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There are many intriguing situations in everyday life where
water is confined to spaces of nanoscopic dimensions by
hydrophilic as well as hydrophobic substrates such as in
colloidal particles,[1–4] protein cavities,[5] and inorganic solid
walls.[6,7] Fundamental interest stems from the fact that the
properties of confined water are believed to be very different

from those of the corresponding bulk fluid at the same
temperature and chemical potential.[8–11] Recently, it was
shown that storage or dissipation of mechanical energy could
be achieved by forced intrusion/extrusion of water into/from
hydrophobic porous materials.[12–14] Intrusion of water into
silicalite-1 zeolite at a hydraulic pressure of about 100MPa at
room temperature results in its condensation. A spontaneous
capillary evaporation (drying) took place upon release of the
pressure. Similar behavior was observed very recently in the
case of hydrophobized MCM-41 mesoporous materials.[15]

Interestingly, the intrusion/extrusion cycle was accompanied
by a hysteresis effect in the latter case, but not in the former
one. Situations were also encountered in which no extrusion
of water took place upon release of the pressure (zeolite b and
wide-pore MCM-41).[12–15] To shed light on these phenomena
we have undertaken a molecular simulation study of the
intrusion/extrusion of water into/from hydrophobic silicalite-1
zeolite. Some new experimental data are also reported. We
have been able to reproduce, for the first time to our
knowledge,the spontaneous condensation of water that is
observed experimentally, and thus to investigate the proper-
ties of confined water in these hydrophobic nanopores at the
molecular level.

The intrusion/extrusion process was investigated with
silicalite-1 by using two different experimental devices. The
same silicalite-1 sample, prepared according to a literature
method,[12] was used in both cases. In the first device the
water/silicalite-1 system was placed in a cell of variable
volume (1.20 cm3 under atmospheric pressure) which was
immersed in an oil-containing vessel able to withstand very
high hydrostatic pressure. The volume changes were deter-
mined at constant temperature by increasing the pressure
progressively, as described in reference [16]. The compressi-
bility curve obtained corresponds to that obtained by
Eroshenko et al.[12,14] (Figure 1; dashed line). The method
used in this first set of experiments is believed to be accurate
for determining the water intrusion pressure, but the absolute

Figure 1. Condensation/drying isotherms of liquid water in silicalite-1
at 300 K. Solid line (displaying hysteresis): experimental data (this
study); dashed line: experimental data;[12] circles: simulated isotherms
with a silicon atomic charge of 1.4 a.u.; squares: simulated isotherm
with a silicon atomic charge of 1.2 a.u. (see text). The dotted lines are
a guide to the eye.
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intruded volume seems to be overestimated. A second set of
experiments was therefore performed which made use of a
modified Carlo Erba mercury porosimeter, and a more
realistic volume was obtained. In this case, the cell containing
the water/zeolite system consisted of a 2-cm3 polypropylene
cylinder sealed by a mobile piston. This cell was introduced
into the 15-cm3 glass cell of the porosimeter which was filled
with mercury. The variation in volume was determined from
the conductivity measurement, which depends on the mer-
cury height in the capillary tube of the glass cell. The
maximum volume change was about 0.5 cm3. We believe this
methodology provides a more accurate measurement of the
volume than the preceding case. The corresponding exper-
imental intrusion/extrusion data are reported in Figure 1
(solid line). It is interesting to note that a porous volume of
0.18 cm3 per gram of zeolite is obtained from the experimen-
tal intruded volume at 150 MPa and using the average
computed water density of approximately 0.6 kgm�3 (see
below). This result is in complete agreement with the pore
volume determined from nitrogen adsorption data.[12,13] This
observation seems to demonstrate that the current volumetric
data are much more accurate than the previously published
ones. A very narrow hysteresis effect is observed during the
intrusion/extrusion cycle; this effect was not observed in the
first set of experiments. It is interesting to note that in a recent
model proposed by Lefevre et al.,[15] it was predicted that the
width of the intrusion/extrusion hysteresis in porous materials
should progressively vanish as the pores get smaller. This
prediction is in keeping with the current results.

