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We report a molecular simulation investigation of the hydration thermodynamic behavior of silicalite-1 zeolite,
in which an increasing amount of attractive surface defects was introduced. An internal surface defect can
either be “weak” or “strong”, depending on the balance between the defect-water and water-water interactions.
We found that the hydration behaviors in the presence of weak or strong defects were markedly different.
The water hydration process in the presence of weak surface defects is basically a homogeneous nucleation
process. The effect of the weak defects is to make the framework more attractive overall, and this leads to
the progressive shift of the condensation transition, while the framework remains “hydrophobic” overall. In
the case of strong defects, water condensation is characterized by a combination of strong adsorption of a
limited amount of water at very low pressure, followed by a plateau in the intermediate pressure range and
by a sudden filling of the nanoporous volume at higher pressure. A progressive change from “hydrophobic”
to “hydrophilic” behavior is observed as the defect content is increased. This work provides some insights
from adsorption thermodynamics into the issue of hydration of geometrically and chemically heterogeneous
pore surfaces. We find that a small increase in “hydrophilicity” of the porous framework may turn the pore
from being dry to being completely filled with water at saturation conditions.

I. Introduction

When a water molecule approaches a purely graphitic carbon
surface, for instance, it experiences a weaker potential interaction
energy than in the bulk liquid state, which is due to the lack of
hydrogen bonding between water and carbon atoms. A similar
situation is encountered when water is interacting with a protein
surface made of nonpolar residues. Such surfaces are often called
“hydrophobic”. Here, hydrophobic does not mean “water-
repelling”. The water-surface is attractive, but less than the
mutual water-water attraction. A reduction of water density
near such surfaces is expected, and was indeed observed.1,2 It
must be stressed here that the concept of “surface hydrophobic-
ity” should not be confused with the meaning of hydrophobicity,
as it applies to aqueous solution thermodynamics.3–5

When two sufficiently large hydrophobic surfaces (as defined
above) immersed in water approach each other, a spontaneous
liquid-vapor transition was predicted to take place, either
theoretically or using atomistic and coarse-grained computer
simulations.6–12 However, despite a large number of studies, it
is still not yet clear whether real-life nonpolar cavities are always
empty or if they can be filled with water, and under what
conditions. Experimental evidence exists of water occupancy
in nonpolar cavities at thermodynamic equilibrium.13,14 A range
of water behavior was found by computer simulations. Hummer
and co-workers reported extensive molecular dynamics (MD)
studies of carbon nanotubes (CNT) and fullerene cages,15–20

viewed as model nonpolar cavities. The diameter of the model
CNT or fullerenes was in the range 0.8-1.4 nm, which is

relevant to both biological channels and nanoporous carbon
materials used in several applications, such as activated carbon
fibers. In all these cases, water was found to fill the nonpolar
carbon pores at ambient conditions. Experiments seem to
confirm this fact,21 although residual amounts of catalyst
impurities may play a role in water adsorption in these systems.
On the other hand, a spontaneous drying transition was observed
by computer simulations when two CNT approached each
other.10 Finally, in several MD simulations of model biological
channels, a phenomenon of intermittent filling by water (or
“liquid-vapor oscillation”) was observed.14,22–25

We conclude from this very brief survey of the literature that
the stable equilibrium thermodynamic state of water in nonpolar
cavities at ambient conditions remains unclear. Following
Debenedetti and co-workers,26,27 we observe that in real life
“hydrophobic” surfaces are geometrically, chemically, and
electrically heterogeneous objects. A nice illustration of this was
provided by a computer simulation study of hydration change
during the self-assembly of the melittin protein tetramer (Berne
et al.28). A spontaneous drying of the internal cavity formed by
the tetramer was observed. However, it was shown that a specific
mutation of the three isoleucine residues to less hydrophobic
residues prevented this transition. A similar situation was
observed in the study of hydration of activated carbon materi-
als.29 Pure graphite surfaces are believed to be hydrophobic,
but nanoporous activated carbons feature a varying amount of
local functionalization of the pore surface (hydrophilic oxygen-
ated sites). This is known to have a strong effect on the water
uptake in porous carbon materials.29–34 The question posed in
the title of the present article should then be rephrased in the
following way: “How does confined water behave in response
to heterogeneous surfaces?”. This question is common to a wide
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variety of nanoporous media, from biological cavities to
inorganic materials such as porous carbons, zeolites, micelle-
templated materials, and other open-framework porous materials.

Recently, Debenedetti and co-workers27 reported an MD study
of the hydration of a slit-shaped pore in which the surfaces
exhibited patterned “hydrophobicity” and “hydrophilicity”. They
observed, among other interesting results, that a hydrophobic
patch surrounded by hydrophilic borders is much less hydro-
phobic than a purely hydrophobic surface. This demonstrated
the influence of heterogeneity on surface hydrophobicity at
nanoscopic length scales.27

