig. 2. (c) Comparison between the
calculated PDOS for the Ge-INT's wetting-layer (pHyd: H,O), hexag-
onal ice (I, ice), and the inner layer in the reference H,O cylindrical
bilayer (BL), also see Fig. S12 in the ESI.{ Blue arrows point towards
additional features in pHyd: H,O compared to |, ice, illustrating its
stronger covalent character.

interaction energy experienced by the molecules, with respect to
fewer covalent regimes as present in I, ice. Atom-resolved
analysis of the PDOS for the wetting-layer, shown in Fig. 5b,
shows the electronic re-hybridisation to be mostly due to the O-
atoms of the H,O molecules as expected based on their
substantially shorter (1.50 A) H-bond distance.

Mulliken (Hirshfeld) charge analysis of the pHyd Ge-INT
reveals that the interfacial electronic re-hybridisation results
in transfer of 0.065e per molecule (0.013e per molecule),
equivalent to 2.86e (0.572¢) per Ge-INT periodic unit, from the
H,0 molecules to the nanotube. Consistent with the change in
the Ge-INT's PDOS in the presence of the wetting-layer (Fig. 5a),

This journal is © The Royal Society of Chemistry 2020
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and as visualised in Fig. S11 in the ESI,} the effects of such an
interfacial electronic re-hybridisation span the whole Ge-INT,
and not just its immediate interface with the H,O molecules.

Further evidence of the leading role of the Ge-INT/H,O
interfacial electronic rehybridisation in the stabilisation of the
H,O molecules is provided by comparison of the calculated
PDOS for the Ge-INT's wetting-layer, I, ice, and the inner layer
of a reference H,O cylindrical bilayer (BL) with the same local H-
bonding connectivity as in pHyd Ge-INTs (also see Fig. S12 in
the ESIT). As shown in Fig. 5¢, neither the I, ice nor the BL traces
present band-like PDOS features as the wetting-layer in Ge-INTs,
confirming the crucial role of the Ge-OH triangular lattice in the
enhancement of the covalent component at the interface. The
calculated adsorption energy (E.qs) of 0.268 eV per molecule for
the H,O in the reference BL, 0.444 eV per molecule smaller in
absolute value than for the pHyd Ge-INT and accounting for
a 62% reduction in the interactions experienced, further
strengthens this point.

Although aware of the challenges of semi-local XC-
functionals, such as PBE used here, in describing non-covalent
interactions in condensed phases of H,0,** we expect the
calculated enhancement of the covalent component of the Ge-
INT/H,O bonding in comparison with interactions in I, to be
qualitatively meaningful which is demonstrably due to elec-
tronic re-hybridisation (Fig. 5) rather than non-covalent
interactions.

As previously calculated and discussed in ref. 45 and 64-66,
INTs present a permanent dipole density (u,) across their wall,
with accumulation of the opposite charge at the inner and outer
surface. Following the procedure detailed in ref. 66, we calculate
a uo of 38.5 mD A2 for SW Ge-INTs, with a negative inner
charge. The adsorption of the wetting-layer, leading to the most
electronegative O-atoms of the H,O molecules facing the centre
of the Ge-INT's cavity, increases the pHyd Ge-INT's wall dipole
density ~2.3 times, resulting in a u, of 88.4 mD A2, As shown
in Fig. S13 in the ESI,} such an increase of the Ge-INT's wall
dipole density markedly affects the electrostatics inside the
cavity with a ~1.3 eV shift of the vacuum electrostatic plateau
inside the nanotube's cavity. Given the increased u, for the
pHyd Ge-INT with respect to the dry Ge-INT, and the calculated
sensitivity of the electron acceptor/donor states of nano-
confined species to the cavity electrostatics,*>*® these results
suggest that the pHyd Ge-INTs may be substantially more
effective as redox co-catalysts than the pristine dehydrated Ge-
INT.

We finally note that although not detectable in the experi-
mental GDOS traces owing to the strong multiphonon contri-
bution at high energies, MD-DFT simulations of the dry and
pHyd Ge-INTs indicate that the H,O-nanotube interactions also
affect the high-energy modes of the Ge-INTs, specifically the H;,
bending and stretching modes. As evident from the calculated
vibrational density of states shown in Fig. S5 and S6 in the ESI,{
formation of the H,O wetting-layer leads to a large ~150 meV
softening for the inner hydroxyl's stretching mode, along with
hardening of the bending (scissoring and twisting) modes, as
already discussed above. As a result, the energy gap between
hydroxyl bendings and hydroxyl stretching is strongly reduced,

This journal is © The Royal Society of Chemistry 2020
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so that the, vibration mediated, energy dissipation pathways in
the pHyd nanotubes should be noticeably different from those
in the dry system. This result encourages future theoretical and
experimental research on the potential of solid wetting-layers in
nano-reactors for control of the (electron-phonon and phonon-
phonon mediated) pathways for energy dissipation during
chemical reactions.

4 Conclusions

Our study demonstrates that the water wetting-layer in SW Ge-
INTs is strongly bound and solid-like up to 300 K under atmo-
spheric pressure. Atomic-scale characterisation of the wetting-
layer reveals organisation of the H,O molecules in a curved
triangular sublattice stabilised by the formation of enhanced H-
bonds between the adsorbed molecule and the highly flexible
Ge-INT's inner hydroxyls. The controllable diameter of Ge-INTs
allows water-nanotube interactions to be sufficiently strong to
account for energetically favoured decoupling of the H,O
molecules, suppressing H-bonding between water molecules in
the wetting-layer, yet enhancing the overall stability of the
adlayer by means of covalent interactions between the nanotube
and the oxygen of the adsorbed H,0 molecules. Given the evi-
denced changes in the local composition, structure, electro-
statics and dynamics of the Ge-INT's inner surface upon the
formation of the solid wetting-layer, the present results open up
exploration of solvent-based strategies for functionalisation of
the inner surface of nanotubes and nano-reactors in general.
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