We carried out Grand Canonical Monte Carlo (GCMC)
simulations of the adsorption of water in silicalite-1. We used
a rigid zeolite framework and used the atomic coordinates of
the orthorhombic structure determined by Olson and et al.[17]

We simulated a box of eight unit cells with periodic boundary
conditions. We used the semiempirical TIP4P potential for
water,[18] which was recently shown to provide a fairly good
description of the adsorption of water in faujasite zeolites.[7,19]

The host/guest potential is of the “Kiselev type”:[20, 21] It
contains a single effective Lennard–Jones term that acts
between the oxygen atoms of the framework and the oxygen
atoms of the guest water molecules, together with a coulombic
term that acts between the partial charges of the silicon and
oxygen atoms and those of the guest molecules. We used the
Lennard–Jones parameters for the zeolite oxygen atoms
obtained from our previous work on the adsorption of
hydrocarbons in silicalite-1[22] together with the Lorentz–
Berthelot combining rules. The partial charge on the silicon
atom was fixed at + 1.4 a.u. (the zeolite oxygen atom bears a
charge of�0.7 a.u. since the purely SiO2 framework is neutral
overall). There is an ongoing debate in the literature about
the partial charge that a silicon atom should bear in silica-
based materials; atomic charges have been reported in the
range of 1.2 to 2.0 a.u., depending on the computational
method used.[23–26] We found with the force-field model used
here that the partial charge on the silicon atoms should be
kept below approximately 1.7 a.u. for the silicalite-1 solid to
exhibit hydrophobic character (namely, to prevent a capillary
condensation phenomenon at a gas pressure below the
saturation pressure of the bulk water). Details on this force-

field adjustment will be reported elsewhere. We have chosen
here the somewhat arbitrary value of 1.4 a.u. which corre-
sponds to the Hartree–Fock calculation by Dovesi et al.[23] We
have undertaken GCMC simulations of the adsorption of
liquid water in silicalite-1. Thus, we have separately computed
the relationship between the external pressure and the TIP4P
chemical potential of liquid water at room temperature.
GCMC simulations were then performed, at each pressure, by
exchanging molecules between the zeolite sample and a
fictitious external gas reservoir at the same chemical potential
as the liquid water and at the pressure of interest. This method
is similar to the one previously proposed by Snurr and co-
workers for the adsorption of liquid alkanes.[27] Details of the
GCMC algorithm and the statistical bias used can be found
elsewhere.[22]

The adsorption data for the simulated liquid state at 300 K
are reported in Figure 1. A stepwise condensation is observed
at a pressure of about 50 MPa. The agreement with the
experimental intrusion pressure is quite good, given that there
is only a 3% difference in the chemical potential of liquid
water between 50 and 100 MPa. An even better agreement
with experimental data can be obtained by fixing an atomic
charge of 1.2 a.u. on the silicon atom and �0.6 a.u. on each
oxygen atom of the framework (Figure 1). The shape and the
water loading of the computed intrusion isotherms are in
good agreement with the currently reported experimental
data. This observation is remarkable given the crudeness of
the model used in the simulations. Simulations were also
carried out using the MSPC/E semiempirical water potential
model,[28] which is also known to reproduce quite well the
saturation vapor pressure at room temperature. The com-
puted adsorption curve (not shown here) was very similar to
the TIP4P curve and also exhibited a stepwise, first-order-like
condensation. This result is reminiscent of the two-state
description of the water behavior in model carbon nano-
tubes[29] and nanoporous cylindrical channels[30] observed
recently in molecular dynamics studies.

The computed isotherm shown in Figure 1 is reversible,
within statistical uncertainties. This is generally what we
expect for a Monte Carlo simulation, although it is known
that GCMC adsorption isotherms may, in some special cases,
exhibit hysteresis.[31] The computed isotherm displayed in
Figure 1 can thus be considered as the equilibrium intrusion/
extrusion curve of the model water/silicalite-1 system. It is the
first time, to our knowledge, that this condensation/drying
phenomenon has been reproduced theoretically.

We have examined in some detail the condensation
mechanism in the molecular simulation model. The silica-
lite-1 framework (Figure 2) contains interconnected channels
of pores of two types: straight channels which run in the
direction of the y-axis and zigzag channels parallel to the
xz plane. The Atlas of Zeolite structure types[32] denotes the
silicalite-1 structure (MFI structure type) as being made of
straight channels (SC) with a diameter of 5.4 G, zigzag
channels (ZC) with a diameter of 5.0 G, and intersections (I).
There are four SC, ZC, and I per unit cell, and they
correspond to volume fractions of about 29, 33, and 38%,
respectively. We have separately computed the local density
of condensed water in these three subvolumes. This calcu-
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lation is based on the determination of the void spaces in the
zeolite model, which relies on a somewhat arbitrary definition
of the “size” of the framework oxygen atoms. We have taken
here a value of 1.5 G for the van der Waals radius of the
framework oxygen atoms. Consequently, the local density
values shown in Figure 3, together with the average density

and the bulk water density, depend on the criterion used for
computing the void spaces, which leads to an uncertainty of
about 10% in the estimates of these local density values. The
trends however (for example, the ratio of the intersection/
straight channels densities and the way it changes with
pressure) depend only weakly on this criterion.