In the present article, we report a molecular simulation study
of the equilibrium adsorption thermodynamics of water in the
heterogeneous pores of all-silica silicalite-1 zeolite. In contrast
to porous carbons, zeolites are well-characterized (crystalline)
materials. The primary building unit of such solids is a
tetrahedron with a silicon atom in the center and four oxygen
atoms at its apexes. The zeolite framework consists of a three-
dimensional network of SiO4 tetrahedra connected to each other
by shared oxygen atoms. This enables one to build up a variety
of purely siliceous open framework materials containing cages
and channels of 0.4 to 2 nm width,35 with essentially no internal
surface defects. In the all-silica frameworks such as silicalite-
136 or beta zeolite,37 water uptake in the gas phase at ambient
conditions was found to be extremely small.38–42 For this reason,
the internal surface of these nanoporous materials was termed
“hydrophobic”. In an experiment similar in nature to mercury
porosimetry, Patarin and co-workers43,44 observed water intru-
sion taking place in silicalite-1 at a hydraulic pressure of about
100 MPa at room temperature (a much larger value than the
saturation vapor pressure P0 = 3500 Pa). A spontaneous
extrusion (capillary evaporation) took place upon release of the
pressure. Recently, the water intrusion-extrusion transition in
silicalite-1 was reproduced for the first time by equilibrium
molecular simulations.45,46 This phenomenon was interpreted
in terms of an equilibrium first-order vapor-liquid condensation,
following Porcheron et al.,47 who pointed out the similarity
between capillary condensation of a wetting fluid and forced
intrusion of a nonwetting fluid.

The thermodynamics of water condensation in silicalite-1 was
recently reinvestigated in a joint experimental and molecular
simulation study.48 A sample was synthesized using the so-called
fluoride route,38,49 and was found to contain essentially no
defects. A second sample synthesized using the hydroxide route
was found to contain a small amount of silanol groups, and a
very defective commercial sample of silicalite-1 was also
studied. A molecular simulation study of a silicalite-1 model
system in which a silanol nest defect was introduced enabled
qualitative reproduction of the experimentally observed con-
densation thermodynamic features. A shift and a rounding of
the condensation transition were observed as the defect became
more hydrophilic, but the condensation transition was still
observed at very high pressure. Both experiments and simula-
tions agreed on the fact that a small water uptake could be
observed at very low pressure, but that the bulk liquid did not
form from the gas phase below P0.

In the present work, we investigate the defective silicalite-1
model in more detail, in order to gain insight into the effect of
surface heterogeneity on the hydration behavior of a hydropho-
bic pore. The surface heterogeneity is tuned by introducing a
variable amount of attractive (“hydrophilic”) defects, namely,
silanol nests, in the model. We examine the change in adsorption
thermodynamics with the amount and strength of hydrophilic
defects. We pay particular attention to the way the water-zeolite

interaction energy is modified by the introduction of defects.
In the defect-free system, the interaction energy of a single water
molecule with the zeolite framework amounts to -17 kJ mol-1

molec-1, while the bulk cohesion energy for the TIP4P water
model used in this work (see section IIC) is -42 kJ mol-1

molec-1. This explains the hydrophobic character of silicalite-
1. Introducing one or more surface defects will obviously lower
the water-zeolite energy, and may progressively change the
adsorption behavior from hydrophobic to hydrophilic. However,
depending on the strength of the attractive defect, the
water-zeolite interaction may or may not become lower than
the bulk water-water energy. We have been considering two
cases in this study. In the first one (“weak defect” case), the
water-zeolite energy was weaker than the bulk water energy.
In the second one (“strong defect” case), the water-zeolite
energy became stronger than the bulk water energy. The precise
definition of a weak and strong defect is given below in section
IIC.

The remainder of this article is organized as follows. In the
next section, we describe the molecular simulation models and
methods. In section III, we present and discuss the simulation
results for water adsorption in silicalite-1 with variable amount
and strength of silanol defects. We summarize our results in
section IV.

II. Molecular Simulation Models and Methods

A. Silicalite-1 Model. We used a rigid zeolite framework
and the atomic coordinates of the orthorhombic (Pnma) structure
determined by van Koningsveld et al.50 (unit cell parameters: a
) 20.022 Å; b ) 19.899 Å; and c ) 13.383 Å), as explained
in detail in a previous article.48 We simulated a box of eight
unit cells with periodic boundary conditions.

B. Internal Surface Defect Model. It is known from NMR
experiments that silanol groups are one of the most frequently
encountered point defects in zeolites.51 We have chosen to
introduce from 1 to 12 model “silanol nests” in each unit cell
of the simulation box (Figure 1). A silanol nest (a structure first
proposed by Barrer52) originates from a silicon atom vacancy.53

In the silicalite-1 model with 1 defect, we selected a silicon
atom in the intersection between a straight and a zigzag channel
(1 silicon atom of T1 site), and removed it from the framework.
In this first model, only 1 out of 4 intersections was occupied
by a silanol nest. The model with 4 defects was similar in nature
to the first one, except that in this latter case all 4 intersections
contained a silanol defect located in the T1 site. In the last
model, 8 more defects were added, 4 of them in T5 sites (in
straight channels) and the remaining 4 in T6 sites (zigzag
channels). In each of the 1, 4, and 12 defect models, we have
tried to distribute the defects in the structure as evenly as
possible (see Figure 1). The shortest distance between two
defects is 13.3 Å in the first model, 9.9 Å in the second, and
5.0 Å in the third. In the real-life material, the silanol defects
are presumably randomly distributed. However, an irregular
defect distribution in the simulation box could lead to spurious
effects because of the use of periodic boundary conditions.
Introducing irregular “pseudo-random” distributions would
require one to perform averages over a large number of runs
with different distributions. We used instead a regular spacing
of the defects, and this can be thought of as an average
representation of the otherwise random defect distribution.

