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†Departamento de Química Inorgańica, Analítica y Química Física, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos
Aires, Pab II, Ciudad Universitaria, Buenos Aires C1428EHA, Argentina
‡Department of Chemistry, University of Utah, 315 South 1400 East, Salt Lake City, Utah 84112-0850, United States
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ABSTRACT: Mesoporous titania is a highly studied material
due to its energy and environment-related applications, which
depend on its tailored surface and electronic properties.
Understanding the behavior of water in titania pores is a
central issue for practical purposes in photocatalysis, solar cells,
bone implants, or optical sensors. In particular, the
mechanisms of capillary condensation of water in titania
mesopores and the organization and mobility of water as a
function of pore filling fraction are not yet known. In this work, molecular dynamics simulations of water confined in TiO2-rutile
pores of diameters 1.3, 2.8, and 5.1 nm were carried out at various water contents. Water density and diffusion coefficients were
obtained as a function of the distance from the surface. The proximity to the interface affects density and diffusivity within a
distance of around 10 Å from the walls, beyond which all properties tend to converge. The densities of the confined liquid in the
2.8 and the 5.1 nm pores decrease, respectively, 7% and 4% with respect to bulk water. This decrease causes the water
translational mobility in the center of the 2.8 nm pore to be appreciably larger than in bulk. Capillary condensation takes place in
equilibrium for a filling of 71% in the 2.8 nm pore and in conditions of high supersaturation in the 5.1 nm pore, at a filling of
65%. In the former case, the surface density increases uniformly with filling until condensation, whereas in the larger nanopore, a
cluster of water molecules develops on a localized spot on the surface for fillings just below the transition. No phase transition is
detected in the smaller pore. For all the systems studied, the first monolayer of water is strongly immobilized on the interface,
thus reducing the accessible or effective diameter of the pore by around 0.6 nm. As a consequence, the behavior of water in these
pores turns out to be comparable to its behavior in less hydrophilic pores of smaller size.

■ INTRODUCTION

In recent years, a remarkable proficiency was achieved in both
the synthesis and the physical characterization of mesoporous
inorganic materials.1−10 Impelled by the fundamental interest in
chemistry and physics under confinement and their applica-
tions, the synthetic community has gained an extraordinary
expertise in controlling the size and shape of nanoscopic
cavities in inorganic solids. A wide variety of materials has been
used in this context, inorganic oxides being among the most
explored.3−6,8,10 As a consequence, the behavior of water
confined in hydrophilic porous networks has received plenty of
attention, resulting in a large number of studies addressing
adsorption and capillary condensation,11−16 and turning, more
recently, to the solid−liquid transition,17−20 the structure,20,21

transport,22 and dynamics23−25 of H2O, with the assistance of
techniques such as nuclear magnetic resonance (NMR), Raman
scattering, and differential scanning calorimetry. Much of this
work has been conducted on silica matrixes of moderate
hydrophilicity with pores in the range 1 to 10 nm
diameter.12−25 The shapes of adsorption−desorption isotherms
and their temperature dependence was described in many of

these studies,12−16 including the characterization of the
hysteresis cycle, which was found to disappear for diameters
below 1.7 nm at room temperature.13 The filling of silica pores
of 3.3 and 8 nm was investigated through 1H NMR
spectroscopy by Grünberg and co-workers.21 Two filling
mechanisms were proposed: in the narrower pores, capillary
condensation was preceded by monolayer coverage. In the
wider pores, instead, a radial thickening involving several layers
took place before capillary condensation was observed.21 More
recent NMR relaxometry measurements in pores of 4.5 nm by
Steiner and collaborators25 led to the determination of the
correlation times associated with the inter- and intramolecular
relaxation rates of water within the pores. On the basis of these
data, the authors introduced a classification of the water
molecules in three types: an adsorbed layer of slow molecules, a
second more mobile layer with correlation times 5-fold lower
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(around 0.1 ns), and a third group of essentially free water with
correlation times in the order of 1 ps.25

Computer simulations provide a powerful way to explore the
behavior of molecules in nanospaces. Many examples can be
found where Monte Carlo and molecular dynamics approaches
have been applied to describe the adsorption of simple
compounds in nanopores.26−38 The effect of different water−
substrate interaction strengths on the phase states of water was
investigated by Brovchenko et al. using molecular dynamics and
Gibbs ensemble Monte Carlo methods in cylindrical and slit-
like nanopores with featureless surfaces.29,30 These authors
observed bulk-like liquid−vapor phase transitions in hydro-
phobic pores, whereas they identified three additional types of
phase coexistence in more hydrophilic systems and classified
them as first layering transition, second layering transition, and
prewetting. Liquid coexistence with an adsorbed bilayer was
typically seen for the most hydrophilic pores.30 Debenedetti
and co-workers analyzed the diffusion of water dwelling
between planar surfaces as a function of temperature,33

hydrophilicity,34 and confinement.35 Interestingly, they found
that the water diffusion coefficient in the region next to the
interface becomes maximum for an intermediate hydrophilicity.
This is a consequence of the fact that a hydrophobic surface
induces an ice-like structure in the interfacial water molecules,
while a highly polar interface leads to strong interactions, which
tend to immobilize the adjacent water layers.34 In another
study, Wei et al. compared the diffusion of water in TiO2 and
graphite slit pores in the 0.8−2.0 nm range, showing that the
H2O mobility is highly restrained in the former and that the
diffusion coefficient is strongly affected by the separation
between pore walls.36 In recent work, we have shown that, for
water in moderately hydrophilic pores with adsorption energies
comparable to those found in MCM-41 and FSM-16 silica
pores, there is an onset filling at which capillary condensation is
unleashed, forming a condensed liquid phase, which coexists
with a low-density phase consisting of water adsorbed on the
pore walls.37 Above this water content, further addition of
molecules to the system does not alter the densities of the two
phases in equilibrium but causes an increase in the amount of
the condensed liquid phase. We found that, in 3 nm pores, the
surface density just before the point of capillary condensation
exceeds by a factor of 2 of the density in equilibrium after
condensation, i.e., the phase transition occurs in conditions of
supersaturation.37 The dependence of this behavior on pore
radius and hydrophilicity was the subject of a subsequent
study.38 This overshooting of the surface density, which can be
related to the hysteresis cycle in adsorption−desorption
isotherms, was not observed in the narrowest pore of 1.5
nm,37,38 neither in systems of moderate hydrophilicity. Our
simulations revealed two filling mechanism for pores in the
range 3.0−4.0 nm, depending on the water−surface affinity: (i)
a gradual filling in equilibrium for surfaces of moderate
hydrophobicity, with an affinity for the surface slightly below
the one of water with itself and (ii) an out of equilibrium
transition associated with adsorption hysteresis for hydrophilic
nanopores.38