The stepwise condensation phenomenon is observed in all
three regions of the zeolite at a pressure of approximately
50 MPa. At this pressure (marked “1” in Figures 1 and 3) the

average density of the condensed water is less than half that of
the bulk water density under the same thermodynamic
conditions. The condensed fluid is extremely inhomogeneous.
The density in the intersections is three times as large as that
of the fluid in the straight or zigzag channels. The average
occupancy is 5 water molecules at an intersection, while there
are only 1.5 molecules on average in the SC or ZC. At this
stage, the filling of the channels (SC or ZC) is also highly
inhomogeneous. Some of the sections of the channels are
empty, while others contain 2–3 molecules. There is clearly a
clustering effect in this first condensation step. The formation
of water clusters in silicalite-1 was already suggested in some
previous molecular dynamics studies.[33–35] The same behavior
seems to hold true in the case of carbon nanopores.[36,37] The
current results are in keeping with the observation of
Vaitheeswaran et al.[37] that linear chains of water molecules
inside a narrow cylindrical pore are less stable than the
water clusters in a spherical nonpolar cavity of comparable
volume.

A second condensation regime takes place as the pressure
is increased from 50 to about 100 MPa. At the point marked
“2” in Figures 1 and 3, each intersection is now occupied by
six molecules and the SC and ZC by two water molecules. The
channel filling now becomes homogeneous, with each channel
section containing approximately the same number of mol-
ecules. At this stage, the water density in the intersection has
reached 85% of the bulk fluid value, while the density in the
channels is lower by a factor of two.

A progressive filling of the silicalite-1 nanopores is
observed upon pressure increases above 100 MPa. Given
the uncertainties in the density calculations, it is hard to tell
whether or not the density at the intersections reaches the
bulk value at a sufficiently high pressure. However, it seems
clear that the water density in the channels is always lower by
a factor close to two. This fact can be interpreted by
considering that the 3D-like geometry of the pore intersec-
tions enables water molecules to pile up in more or less the
same way as in the bulk liquid. On the other hand, the pseudo-
1D channel geometry prevents such a bulklike state from
being reached. It is worth mentioning that the strong
depletion of fluid observed in these simulations cannot
simply be accounted for by a failure of the water force-field.
The TIP4P intermolecular potential was checked to provide
very accurate values for the density of bulk water at high
pressure.

The observed water depletion is attributed to the hydro-
phobic (nonwetting) character of the purely siliceous nano-
pores studied here. Silicalite-1 zeolite consists of a three-
dimensional network of SiO4 tetrahedra connected to each
other through shared oxygen atoms. This arrangement
enables the build up of a purely siliceous open framework
material without surface defects (bond breaking, presence of
silanol groups).[12] Conversely, amorphous silica surfaces are
highly defective, and thus display hydrophilic character. This
is the case, for example, for the mesoporous MCM-41
materials. Hydrophobicity is generated in MCM-41 by
covalent grafting of nonpolar siloxane chains.[15] In a recent
study Engemann et al.[38] reported experimental evidence of
interfacial melting of ice in contact with amorphous silica. The

Figure 2. View of the interconnected pore channels in silicalite-1
(MFI-type structure).

Figure 3. Density of condensed water in silicalite-1 as a function of
pressure from GCMC simulations. Squares: local density in the zig-zag
channels (ZC). Circles: local density in the straight channels (SC).
Diamonds: local density in the intersections (I). Triangles: average
water density in silicalite-1. Solid line: bulk water density. The dotted
lines are a guide to the eye. No error bars are displayed for the
average densities, for reasons of clarity.
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authors observed a quasiliquid layer with an enhanced density
(1� 1.2) relative to bulk water. This fact can be tentatively
attributed to the hydrophilic character of the amorphous
silica surface.

One lesson that can be learned from this study is that
simple models and simulation methods found useful for
studying gas adsorption in nanoporous materials can be
extended to describe the intrusion/extrusion cycle of a
nonwetting fluid in a hydrophobic solid. We have reproduced
for the first time the condensation transition of water in
silicalite-1 zeolite at room temperature. The condensation
process disclosed by computer simulations is much more
complex than initially expected from the intrusion/extrusion
experiments. The picture of water confined to hydrophobic
spaces of nanoscopic dimensions that emerges from this study
is one of a strongly depleted and highly inhomogeneous fluid.
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