It must be specified here that we are not considering the high
defect content models as particularly realistic representations
of true silicalite-1 materials. We have shown in a previous article
that a model containing one defect per unit cell provided a good

10436 J. Phys. Chem. C, Vol. 112, No. 28, 2008 Cailliez et al.



qualitative description of the water condensation thermodynam-
ics.48 It is unclear, however, whether a real system might be
able to accommodate up to 12 silanol defects per unit cell, for
reasons such as mechanical instability, for instance. We will
actually show below in the results section that even commercial
samples of silicalite-1 presumably do not contain as many as
12 silanols per unit cells. Nevertheless, our aim here was to
use these increasingly defective systems as toy models for
examining the effect of increasingly heterogeneous inner
surfaces on the water condensation thermodynamics. This point
will be covered in more depth in the Results and Discussion
section.

In each model, when a silicon atom was removed, each of
the resulting four dangling oxygens around the T-site defect
were saturated by a hydrogen atom (see Figure 2). The O-H
bond length was set to 0.9572 Å, the same value as in the TIP4P
water molecule model. The Si-O-H angle was set to 109.5°.
Both values are close to those obtained in the computational
chemistry work of Sokol et al.53 A local optimization of the
defect structure was performed, using the forcefield described
in the next section, by allowing each H atom to rotate freely
around the Si-O bond, with the rest of the framework being
rigidly fixed. The minimum potential energy structures obtained
for the T1, T5, and T6 defect sites are depicted in Figure 2. As
can be seen, the three local structures have in common that either

two (T6) or three (T1 and T5) of the silanol groups are involved
in a dimer/trimer stabilized by hydrogen bonding effects. These
bonds are weak in the present model because of imperfect
O-H-O alignments, which presumably result from the applied
steric constraints. The other silanol groups are free of hydrogen
bonding with other framework atoms and point toward the
interior of the channels (intersection, straight, or zigzag channel).
These silanol nest geometric structures are in very good
qualitative agreement with the DFT calculations of Sokol et
al.,53 as well as those of the previously published semiclassical
simulations54 and ab initio cluster calculations.55

C. Forcefield. Molecular simulations were performed in the
classical limit (no bond breaking taking place, for instance). This
is justified by the fact that no structural or chemical changes seem
to occur in silicalite-1 upon water condensation, even after several
intrusion-extrusion cycles.48 The forcefield used here was de-
scribed in detail earlier.46,48,56 It has been used in previous water
adsorption studies in either cationic56 or all-silica frameworks.46,48

The TIP4P model57 was used for bulk water. Partial charges on
the framework oxygen and silicon atoms were fixed to -0.7 and
+1.4 au, respectively, according to our previous simulations of
the intrusion-extrusion phenomenon.46,48 In the case of the local
silanol nest defect, and in order to keep the MFI structure overall
neutral, we distributed the partial charge of the vacant silicon atom
to the four hydrogen atoms. The resulting partial charge on each

Figure 1. Schematic view of eight unit cells of the silicalite-1 structure along the crystallographic (xz) direction. The available porous volume for
adsorption is depicted by the gray dots, which correspond to a superposition of GCMC snapshots of the centers of mass of water molecules
recorded in a long equilibrium run at high loading. (a) Model with 1 silanol nest defect per unit cell (blue dots) located in a T1 site. (b) Model with
4 defects per unit cell, each being located in a T1 site. (c) Model with 12 defects per unit cell located in T1 (blue), T5 (green), and T6 (red) sites,
respectively. The choice was made to distribute the defects in the structure as evenly as possible.

Figure 2. Silanol nest defect models obtained from the local optimization procedure (see text). The H atoms are in gray and the numbers refer to
the hydrogen bond lengths (in Å). (a) T1 site in the intersection; (b) T5 site in a straight channel (SC); (c) T6 site in a zigzag channel (ZC).
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hydrogen atom was then +0.35 au This corresponds to the so-
called “weak defect”. We have also tested the effect of a more
strongly attractive defect, by increasing the partial charge on the
hydrogen atom to +0.65 au and lowering the oxygen partial charge
to -1.0 au. The silicon and oxygen atoms that were not involved
in the silanol nest kept the partial charges of 1.4 and -0.7 au,
respectively. All the potential parameters used in this work are
identical to those reported in ref.48 Finally, Ewald sums were used
to calculate the Coulombic terms of the interaction potential energy.

The introduction of 1 and 4 weak defects is such that the water
monomer-zeolite interaction energy is lowered to -20 kJ mol-1

molec-1, and in the 12 defect case to -30 kJ mol-1 molec-1 (see
Figure 4). These values are still higher than the bulk water potential
energy of the TIP4P water model (-42 kJ mol-1 molec-1).