Following the direction of the experiments, much of the
computational work has been focused on water within silica
pores, using atomistic potentials. Shirono and Daiguji
performed canonical ensemble molecular dynamics and grand
canonical Monte Carlo (GCMC) simulations in silica pores in
the range 1−3 nm, to examine the phase behavior of H2O.

39

Three kinds of phases were characterized, depending on pore

size and filling, consisting of (i) a submonolayer coverage with
water molecules exclusively solvating the silanol groups, (ii) a
condensed monolayer, and (iii) a completely water-filled pore.
In addition, they determined that the translational mobility of
water in the first adsorption layer was much smaller than the
bulk value as a result of the strong interaction with the surface
groups, in agreement with quasi-elastic neutron scattering
studies confirming that the translational diffusion coefficient of
confined water decreases as the pore diameter is diminished.24

Malani et al. reported GCMC computations comparing the
confining effects of silica and mica flat surfaces.40 The density,
the dipole moment distributions, and the pair correlation
functions of water were analyzed, with an emphasis on the
effect that the K+ ions at the mica interface exert in structuring
the hydration layer. Gallo and co-authors discussed the
structure and dynamical properties of supercooled water and
the glass transition in cylindrical silica pores on the basis of
molecular dynamics simulations.41−43 A more recent molecular
dynamics and GCMC study by Milischuk and Ladanyi
examined the structure and dynamics of water at room
temperature in amorphous silica nanopores of 2, 3, and 4 nm
diameters.44 Among the main findings, they identified two
distinctive interfacial water layers, beyond which the water
density became homogeneous, reaching 90% of the bulk value.
The parallel and radial components of the diffusion coefficients
were found to be very similar for a given layer (or a given
distance to the surface). The translational mobility in the center
of the pore turned out to be higher than in bulk, which the
authors attributed to the lower density in the core region.44

In spite of the extended use of titania in mesoporous
assemblies with applications in photocatalysis, solar cells, or
bone implants,3−5,45,46 the behavior of water confined in these
pores has not been subject to a comparable microscopic
analysis derived from molecular simulations. The interaction of
water with TiO2 surfaces is around three times stronger than
with silica, and therefore, important differences are likely to
arise between the structure and the dynamics of water confined
in each one of these materials. The TiO2−H2O flat interface
has been thoroughly studied from first-principles.47−53 Density
functional theory (DFT) calculations performed by different
research groups, including ours, have pointed out that, for water
multilayers, molecular adsorption predominates on undefective
anatase (101)49,52,53 and rutile (110) faces.50−53 Only in recent
years atomistic force-fields have been derived for the interaction
of water with TiO2 surfaces,54,55 allowing for large scale
molecular dynamics simulations of flat interfaces and nano-
particles in contact with aqueous solutions.55−57 To the best of
our knowledge, the present study is first to investigate the
properties of water in cylindrical titania nanopores using
molecular simulations. We provide an account of the structure,
the translational and rotational mobility, and the liquid−vapor
equilibrium of H2O in fully and partially filled TiO2 cylindrical
pores of different sizes. Our purpose is to achieve a microscopic
understanding of water confined in highly hydrophilic nano-
confined geometries, which is critical in applications such as
Graẗzel solar cells, selective membranes, photocatalysts, and
biomaterials, and can in turn be compared to the abundant
literature on water in silica and other solids.

■ PORE MODELS AND COMPUTATIONAL METHODS
Model Systems and Fillings. We constructed cylindrical

channels of diameters 1.3, 2.8, and 5.1 nm and lengths 10.6, 7.1,
and 7.1 nm, respectively. In each case, the central portion of a
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bulk crystalline rutile was drilled out, rendering cylindrical
pores with the pore axis parallel to the [001] direction, which
will be referred to as the z-direction. The structures and
crystallographic axes are shown in the Supporting Information.
A criterion of maximum saturation for the cations was adopted
to generate the surface, exposing only six- and five-coordinate
titanium atoms and three- and two-coordinate oxygen atoms, as
found in rutile (110). Water dissociation at the interface was
neglected, which seems a reasonable assumption for the (110)
face.53 In particular, our own quantum-mechanical calculations
on steps and kinks of the TiO2 surface partially reproducing the
wall structure in cylindrical pore models suggest that molecular
adsorption is also favored on these sites (see Supporting
Information or ref 58). Simulations were carried out with
periodic boundary conditions. The pores were filled with
different numbers of water molecules to obtain various filling
fractions. The 100% is defined for a pore fully filled with liquid
water in equilibrium at the point of capillary condensation. The
density of such a liquid can be extracted from a canonical
simulation where the condensed (or high density) phase
coexists with the low density phase: as will be shown in the
Filling Mechanisms and Phase Transition section, this is the
case for fillings larger than 71% in the 2.8 nm pore or larger
than 65% in the 5.1 nm pore. In the condition of coexistence,
both phases exhibit their corresponding equilibrium densities at
the transition point at 300 K. In the smaller pore, however, the
situation of two phases in equilibrium is never reached. A
possible way to obtain the equilibrium density in this case
would be to consider a large reservoir filled with water and
connected to the pore. However, because of the slow diffusion,
simulation times required to equilibrate the pore plus reservoir
system turned out to be beyond the reach of atomistic
simulations. Therefore, the filling in the 1.3 nm pore is simply
defined with respect to the density of bulk water at 300 K
(0.997 g/cm3), this is, the quantity of water at 100% filling is
equal to 1.3 nm × π × L × 0.997 g/cm3, with L the length of
the pore.
Force Field. The H2O molecules were represented with the

SPC/E potential,59 with its internal degrees of freedom
restrained through the SHAKE algorithm.60 The metal−oxide
and the oxide−water interactions were modeled with the force-
field proposed by Bandura and Kubicki,54 which combines
Buckingham, Coulomb, Morse, and dispersive-repulsive terms,
and is an extension of the potential devised for bulk titania by
Matsui and Akaogi.61 This model yields a molecular adsorption
energy for water of 25.2 kcal/mol and a bond length of 2.20 Å,
which compare well with the values of 21.7 kcal/mol and 2.17
Å predicted by DFT.54 Given the curvature of the interface, the
atomic charges of the surface atoms had to be slightly rescaled
to preserve the electroneutrality, without affecting the
energetics or structure.
Simulation Methods. Atomistic molecular dynamics

simulations of water in the TiO2 pores were performed in
the canonical ensemble using LAMMPS.62,63 The particle−
particle particle−mesh (PPPM) method was used to compute
long-range Coulombic interactions.64 All runs were subject to
an initial equilibration stage of 1 ns at high temperature,
followed by a cooling ramp to 300 K, after which statistical
sampling was prolonged for around 5 ns. This protocol
produces in all cases a uniform distribution, totally decorrelated
from the initial structure, ensuring that no bias exists toward
any particular configuration. Independence of the results from
the initial configuration and from the equilibration procedure

has been verified in various cases. Details on these tests are
given in the Supporting Information. Ti and O atoms of the
pore surface were allowed to move during the dynamics. More
internal TiO2 atoms, starting from the second layer, were kept
fixed to save computational time. Configurations were saved
every 1 ps. Equations of motion were integrated using time-
steps of 1 fs, and the Nose−̀Hoover thermostat was applied to
control the temperature. The VMD program was used for visual
analysis of the data.65

Surface Density. The surface density Γ is defined as the
(average) number of molecules per unit area, and it is
computed by counting the number of molecules on a slice of
the pore, divided by the surface area A of such slice. If the
length of the slice (along the axial direction) is L, then A =
2πRL, with R the radius of the pore. In the presence of a single,
axially homogeneous phase, Γ is proportional to the filling
fraction, as stated in eq 2 of ref 37. To obtain the surface
density profiles of water along the pores, histograms of the
number of water molecules in each pore were constructed every
∼0.5 Å along the pore axis and averaged over ∼4 ns trajectories
equilibrated at the indicated water contents. The histograms
were then normalized by the area of the cylinder slice to yield
the surface density profiles of water along the pores normalized
per unit of pore area.

Radial and Axial Density Profiles. Local densities along
the radial and axial directions within the pores were computed
for each system as in ref 37, considering the position of the
oxygen atoms of the water molecules.

Translational Dynamics. The diffusion coefficients were
computed locally on the basis of mean-square displacements, as
proposed by Lounnas and co-authors in ref 66:
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−
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where r(t) is the position of a water molecule at time t, and the
averages on the quantity |r(t) − r(0)| run over time origins and
over all molecules situated within the corresponding region at t
= 0. Following refs 66 and 67, the time intervals t1 and t2, of 1
and 2 ps, respectively, are chosen long enough to allow for the
diffusional regime to be reached, but short enough to prevent
the molecule from traveling too far from its original layer.

Rotational Dynamics. We computed the correlation
functions of the vectorial dipole moments μi(t) of the water
molecules

μ μ
μ μ

=
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to investigate the orientational motions of liquid water confined
in the nanopores.

■ RESULTS AND DISCUSSION
Structure. We equilibrated water at various contents inside

titania pores of diameters 1.3, 2.8, and 5.1 nm. We first focus on
the structure of water in the 1.3 nm nanopore as a function of
pore filling percentage. As explained above, this filling
percentage is defined with respect to a system totally filled
with water, with the density of the bulk liquid at the center of
the pore (r < 2.0 Å). Radial density profiles at different filling
fractions in the smaller pore are depicted in Figure 1. Upon the
addition of water molecules, we observe the formation of a
layered structure, with no sign of the development of a

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp307900q | J. Phys. Chem. C XXXX, XXX, XXX−XXXC



homogeneous, liquid-like phase. At around 50% filling, the first
adsorbed monolayer becomes complete. The two peaks in
Figure 1 appearing at around 6 Å and separated by less than 1
Å, the furthest from the center, belong to the first monolayer.
The contour of the crystalline interface resembles a polygon
rather than a perfect circumference, and so the penta-
coordinate TiV atoms of the surface are not equidistant from
the pore center. As a consequence, the oxygen atoms directly
attached to these titanium sites give two peaks in the radial
density profile. This may be appreciated in Figure 2a. The first
layer of water is tightly bound to the titania surface. In fact,
within the times spanned by our simulations, this layer behaves
as a frozen shell, which practically shows no exchange of
molecules with the outer layers. This is reflected by very low
diffusion coefficients and high residence times, as shown in
Table 1 and Figure 6, which will be further discussed in the
Dynamics section. For a filling close to 85%, the second
monolayer develops completely. It can be noticed in Figure 2
that the growth of this second monolayer is not homogeneous
along the pore axis but proceeds through the nucleation of
water aggregates (see the snapshot for a filling of 63%). This
phenomenon has been checked to be independent from the
thermalization procedure or the starting configuration (see
Supporting Information for further details). It is not observed
during the growth of the first layer because the strong
interaction with the surface controls the addition of new
molecules until all high-affinity sites are saturated. The space
left after completion of the second monolayer in the 1.3 nm
pore allows for the accommodation of a single row of additional
water molecules in an almost 1D arrangement, giving rise to the
first peak in the radial density profile in Figure 1. Therefore, the
filling of this pore takes place gradually, with no sign of capillary
condensation or advent of a second phase. This result is at
variance with experimental11,13 and computational37,38 evidence
of capillary condensation reported for pores of around 2 nm
with a less hydrophilic character. This apparent contradiction
may be rationalized noticing that the quasi-solid water shell at
the TiO2 interface is diminishing the effective radius of the pore
in nearly 3 Å, and so, the space accessible to more mobile water
is in the range of the micropore size. In other words, we may
expect the behavior of titania pores of 1.3 nm to be comparable