Conversely, the introduction of 1 and 4 strong defects is such that
the water-zeolite potential energy is lowered to -72 kJ mol-1

molec-1, and -85 kJ mol-1 molec-1 in the 12 defect system (see
Figure 7). These values are now lower than the bulk water energy.
The difference observed in the energy values for the 12 defect cases,
as compared to the 1 and 4 cases, is mainly due to the proximity
of the defects (5 Å), which causes a single water molecule to
interact with more than 1 defect at a time. This effect is negligible
in the 1 and 4 defect cases.

C. Simulation Methods and Thermodynamic Analysis.
Adsorption isotherms were computed using bias grand canonical
Monte Carlo (GCMC) simulations58–60 to compute the average
number of adsorbed water molecules for several values of the
chemical potential of the (fictitious) vapor reservoir at 300 K.

Figure 3. (a) Water adsorption isotherms (average number of adsorbed water molecules as a function of the chemical potential), computed using
GCMC simulations at 300 K, in the case of “weak” defects: black squares, no defects; red dots, 1 defect per unit cell; blue diamonds, 4 defects;
green triangles, 12 defects. The full black line represents the experimental intrusion isotherm.48 The vertical dotted line indicates the chemical
potential value corresponding to the saturation vapor pressure of TIP4P water model at 300 K. (b) Corresponding grand potential Ω computed
using the Peterson and Gubbins method.61 Symbols as in Figure 3a.
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In the gas-phase adsorption simulations, the water chemical
potential was related to the vapor pressure by using the ideal
gas law. Liquid-phase adsorption data were obtained using the
µ(P) relation, in a way previously described.46 Other details such
as the statistical bias moves, used to accelerate the convergence
of the Monte Carlo runs, were also described in previous
articles.46,56 Each GCMC run lasted for some 10 million steps
in order to equilibrate the system, followed by at least 40 million
steps for the data acquisition.

Various thermodynamic quantities were extracted from the
GCMC simulation results. The grand potential Ω is the
thermodynamic potential in the grand canonical ensemble

Ω)-PV)E- TS- µN (1)
where P is the pressure, V the volume, E the total internal
energy, T the temperature, S the entropy, µ the chemical
potential, and N the number of water molecules. Peterson and
Gubbins61 proposed a method to derive Ω from the adsorption
isotherm, whenever it is reversible, which is the case in our
simulations. This method is based on the Gibbs adsorption
isotherm formula

(∂Ω
∂µ )V,T

)-N (2)

Relative values of Ω can thus be obtained by integrating the
isotherms using eq 2.61 To get absolute values for Ω, we used
the ideal gas law for small values of µ so that we set for the
first point of each isotherm

Ω)Ωid )-NkBT (3)

Entropy S is a very interesting thermodynamic quantity that
provides a measure of the number of states accessible to the
system, but it is often difficult to calculate. It can be derived
from the knowledge of the grand potential, by the formula

S) E-Ω- µN
T

(4)

In practice, we have computed the molecular entropy s )
S/N of water molecules, using

s) u- (Ω ⁄ N)-µG

T
+C (5)

where u is the molecular configurational energy, µG is the
chemical potential value used in the GCMC code (which is
relative to a reference state corresponding to an ideal gas with
a density of 1 molec Å-3), and C is an additive constant. The
value of C has been chosen so that s corresponds to the value
of an ideal gas for small values of µ, i.e.

sid)kB ln(Ve5⁄2

Λ3N)+ kB ln(√πe5⁄2

σ � T3

θAθBθC
) (6)

Equation 5 only includes translational and rotational contribu-
tions, since water bond lengths are fixed. Λ is the de Broglie
wavelength, σ the symmetry number (equals 2 for water
molecule), and θA, θB, and θC are the rotational characteristic
temperatures equal to 40.1, 20.9, and 13.4 K, respectively.62 In
the ideal gas approximation, u ) 0, Ω/N ) -kBT, and µG )
kBT ln(P/T). Replacing these values in eq 4, we obtain C as
follows:

C) 3
2

kB + kB ln( kB

Λ3)+ kB[3
2
+ 3

2
ln T+ ln(1

σ� π
θAθBθC

)]
(7)

III. Results and Discussion

A. Water Adsorption with Weakly Attractive Surface
Defects. We report in Figure 3 the computed adsorption
isotherms as well as the corresponding grand potential values
for the models with 0, 1, 4, and 12 weak defects, respectively.
We have chosen to present the average adsorption quantities
per unit cell, 〈N〉 , as a function of the equilibrium chemical
potential µ, instead of pressure. This enables us to draw the
gas-phaseaswellas liquid-phaseadsorptiondataonthesamegraph.
Because of the peculiar form of the fluid µ(P) curve (see Figure
2 in ref 46), the relevant pressure scale for gas-phase adsorption

Figure 4. Molecular potential energy of water as a function of the number of adsorbed molecules in the cases of 1 (red dots), 4 (blue diamonds),
and 12 (green triangles) ”weak” defects in the zeolite framework. The total configurational energy (thick line and filled symbols) is split into two
contributions: the water-zeolite (W-Z) interaction energy (thin line and open symbols) and the water-water (W-W) interaction energy (dotted
line and dotted symbols). The thick horizontal dashed line represents the average configurational energy of liquid TIP4P water molecules at 298 K
and 1 atm.76
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is 0 to 3500 Pa, while it is 1 to 200 MPa for the liquid-phase
adsorption. We overcome this problem by using a chemical
potential scale, which is equivalent to a logarithmic scale in P.
It should be stressed, however, that the µ(P) relation for TIP4P
fluid water (i.e., gas as well as liquid) was computed in an earlier
study,48 so that the pressure at which condensation takes place
can always be determined. Values of condensation pressures
will be given below, whenever we believe it is useful for a better
understanding of the overall hydration process.

All isotherms are of “type-V”, according to the IUPAC
classification.63,64 No adsorption is taking place at low chemical
potential (pressure), on account of the fact that the bulk
water-water interaction is stronger than the water-zeolite
interaction. A sudden water uptake is observed at a relative
chemical potential value which is either above or below the
saturation conditions (µ ) µ0, or equivalently P/P0 ) 1),
depending on the defect content. For the systems with 1 and 4
defects, water condensation occurs above saturation, as in the
case of the defect-free model. The experimental intrusion
isotherm is also shown in Figure 3a. The reader is referred to
ref48 for a detailed discussion of the comparison between
experimental and simulation results. For the system with 12
defects, water condensation takes place below saturation condi-
tions, and this corresponds to a capillary condensation phenom-
enon. As evidenced in Figure 3b, the water condensation
corresponds, in each case, to a marked change in the slope of
the grand potential Ω, i.e., to a first-order phase transition. As
the framework system becomes more defective, a gradual shift
of the condensation transition is observed, from a high-pressure
forced intrusion (capillary evaporation) for the less defective
systems, to a capillary condensation phenomenon for the most
defective system. The location of the first-order phase transition
is possible in all cases, despite a little bit of rounding that
accompanies the transition shift. The framework system remains
apparently hydrophobic, regardless of its defect content, as
evidenced by the type-V isotherm observed in all cases.

We note in passing that we are extending here the notion of
type-V isotherm to situations in which condensation takes place
above the saturation conditions (µ > µ0, or equivalently P >

P0). In the standard adsorption textbook by Rouquerol and co-
workers,64 the type-V definition is restricted to condensation in
the vapor phase. Since it is now fully recognized that the
thermodynamic status of capillary condensation and forced
intrusion (capillary evaporation) is the same,47 we find it useful
to generalize the type-V definition to every isotherm that exhibits
the typical S-shaped curve, irrespective of the pressure at which
condensation takes place.

The striking similarity between the hydration behaviors of
the different systems regardless of the defect content (shape of
the isotherms and of the grand potential curves) is worth being
examined in more detail. It clearly contrasts with the earlier
findings of Brennan and co-workers who studied model activated
carbon systems with variable amounts of oxygenated surface
groups.29 It is also very different from what we will describe in
the next section for the strong defect case. In Figure 4, we show
the molecular interaction potential energy as a function of the
water loading. In all three cases (1, 4, and 12 defects), the
water-zeolite and water-water components, as well as the total
potential energy, exhibit a large variation in the early stage of
water loading (from 0 to ∼5 molecules). This corresponds to
the “precondensation” phenomenon during which a few water
molecules condense into small clusters, as in the case of the
defect-free system.45,46 This is accompanied by a strong decrease
of the water-water energy (from zero to ∼-20 kJ mol-1

molec-1). The attractive nature of the defects helps lower the
total potential energy down to ∼-40 kJ mol-1 molec-1, which
corresponds to the bulk liquid water-water energy. The second
stage of the process (from ∼5 to 40 water molecules per unit
cell) corresponds to the true condensation transition (see Fig-
ure 4).

The water-water interaction is dominant in this condensation
mechanism. The framework is overall hydrophobic and the
defects are here to make it progressively more attractive, as their
concentration increases (see the water-zeolite component of
the energy in Figure 4). The condensation process takes place
through homogeneous nucleation of water molecules, followed
by a collapse of water clusters into the bulk liquid phase, despite
the existence of defects. As can be seen in Figure 5, the

Figure 5. Molecular entropy of the confined fluid as a function of the number of adsorbed water molecules: red circles, 1 ”weak” defect; blue
diamonds, 4 ”weak” defects; green triangles, 12 ”weak” defects; orange circles, 1 ”strong” defect; purple diamonds, 4 ”strong” defects; light green
triangles, 12 ”strong” defects.
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molecular entropy drops steeply during the precondensation
stage, due to the formation of water clusters (of size e5
molecules), and then much more progressively during the true
condensation transition. Nevertheless, the entropy change is
continuous throughout the condensation process, in clear contrast
with the heterogeneous nucleation process observed in the strong
defect case (1 and 4 defects), which leads to the existence of a
minimum in the molecular entropy curve (see further explana-
tions in the next section). MC snapshots are also provided in a
Supporting Information section to show the homogeneous nature
of water condensation in the case of 1 weak defect. Stable
adsorbed water clusters do not exist in the weak defect case,
except perhaps in the limiting case of the 12 defects model, for
which a weak water adsorption is seen in the isotherm at low
chemical potential (Figure 3a).

In summary, the water hydration process in the presence of
weak surface defects is basically a homogeneous nucleation
process, just like in the case of the defect-free system.46,47 The
effect of the weak defects is simply to make the framework
overall more attractive, and this leads to the progressive shift
of the condensation transition, as seen in Figure 4. The
framework remains however “hydrophobic” overall. This is in
keeping with the findings of Debenedetti and co-workers27 on
the influence of heterogeneity on surface hydrophobicity at
nanoscopic length scales.