to a less hydrophilic pore of less than 1 nm, for which capillary
condensation is not observed.68 On the basis of adsorption
experiments, Naono and Hakuman have established a diameter
between 0.9 and 1.1 nm for the closure point of the hysteresis
loop and the disappearance of capillary condensation of water
in TiO2 and SiO2 nanopores.68 The high hydrophilicity of
titania imposes more stringent conditions to remove all the
water from the interface. Therefore, unless drying was
performed at very high temperature (this was not informed),
it is not unlikely that the pore surface was partially hydrated
even at the lowest pressures examined, in which case the
estimated sizes would be effective sizes.
The radial density of H2O in the 2.8 and 5.1 nm pores with a

filling of 100% is exhibited in Figure 3. The filling percentage of
the two large pores is defined with respect to the equilibrium
density of the confined liquid at 300 K at the point of capillary
condensation, as described in the methodological section. The
general pattern is the same for both nanopores: we can see two
external groups of peaks separated by around 3 Å, resembling
those of Figure 1, and corresponding to the first and second
water monolayers. Then there is a smooth peak revealing a
much less structured third layer 3 Å away from the second one.
In the next section, we show that the water in this third layer
has already reached around 75% of the maximum possible
mobility inside the pore. Beyond this layer, the density is
practically homogeneous, and the mobility of H2O is
comparable to the one it has in bulk (see below). In general,
the profiles found for these pores are reminiscent of the density
profiles for water on planar TiO2 rutile surfaces, studied via
molecular dynamics simulations by Wei and collaborators in
confined geometries36 and in the solid−liquid interface by
Prědota and other authors.56,69,70 In both the curved and the
planar interfaces, water molecules are organized in two well
discernible layers, plus a much smoother third one, beyond
which the density becomes uniform. Two major differences,
however, are readily apparent: in the case of the planar surface,
the peaks are not split, and the separation between the water
layers is significantly smaller (their approximate positions are
2.1, 3.9, and 4.9 Å from the interface36,69,70). Also, each water
molecule of the second layer is hydrogen-bonded to a bridge
oxygen atom of the oxide.70 The analysis of the number of H-
bonds with the surface in all three pores is summarized in Table
2. It can be seen that almost 50% of the molecules in the
second layer are prevented from forming hydrogen bonds with
the bridging oxygen atoms, compared to what was reported for
planar rutile (110). These differences can be attributed to the
curvature of the pore surface, more restrictive to accommodate
the adjacent multilayers, and its rugosity: the water layers attach
to the Ti binding sites, which are not equidistant from the pore
center, and so the peaks corresponding to the various water
layers split up. A figure exhibiting typical structures of the water
layers in the different pores can be found in the Supporting
Information. Interestingly, the fraction of molecules in the
second layer forming bonds with the surface is about the same
for all three pores. While the expected behavior is an increase in
the number of H-bonds when the curvature is decreased, the
present result may suggest that such an increase is not gradual
but occurs in a series of steps, reflecting a discontinuous
reorganization of the layer as the diameter of the pore becomes
larger. In other words, only when the curvature is reduced
below a certain threshold, the layer can adopt a different
configuration that allows for the formation of more than 1/2 of
hydrogen bond per molecule. To prove this conjecture, pores

Figure 1. Radial density profile of water in the 1.3 nm titania pore at
different water fillings. The titanium atoms at the surface occur at two
distances of the pore axis, resulting in a split external peak for water
directly attached to the Ti at the surface.
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of large diameters or surfaces of smooth curvatures should be
tested. Figure 4 depicts the number of water−water hydrogen
bonds as a function of the distance to the interface. In general
terms, it is seen that this number converges to the bulk value
very rapidly for all three pores. Already for the second layer, the
number of H-bonds is almost the same as in bulk, although the
mobility of the molecules in this layer is still quite low. A similar
recovery of the hydrogen bond network has been observed for
water in silica pores.44

Comparison with the density profiles reported for silica pores
of similar diameters39,44,71 evinces the following two main

differences with respect to the present results for titania: (i) the
number of layers and (ii) the density maxima and minima at the
interface. Studies of water in cylindrical silica pores in the range
1−4 nm show one39,71 or, at most, two peaks44 in the radial
density profile. The difference between the various published
results is possibly arising from the model pore shape (which
usually is not a perfect cylinder) and the degree of
hydroxylation of the surface. Aside from this, the density near
the interface typically varies between 0.8 and 1.4 g/cm3. In
contrast, the radial density profile in TiO2 pores exhibits two
sharp peaks plus a smooth third one, which reach maximum

Figure 2. (a) Snapshots taken from the molecular dynamics of the 1.3 nm titania pore at various water fillings. Red corresponds to oxygen atoms,
white to hydrogen atoms, and gray to the pore atoms. The layers grow with the increasing water content until the pore is completely filled, without
the apparent formation of a plug. The circles indicate regions of higher water density that develop at intermediate water content. (b) Axial density
profiles in the 1.3 nm pore at 63% filling, when the second layer appears, averaged along different time windows, showing the clustering of water
molecules. The fine, oscillatory structure appearing in all profiles, does not arise from incomplete sampling, but from the immobilized water of the
first hydration layer.
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values close to 2 g/cm3 and fall almost to zero in the interlayer
space. In particular, the first two layers are more compact than
in silica, where the average width is close to 4 Å. All these
features evince the significantly more ordered nature of the
hydration layers of titania pores, compared to silica, due to the
much higher hydrophilicity of the former.