B. Water Adsorption with Strongly Attractive Surface
Defects. We report in Figure 6 the computed adsorption
isotherms as well as the corresponding grand potential values
for the models with 0, 1, 4, and 12 “strong” defects, respectively.
The isotherms progressively transforms from type-V (no defect)

Figure 6. (a) Computed water adsorption isotherms at 300 K in the case of “strong” defects: black squares, no defects; yellow dots, 1 defect per
unit cell; purple diamonds, 4 defects; green triangles, 12 defects. The full black line represents the experimental intrusion isotherm.48 The vertical
dotted line indicates the chemical potential value corresponding to the saturation vapor pressure of TIP4P water model at 300 K. (b) Corresponding
grand potential Ω computed using the Peterson and Gubbins method.61 Symbols as in (a).
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to type-IV (1 and 4 defects), then to an isotherm of nearly type-I
shape (12 defects).63,64 A water uptake is observed at low
pressure in the 1, 4, and 12 defect systems. The condensation
transition is rather sharp in the 1 defect system, but this is not
true for the 4 and 12 defect cases. It is clear from the computed
grand potential curves (Figure 6b) that the first-order vapor-liquid
transition fades away as the defect content increases.

The hydration behavior in the “strong defect” case is
obviously in marked contrast to the “weak defect” case described
in the preceding section. In Figure 7, we show the molecular
interaction potential energy as a function of the water loading.
It is clear that in this case the water-zeolite component becomes
dominant in the condensation process, because it is now larger
than the bulk water-water interaction. The early stage of water
loading in the case of the 1 and 4 defect systems corresponds
to a heterogeneous nucleation of, respectively, 1 and 4 water
molecules adsorbed on the attractive defects (i.e., one molecule
adsorbed per defect). This is accompanied by very low values
of the adsorbed water entropies (Figure 5), and to a sharp
entropy decrease leading to a minimum observed at a loading
of 1 and 4 water molecules, for the 1 and 4 defect systems,
respectively. This is obviously due to the strong orientational
effect of the surface defect on the adsorbed water molecule.
The 12 defect system behaves somewhat differently and will
be discussed later on in this section.

The initial adsorption of one water molecule per strong defect
takes place at very low pressure (Figure 6a and 8). In a second
stage, a buildup of small water clusters around each defect site
is observed as pressure increases. The cluster size reaches
approximately 3 to 4 molecules per defect site near saturation
conditions, i.e., ∼3000 Pa (see Figure 8). At this stage, the full
condensation transition has still not taken place. During this
second stage, the water molecular entropy increases, as seen in
Figure 5, and reaches more or less the values observed
previously in the weak defect case. Finally, when approaching
very near the condensation transition, each small cluster acts
as a seed for the formation of larger clusters, which eventually

collapse to form the bulk liquid phase. It is interesting to note
that a water uptake is observed in these two cases at very low
pressure, but the bulk liquid does not form from the gas phase
below the saturation vapor pressure (in the 4 defects case), or
even at a much higher pressure of 110 MPa (1 defect case).
MC snapshots are also provided in a Supporting Information
section to show the heterogeneous nature of water condensation
in the case of 1 and 4 strong defects.

The picture that emerges from this water hydration process
is the existence of a heterogeneous internal surface that retains
some “hydrophobic” character, despite the existence of attractive
“patches”. Each of these patches is made of small water clusters
adsorbed on strong silanol nest defects. This heterogeneous
surface configuration is thermodynamically stable in a wide
range of reduced pressures. When approaching very near the
condensation pressure, each attractive patch acts as a local seed
(or secondary adsorption sites) for the second stage of water
condensation. This explains the type-IV nature of the observed
isotherms, namely, a combination of type-I (strong adsorption
of a limited amount of water at very low pressure) and type-V
(a plateau in the intermediate pressure range, followed by a
rather sudden filling of the nanoporous volume). The molecular
entropy curves of Figure 5 for the 1 and 4 strong defect cases
provide a rather clear picture of this three-stage process: strong
adsorption of one molecule per defect, followed by the increase
of the adsorbed cluster size (plateau in the adsorption isotherm)
and then finally by the full condensation transition.

In the 12 defect system, the isotherm shape is very close to
type-I (see Figure 8), which is a signature of a purely hydrophilic
nanoporous material (aluminosilicate zeolite, for instance).59,63,64

This means that the defects are now sufficiently close to each
other for the water molecules to “feel” an overall “hydrophilic”
framework. We have now reached the limiting case of homo-
geneous hydration process, dominated this time by the
zeolite-water interaction. This explains the continuous nature
of the molecular entropy curve (Figure 5), and also the very

Figure 7. Molecular potential energy of water as a function of the number of adsorbed molecules in the cases of 1 (orange circles), 4 (purple
diamonds), and 12 (light green triangles) ”strong” defects in the zeolite structure. The total configurational energy (thick line and filled symbols)
is splitted into two contributions, as in Figure 4: the water-zeolite interaction energy (thin line and open symbols) and the water-water interaction
energy (dotted line and dotted symbols). The thick horizontal dashed line represents the average configurational energy of liquid TIP4P water
molecules at 298 K and 1 atm.76
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low entropy value corresponding to a strongly adsorbed fluid
rather than a bulk liquid.

C. Experimental Counterparts of the Weak and Strong
Defects Behaviors. In this section, we examine how relevant
the presently defined “weak” and “strong” defects models are,
with respect to experimental facts. We begin with the case of
silicalite-1 zeolite, which has been discussed in some detail in
an earlier publication.48 It was shown that a defect-free model
reproduced quite well the adsorption thermodynamics of a
silicalite-1 sample synthesized through the so-called fluoride
route. A model containing one weak defect qualitatively
reproduced the adsorption thermodynamics of a sample syn-
thesized through the hydroxide route, which contained a small
amount of silanol defects. Finally, a sample with one strong
defect was shown to reproduce the features of a commercial
sample of silicalite-1, in which strongly hydrophilic defects such
as ≡SisO-sNa+s(H2O)n groups were experimentally ob-
served. In view of the fact that there have been so many reports
of a noticeable amount of water uptake in the gas phase in
silicalite-1,38–42,65,66 it seems reasonable to conclude that the
“strong defect” is the more appropriate model in this case (type-
IV isotherm). The amount of water adsorbed in the gas phase
cannot be accounted for by external grain surface silanol groups
only.65

Olson and co-workers65 have studied the water adsorption in
protonated ZSM-5 samples, with various Si/Al ratios. In these
systems, the main internal surface defect is an acidic proton,
and is thus expected to be more strongly attractive than a silanol
nest. The experimental data for Si/Al ) 103 (corresponding to
0.9 “defects” per unit cell) are reported in Figure 8, together
with the presently computed gas-phase adsorption data for the
1, 4, and 12 strong defect models. The amount of water adsorbed
in the protonated ZSM-5 sample is close to the simulation results
for 4 strong defects. This is in keeping with the fact that Olson
and co-workers observed that each proton was solvated with 4
water molecules at very low loading,65 instead of one in our
simulations. We conclude that the hydration behavior in
silicalite-1 is reproduced well by a “strong defect” type of model.

To the best of our knowledge, all the gas-phase adsorption
experiments reported a water uptake of e10 molecules/uc in
the gas phase, under saturation conditions,38–42,65,66 and the

condensation transition was always reported to take place in
the liquid phase, at a pressure above the saturation vapor
pressure.38,43–45,48,67 From this, and in view of the present
simulation results, we infer that the value of 4 silanol defects
per unit cell is an upper bound for the defect content in
commercial samples of silicalite-1.

Another interesting type of silica nanopores is provided by
the micelle-templated mesoporous silica materials, the most
popular among those being MCM-41.68 This amorphous material
features patches of adjacent silanol groups on the pore surface.69

An S-shaped water adsorption isotherm was reported by Floquet
et al.,70 the capillary condensation taking place at P/P0 ∼ 0.6.
These authors claimed that “water does not wet the MCM-41
inner surface”, but there is not enough data at low pressure, in
our opinion, to ascertain that the isotherm is really type-V
instead type-IV. At the same time, an NMR study of Grünberg
et al.71 reported the existence of water molecules strongly bound
to silanol surface groups. This was also observed in a recent
MD study of water confined in amorphous silica pores.72 Further
studies are needed in order to be able to decide whether the
weak or strong defects model is best capable of accounting for
water adsorption in this silica material.

Water adsorption in porous carbons has been thoroughly
investigated, owing to the practical importance of these materi-
als. This topic was reviewed a few years ago by Brennan et
al.29 In many cases, type-IV isotherms were observed, which
were interpreted as a combination of strong adsorption of a
limited amount of water on primary hydrophilic adsorption sites
at low pressure, followed by a plateau in the intermediate
pressure range and finally a sudden filling of the nanoporous
volume at a pressure below P0. More recently, Rutherford
confirmed the validity of the decomposition of a type-IV
isotherm into a combination of type-I and type-V isotherms.73

In recent years, microporous activated carbon fiber (ACF)
samples became available that display narrow pore size distribu-
tions together with low concentrations of surface polar groups
(obtained through controlled heat treatments).30–32 Kaneko and
co-workers30–32 observed type-V isotherms in these materials,
with a capillary condensation taking place at a reduced pressure
P/P0 ranging from 0.6 to 0.8. We tentatively suggest here that
the most strongly hydrophilic defects are removed by heat

Figure 8. Water adsorption isotherms at 300 K, below the saturated vapor pressure P0 (=3500 Pa): orange dots, 1 ”strong” defect; purple diamonds,
4 ”strong” defects; green light triangles, 12 ”strong” defects. The experimental isotherm of water adsorption in HZSM-5 for a Si/Al ratio of 103
is shown in black.65
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treatment, and that the material is then left with the weaker
surface defects. This could account for both the existence of a
type-V isotherm and the fact that capillary condensation is taking
place at different P/P0 values, depending on the heat treatment.30,31

Along these lines, a recent molecular simulation of hydration
of soot particles showed the clear difference in behavior between
weak OH and strong COOH surface groups.74