Dynamics. The data presented in this section correspond to
the maximum filling for all 3 pores, unless explicitly noted; at
the end of the section, we examine the relationship between
diffusivity and filling. The mobility observed for the water
molecules is strongly dependent on their proximity to the
surface. For this reason, the diffusion coefficients presented in
Table 1 have been calculated locally for separate radial layers
according to eq 1.
For the 1.3 nm pore, three radial layers were considered,

centered on each one of the three peaks appearing in Figure 1
(recall the two peaks at around 6 Å correspond to a single water
layer). Region 1 encompasses a layer extending from the
interface to a radius of 5 Å, region 2 from 5 to 2 Å, and region 3
from 2 Å to the center of the pore. For the 2.8 and 5.1 nm
pores, the volume was divided, respectively, in five and six
different regions. The boundaries of the various regions in the
three pores are detailed in Table 3.
As mentioned above, the first monolayer of water molecules

does not exhibit any translational mobility throughout the

Table 1. Diffusion Coefficients (10−5 cm2/s) of Water
Corresponding to Maximum Filling for Each Pore,
Calculated Locally with eq 1 for the Different Regions Listed
in Table 3a

d = 1.3 nm d = 2.8 nm d = 5.1 nm

region D Dz D Dz D Dz

1 0.005 0.008 0.013 0.011 0.015 0.011
2 0.222 0.324 0.721 0.932 0.554 0.657
3 0.783 1.145 1.962 2.200 1.862 2.106
4 2.456 2.633 2.510 2.663
5 2.595 2.775 2.765 2.859
6 2.883 2.939

aD, global diffusion coefficient. Dz, axial component of the diffusion
coefficient. The bulk value from our MD simulations of the SPC/E
water model at 300 K and 1.0 g/cm3 is 2.56 × 10−5 cm2/s.

Figure 3. Radial density profile for the 2.8 nm (upper panel) and the
5.1 nm (lower panel) pores at 100% filling.

Table 2. Number of Hydrogen Bonds between the Surface
Bridging O Atoms and Water Molecules in the First and
Second Layers, Normalized by the Total Number of Water
Molecules in Each Layera

d (nm) ⟨HB 1st layer/nH2O⟩ ⟨HB 2nd layer/nH2O⟩

1.3 1.104 0.508
2.8 0.875 0.517
5.1 0.891 0.502

aHydrogen-bonds defined as in ref 79.

Figure 4. Hydrogen bonds between water molecules in the different
pores, as a function of the distance to the pore axis.

Table 3. Boundaries of the Different Regions Defined for the
Calculation of Diffusion Coefficients in the Three Titania
Poresa

region d = 1.3 nm d = 2.8 nm d = 5.1 nm

1 r > 5 r > 11.7 r > 23
2 2 < r < 5 8.9 < r < 11.7 23 < r < 20
3 r < 2 5.3 < r < 8.9 17 < r < 20
4 2.8 < r < 5.3 13 < r < 17
5 r < 2.8 10 < r < 13
6 r < 10

aRegions 1, 2, and 3 have been defined in each pore to encompass the
first, the second, and the third water layer, respectively. The entries
represent the radius (r) taken from the pore center, in Å.
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simulation, and so the diffusion coefficients shown in Table 1
for region 1 result from molecular displacements due to
vibrations rather than from a true diffusive behavior. In the 1.3
nm pore, diffusion in the second monolayer is around 30% of
the mobility observed for the molecules in the center of the
pore (region 3). Still, in the central region, the diffusion
coefficient of water (Dw) is only about 1/3 of the bulk value.
Comparison with data in wider pores indicates that this small
value results from confinement rather than from the attractive
potential of the surface. In fact, in the larger nanopores, the
diffusion coefficients in the second and third layers are more
than twice the Dw for the corresponding layers in the 1.3 nm
pore. Interestingly, confinement seems to have little impact on
diffusion coefficients for the two largest pores. Differences
between the computed Dw values in the 2.8 and 5.1 nm pores
are only minor. The variation of Dw and its different
components as a function of the distance to the center of the
pore, are shown in Figure 5 for all three systems. Not only are

the behaviors in the two larger pores quite similar to each other,
but they are in turn very close to the results reported for the
planar titania−water interface in ref 56. The diffusivity increases
rapidly reaching a plateau at approximately 10 Å from the walls
in both pores, with Dw exhibiting comparable growth rates as a
function of the separation from the surface. For a given layer
the diffusion coefficient turns out to be smaller on the flat
interface, simply because the multilayers are more compact in
this geometry. The agreement across the two larger nanopores
and the planar surface confirms that the observed decrease in

diffusivity in the 2.8 and 5.1 nm pores results from the attractive
potential at the interface, regardless of curvature or confine-
ment. Noticeably, the diffusivity in the center of the 2.8 and 5.1
nm pores is slightly larger than in bulk. An analogous result has
been already reported in simulations of water in silica pores of
diameters between 2 and 4 nm by Milischuk and Ladanyi,44

who attributed the enhanced diffusivity in the central region of
the pores to the smaller density of the confined water. As will
be seen in the next section, similar decreases in densities are
measured in the present simulations, which also explain why Dw
is marginally smaller in the 2.8 nm pore compared to the 5.1
nm pore. The diffusivity of water confined in cylindrical silica
pores exhibits a similar increase in going from the interface to
the center of the pore, but the bulk value is achieved at shorter
separations, typically around 6−8 Å from the interface.39,44 The
survival probability function, P(t), which measures the fraction
of molecules that remain in the same region after an elapsed
time, is plotted in Figure 6A for the first and the second
hydration layers of the 1.3 and 2.8 nm pores. The decrease of
P(t) becomes faster with the larger the diameter of the pore;
the change in P(t) is large when going from the 1.3 nm to the
2.8 nm pore but becomes negligible between the two larger
pores, consistently with the variation in the corresponding
diffusivities. The residence time, which, in first order processes,
can be defined according to how long it takes the fraction of
molecules in some region to decay to 1/e, for water in the first
layer turns out to be of the order of several nanoseconds,
exceeding the total simulation windows. These residence times
are in agreement with those observed for slit-like TiO2 pores.
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It is seen that the residence times drop 2 orders of magnitude
already in the second layer, while in the third layer or beyond
(results not shown), the residence times are indistinguishable
from those corresponding to bulk water. It is also interesting to
note that the residence times found for water in the second
layer (around 10 ps) are comparable to the residence times
informed for water in the first layer of less hydrophilic silica
pores.44 This finding supports the analogy between silica pores
and titania pores of a larger diameter, discussed above. The
dynamics of interfacial water has been studied on the basis of
molecular simulations for various materials at the bulk−planar
surface. Estimated residence times for H2O molecules in the
first hydration layer range from a few tens of picoseconds for
silica44 and mica,72 to a few nanoseconds for oxides like TiO2 or
SnO2,

73 or even more for alkali oxides such as MgO.74

Residence times and diffusivities are also dependent on the
degree of hydration. Figure 6B depicts the global diffusion
coefficients of water as a function of the distance, for various
fillings in the case of the larger pore; results in the other pores
show the same trend. It can be seen that the diffusivity tends to
decrease for higher fillings. Next to the outer shell (at the
liquid−vacuum interface), the activation energy involved in the
redistribution of bonds necessary for molecular diffusion is
lower. In particular, in a thin adsorbed layer, the translational
mobility will be less constrained than in a thick layer. This
explains the steep rise in Dw found for fillings below 65%, where
the condensed phase is still absent. The same behavior has been
reported for partially filled silica nanopores.39 Finally, Figure
6C,D represents, respectively, the survival probability function
for the molecules in the first layer, for the smaller and the larger
pores. In the former, the residence times decrease in almost an
order of magnitude when going from 94% to 50% filling. In the
later, instead, P(t) is hardly sensitive to the hydration level in
the range 57−100%. This can be understood noting that, in the

Figure 5. Diffusion coefficients as a function of the distance to the
pore axis for the 1.3 (upper panel), 2.8 (middle panel), and 5.1 nm
(lower panel) pores. Gray superimposed lines correspond to the radial
density profile for each system.
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5 nm pore, beyond the formation of two fully adsorbed layers,
which occurs for a filling of ∼50%, the addition of further water
should not affect the dynamics of the molecules in the first
layer.
The anisotropy in the diffusivity is only pronounced in the

1.3 nm pore (see Table 1 and Figure 5). In general, the
diffusion coefficients tend to be larger in the z-direction, along
which there is no confinement. A somehow surprising raise in
the value of the perpendicular components of the diffusion
coefficients is seen in the smallest pore at 1.5 Å from the center
and, to a minor extent, also at around 4 Å for all the
components of Dw. An explanation to this behavior may be
found in noticing that these points coincide with the
intermediate spaces between layers, where the probability of
finding a molecule is very low, as evinced in the density profile
of Figure 1, also shown in Figure 5. While water is highly
stabilized within a layer, dwelling outside must be relatively
unstable, meaning that any molecule in the intermediate region
will be moving fast from one layer to the other. In the wider
pores, differences between the components of Dw are never
larger than 20% and disappear altogether when the fluid
becomes homogeneous, at around 10 Å from the interface.
Differences between the parallel and the perpendicular
components of the diffusion coefficients have also turned out
to be small in simulations of silica pores44 and of the titania
planar surface.56

As we have shown above for the translational dynamics, the
rotational dynamics of confined water is also very much altered
by the confining matrix. We summarize our findings for the
three pores studied as well as for bulk water in Figure 7, which
presents the dipole autocorrelation functions (eq 2). It is worth
noting that the correlation functions presented in this figure

contain the contributions of all water layers. Bulk water displays
the fastest decay of the dipole autocorrelation function; the
orientational correlations become slower with decreasing
diameter of the pore. It has been often found that the decay
of Cμ(t) in nanopores is well described by a linear combination
of a simple and a stretched exponential:

≈ +μ
τ τ− − β

C t a a( ) e et t
0

/
1

( / )0 1
(3)

where the simple exponential term represents a decay with a
short time scale, which may be ascribed to the contribution of

Figure 6. (A) Survival probability functions P(t) for molecules in the first and second hydration layers, in the 1.3 and 2.8 nm pores at maximum
filling. (B) Total diffusion coefficient as a function of the distance, for the 5.1 nm pore at various fillings. (C) P(t) for the first hydration layer in the
1.3 nm pore at various fillings. (D) P(t) for the first hydration layer in the 5.1 nm pore at various fillings.

Figure 7. Single-dipole time correlation function for bulk (magenta
line) and confined water (red circles = 1.3 nm pore at 94% filling;
green circles = 2.8 nm pore at 100% filling; blue circles = 5.1 nm pore
at 100% filling). Solid black lines correspond to the exponential fits
(see eq 3).
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faster molecules located away from the surface, while the
stretched exponential represents slower relaxations that would
arise from molecules closer to the surface.75−77 Our data can be
nicely fitted using this expression, with a short scale parameter
ranging from 5.5 to 16.2 ps on decreasing the diameter of the
pore (our computed orientational relaxation time for bulk water
at 300 K and ρ = 1g/cm3 is 4.4 ps). Results of the fitting to eq 3
are shown in Table 4 and Figure 7. The coefficient β of the

stretched exponential is very low, around 0.2 for all pores,
indicating widespread relaxation times in nanoconfined water.
For the smaller pore, the contribution of fast relaxation is very
small and the time scales very slow compared with those in bulk
water, consistent with the almost immobilized water structure
described above. For the 2.8 and 5.1 nm pores, the proportion
of molecules contributing to the fast regime raises, and the fast
relaxation times approach the bulk value, while those
corresponding to the stretched exponential exhibit an
important decrease. The observed confinement effects on the
rotational dynamics must have a significant impact on the
dielectric and optical responses of the confined water, the
calculation of which (e.g., the static- and frequency-dependent
permittivity) exceeds the scope of the present article and is the
subject of ongoing work.
Filling Mechanisms and Phase Transition. In the