We also suggest that the “weak defect” model might be
appropriate for understanding some of the biomolecules proper-
ties described in the introduction. In the weak defect model, a
change in surface heterogeneity, with an increased hydrophi-
licity, can switch the pore from being completely dry to being
completely wet at saturating conditions. As seen in Figure 3a,
the model heterogeneous pore with 4 weak defects is dry at P0

and 300 K, and is filled with water under the same thermody-
namic conditions when it contains 12 defects. This is in contrast
to the “strong defect” model (see Figure 6a) in which the pore
would never be completely dry, even in a highly hydrophobic
material, on account of the water uptake that takes place below
P0. In the simulations of the melittin protein tetramer mentioned
in the introduction, Berne and co-workers28 observed a spon-
taneous drying of the internal cavity when performing virtual
mutations of 3 given nonpolar residues to slightly more polar
ones. This is equivalent to introducing “defects” on the protein
surface, and we presume that these residues could be modeled
as “weak defects”, according to the definition given above. This
assumption will be investigated in a future work. The same
authors have recently investigated the hydration behavior of a
certain number of protein complexes (dimers, tetramers, and
two-domain proteins).75 Interestingly enough, they observed in
some cases a transition from a wet state to an incomplete dry
state (water density of ∼0.2 kg dm-3). This was attributed to
water molecules remaining mostly at the edge or near the ends
of the channel. It would be interesting to investigate in more
detail the difference between the fully and partially dry cavities,
and to check whether or not this has something to do with the
existence of “weak” and “strong” defects. It is also clear from
this latter work that the hydration behavior of the protein
complexes is not only dependent on the individual polarity
(“hydrophobicity”) of the different residues, but very much also
on the distribution of areas (or patches) of hydrophobic residues
and on the way these hydrophobic areas match between two
corresponding surfaces. Along these lines, the hydration be-
havior of a heterogeneous zeolite pore in the presence of patches
of adjacent silanol groups remains to be investigated.

IV. Summary and Conclusions

In this work, we have investigated in some detail the way
the hydration thermodynamics behavior of hydrophobic sili-
calite-1 zeolite was modified by introducing an increasing
amount of attractive surface defects (from 1 to 12 silanol nests).
An internal surface defect can either be “weak” or “strong”,
depending on the balance between the defect-water and
water-water interactions. This simple distinction was somewhat
overlooked in previous studies of water adsorption in hydro-
phobic porous materials. We found that the hydration behavior
in the presence of weak or strong defects was markedly different.

In the case of “weak” defects, all computed adsorption
isotherms are “type-V”, according to the IUPAC classification.
A sudden water uptake is observed at a relative chemical
potential value that is either above or below the saturation
conditions (µ ) µ0, or equivalently P/P0 ) 1), depending on
the defect content. The water hydration process in the presence
of weak surface defects is basically a homogeneous nucleation

process, just like in the case of the defect-free system. The effect
of the weak defects is simply to make the framework overall
more attractive, and this leads to the progressive shift of the
condensation transition, while the framework remains overall
hydrophobic.

In the case of “strong” defects, the high pressure (P/P0 > 1)
water condensation, accompanied with a type-V isotherm,
progressively transforms into a low-pressure type-IV, then type-I
isotherm, as a function of the amount of defects. The early stage
of water loading corresponds to a heterogeneous nucleation of
water on the defects. In a second stage, a buildup of small
water clusters around each defect site is observed as pressure
increases. Finally, when approaching very near the condensa-
tion transition, each small cluster acts as a seed for the
formation of larger clusters, which eventually collapse to form
the bulk liquid phase. This explains the type-IV nature of
the observed isotherms, namely, a combination of type-I
(strong adsorption of a limited amount of water at very low
pressure) and type-V (a plateau in the intermediate pressure
range followed by a sudden filling of the nanoporous volume).
In the limiting case of the 12 defect system, the isotherm
shape is very close to type-I, which is a signature of a purely
hydrophilic nanoporous material.

This work provides some insights from adsorption thermo-
dynamics into the issue of hydration of nonpolar cavities. A
“hydrophobic” cavity in contact with bulk water at room
temperature can be found dry, not because it is “water repelling”
but simply because the balance between the framework-water
and water-water interaction energies is such that condensation
takes place above saturation conditions P > P0 (capillary
evaporation phenomenon). In terms of classical thermodynamics,
this means that water does not wet the internal solid surface
(contact angle >90°). This latter explanation would of course
only be valid for large enough pores.

Real inorganic pore surfaces, or buried protein surfaces,
are chemically and geometrically heterogeneous. Our simula-
tions show that a heterogeneous pore can be either fully
empty at saturation conditions in the case of “weak” defects,
or only partly in the case of “strong” defects. Both situations
have been observed in inorganic pores,29–34,48,72 as well as
in biomolecular complexes.5,28,75 The most important result,
in our view, is the observation that a small increase in
“hydrophilicity” of the porous framework (which can be
obtained by adding more attractive defects, or by mutations
on the protein surface from nonpolar to more polar residues38)
may turn the pore from being dry to being completely filled
with water at saturation conditions.

Future work will determine how relevant the distinction is
between weak and strong defects in order to fully understand
thedifferenthydrationbehaviorsobservedinnonpolarnanocavities.
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