Structure section, we have already discussed the filling of the
1.3 nm pore, which was observed to occur continuously, with
no evidence of capillary condensation. In the 2.8 nm pore, the
progressive addition of water molecules induces a homoge-
neous growth of the adsorbed phase, differently to what has
been found for the narrower channel, where water tended to
aggregate in small clusters upon completion of the first layer.
The pronounced curvature of the 1.3 nm pore encourages the
nucleation of these small clusters that maximize the water−
water interactions, which seems unfeasible on a flatter surface.
Figure 8 shows the surface density of water (Γ) against the
filling percentage for the three systems. Capillary condensation
is detected in the 2.8 nm pore for a water content of 71%, when
the fluid splits in two phases; i.e., a liquid plug in equilibrium
with a surface adsorbed phase. With further filling, the densities
of the liquid plug and the surface adsorbed phase remain
constant, while the amount of the former phase increases and
the latter decreases. Values in Figure 8 above the point of
capillary condensation show the density of the surface adsorbed
phase. It can be appreciated that the transition in the 2.8 nm
pore takes place in equilibrium: as soon as Γ reaches the
equilibrium density Γeq (of around 14 nm−2), the condensed
phase is formed. As stated in the Introduction, our previous
investigations in less hydrophilic nanopores37,38 showed that
capillary condensation occurred in equilibrium conditions when
the diameter was 1.5 nm and under strong supersaturation
when it was 3 nm. In titania, the immobilized first layer causes a

diminished effective radius, so that this pore of 2.8 nm can be
comparable to one of around 2.0 nm exhibiting a less
hydrophilic surface, for which adsorption hysteresis is still
absent. We note that, if the density of the first monolayer (of
around 6 nm−2) is subtracted from Γeq, a surface density of 8
nm−2 is recovered, comparable to the equilibrium value of ∼6.5
nm−2 found in the pores of moderate hydrophilicity.38

Figure 8 shows that Γ in the largest pore reaches a value of
nearly 25 nm−2 just before capillary condensation, for a filling of
62%. Once the fluid condenses, Γ falls to an equilibrium value
of around 15 nm−2. This means that in the widest pore the
transition is occurring out of equilibrium, probably accom-
panied by a pronounced hysteresis loop. The excess density
necessary to unleash condensation, i.e., the difference between
the saturation and the equilibrium densities, is 10 nm−2.
Comparison with the results for the 2.8 nm pore suggests that
Γeq does not significantly depend on radius, as discussed
elsewhere (see ref 38). Differently to what we had observed in
the 2.8 nm pore and in other nanopores exhibiting capillary
condensation,37,38 in the 5.1 nm titania pore, the growth of the
surface adsorbed phase turns out to be inhomogeneous after
completion of the second monolayer. While the first and the
second layers develop uniformly along the interface, for fillings
above 40%, the water molecules start to accumulate in a certain
region, resulting in a localized increment of the surface density
that eventually leads to condensation. This behavior is depicted
in Figure 9, which presents Γ along the pore axis for three
different filling percentages: 40%, 62%, and 92%. These fillings
correspond to points in the phase diagram before (40% and
62%) and after (92%) capillary condensation. We note that the
strong oscillations in the axial density profile reflect the highly
structured first layer, which adapts to the rutile surface; these
oscillations are absent from the rest of the layers. For a content
of 40%, the water is distributed homogeneously forming the
first and the second monolayers. However, the development of
the third layer is inhomogeneous, so upon further addition of
water molecules, density starts to build up around the first
stretch of the nanopore, as depicted in Figure 9B for a 62%
filling. Larger water contents lead to capillary condensation,
producing a density profile as the one in Figure 9C. In brief, we

Table 4. Parameters for Cμ(t) According to eq 3, Obtained
for All Three Pores at 100% Fillinga

pore diameter
(nm) a0

τ0
(ps) a1 τ1 (ps) β R2

1.3 0.07 16.3 0.93 1000.0 0.27 0.999993
2.8 0.41 6.4 0.59 137.9 0.23 0.99996
5.1 0.57 5.6 0.43 34.4 0.22 0.99997

aτbulk= 4.4 ps (computed from our MD simulation of bulk water at 300
K and ρ =1g/cm3, in agreement with literature values78). Figure 8. Density of the surface-adsorbed water phase as a function of

filling percentage in the 1.3 (black circles), 2.8 (red squares), and 5.1
nm (blue diamonds) diameter pores. For fillings exhibiting phase
coexistence, the density was calculated excluding the region occupied
by the condensed phase.
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see that the filling of this pore starts homogeneously, but then
follows a different mechanism, characterized by the formation
of a water aggregate, shown in Figure 10.

The above findings can be rationalized in the light of our
previous results for water in hydrophilic and hydrophobic
model nanopores.37,38 In hydrophilic pores of up to 4 nm, we
have shown that a surface adsorbed phase grows uniformly on
the interface until condensation is observed. In a pore of 1.5
nm, the transition proceeds in equilibrium, whereas in 3 and 4
nm pores, capillary condensation requires an excess density

above Γeq and is triggered by a density fluctuation that closes
the gap between opposite sides of the channel, allowing for the
nucleation of a liquid plug. Such an excess density depends
strongly on radius, while it is practically independent of
hydrophilicity.38 In the present case, where the diameter is 5.1
nm, our simulations suggest that this density in excess
distributes uniformly on the pore surface only up to a certain
threshold, above which it collapses into an aggregate localized
on one of the pore sides (see Figure 10). From this point,
further filling causes the thickening of this aggregate, while Γ
remains approximately constant anywhere else. The nucleation
of a condensed phase becomes feasible when this aggregate is
thick enough to close the gap in the pore, leading to capillary
condensation with the sudden fall of the density of the surface
adsorbed phase to Γeq.
Figure 11 is a cartoon of the three filling mechanisms

discussed so far. Interestingly enough, the behaviors found for

the 2.8 and 5.1 nm pores can be identified, respectively, with
the filling mechanisms proposed for silica pores of 3.3 and 8 nm
by Grünberg and co-authors21 (Figure 11B,C). The occurrence
of one or the other mechanism is determined by pore radius in
the first place and, to a lesser extent, by hydrophilicity. In fact,
the radial thickening of a water aggregate in the 5.1 nm titania
pore resembles the hydrophobic transition characterized in 3.0
and 4.0 nm nanopores with adsorption energies below 7 kcal/
mol.38 It is apparent, then, that a hydrophilic surface favors the
stabilization of a homogeneous water coverage, even in
conditions of supersaturation. For titania, the water is
distributed uniformly up to a surface coverage of approximately
15 nm−2. For a diameter of 5.1 nm, this excess density is still
insufficient to induce capillary condensation. Above a surface
density of 15 nm−2, the development of additional homoge-
neous layers becomes unstable against the formation of a water
aggregate, which growth would at last lead to capillary
condensation.
For water fillings higher than 71% and 65%, respectively, in

the 2.8 and 5.1 nm pores, a surface adsorbed phase coexists
with a condensed fluid. This latter phase represents the
confined liquid in equilibrium at the pressure of capillary
condensation. Thus, properties such as the diffusion coefficient
(presented in Table 1 and Figure 5) and the density of confined
liquid water can be extracted from canonical molecular
dynamics, instead of resorting to grand canonical Monte
Carlo simulation, which is the usual approach to compute these
properties at a fixed pressure. Then, the water density in the

Figure 9. Axial density profiles of the 5.1 nm pore for 40% (upper
panel), 62% (middle panel), and 92% fillings (lower panel). Orange
lines corresponds to the total number of molecules per area, black lines
to molecules with r > 20 Å, red lines to molecules with 20 > r > 17 Å,
green lines to molecules with 17 > r > 10 Å, and blue lines to
molecules with r < 10 Å. The fine, oscillatory structure appearing in
the orange and black curves does not arise from nonconverged
sampling, but from the immobilized water of the first hydration layer.

Figure 10. Snapshots of the 5.1 nm pore at 62% filling, front (left) and
axial (right) views, in which pore atoms were hidden to facilitate the
visualization of the water. Red corresponds to oxygen atoms, white to
hydrogen atoms, and gray to the pore atoms.

Figure 11. Filling mechanisms: (a) 1.3 nm pore, continuum growth,
layer by layer on the pore walls, without the nucleation of a liquid
plug; (b) 2.8 nm pore, axial growth, filling of the pore by capillary
condensation; (c) 5.1 nm pore, radial growth.
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pores at a hundred percent filling was estimated from these
phases, by averaging the number of H2O molecules inside a
cylindrical volume in the central region of the channel (defined
by r < 2.8 Å in the pore of 2.8 nm and by r < 10 Å in the pore
of 5.1 nm) where the density is seen to be uniform. The
densities calculated in this way turn out to be 0.93 and 0.96 g/
cm3 for the 2.8 and 5.1 nm pores, respectively. Experiments by
Jaḧnert et al. in cylindrical silica pores of diameters between 2.5
and 4.4 nm revealed a 7% decrease in the density of confined
water.18 It should be noticed, though, that these measurements
correspond to an average density of the liquid phase filling the
nanopore (which exhibits strong fluctuations near the walls),
while the values presented here were collected at the center of
each pore, where the properties of the liquid are homogeneous.

■ FINAL REMARKS
Water is tightly bound at the interface of titania nanopores,
conforming a first compact monolayer, which, to all practical
effects, can not be considered to be part of the fluid phase. As a
consequence, the effective or accessible diameter of TiO2
nanopores is around 0.6 nm smaller than the physical diameter.
In this way, and concerning water properties, titania pores
would behave similarly to pores of less hydrophilic materials
(like silica) of slightly smaller radius. The simulations reveal
that properties like the density and the diffusivity are
significantly affected near the interface, plateauing at around
10 Å from the walls. In silica, these properties have been seen to
plateau much faster, typically at 5 Å from the interface (see, for
example, refs 39 and 44).
Capillary condensation in titania pores of 2.8 nm diameter

occurs in equilibrium. For a pore of 5.1 nm, instead,
condensation may only take place under conditions of
supersaturation, which implies an excess density of water
molecules close to 10 nm−2. In titania pores, such an excess
density distributes homogeneously until Γ reaches a value of
approximately 15 nm−2. Beyond this amount, the water
molecules aggregate forming a cluster in a localized region of
the pore, which grows radially and axially until a plug develops.
More generally, the following conclusions can be outlined: (i)
capillary condensation in pores larger than ∼2 nm (of effective
diameter) requires the presence of an excess density, whose
precise value is essentially determined by the diameter of the
pore; (ii) the organization of this excess density depends on the
surface affinity for water: in moderately hydrophobic pores
there is a localized growth of surface density Γ, while in
hydrophilic pores, the water tends to distribute homoge-
neously; (iii) if the pore is wide enough, the growth of uniform
layers will eventually collapse to a localized distribution in
equilibrium with a homogeneous adsorbed phase before
capillary condensation takes place.
In a previous study,38 we stated that, for a given pore size, the

excess density (needed to produce condensation) first increases
with hydrophilicity but soon tends to plateau because, as the
surface is totally covered with H2O, the fluid becomes
insensitive to the nature of the solid. This is true for surfaces
of relatively high water affinity (adsorption energies of up to 15
kcal/mol); however, for an extremely hydrophilic interface as
the present one, a new effect comes into the scene: the
immobilization of the water molecules on the surface, which
leads to a decrease in the effective radius of the pore.
The visualization of the several aspects presented in this work

is important for understanding the geometry and topology of
water within the mesopores, which is determinant of chemical

potential. This is an indeed relevant issue for sought
applications in photocatalysis, solar cells, perm-selective
membranes, and optical materials.
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