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ABSTRACT: The motivation of this study is to elucidate how the condensation and
desorption pressures in water sorption isotherms depend on the contact angle. This
question is investigated for cylindrical pores of 2.8 nm diameter by means of molecular
dynamics simulations in the grand canonical ensemble, in combination with the mW coarse-
grained model for water. The contact angle is characterized for different sets of water−
surface interactions. First, we show that desorption in open-ended pores with moderate or
low water affinity, with contact angles greater or equal than 24°, is a nonactivated process in
which pressure is accurately described by the Kelvin equation. Then, we explore the
influence of hydrophobicity on the capillary condensation and on the width of the hysteresis
loop. We find that a small increase in the contact angle may have a significant impact on the
surface density and consequently on the nucleation free energy barrier. This produces a
separation of the adsorption and desorption branches, exacerbating the emerging hysteresis.
These results suggest that the contact angle is not as relevant as the adsorption energy in
determining condensation pressure and hysteresis. Finally, we consider nonequilibrium
desorption in pores with no open ends and describe how homogeneous and heterogeneous cavitation mechanisms depend on
hydrophilicity.

■ INTRODUCTION

The thermodynamics of confined fluids in the context of
adsorption in porous materials has been the subject of
continued research for more than seven decades. The
development of the modern theoretical framework to under-
stand the phenomena of adsorption, capillary condensation,
and hysteresis in confined spaces may be tracked to the 1940s,
with the contributions of many authors including Cohan,
Emmett, Katz, Everett, Derjaguin, and Prigogine, among
others.1−7 The fluid uptake by a porous matrix is characterized
by the adsorption−desorption isotherm, which measures the
amount of substance adsorbed in the material as a function of
the relative vapor pressure. These isotherms typically exhibit a
surface adsorption plateau at low pressures, followed by the
capillary condensation branchwhere the content of adsorbed
fluid jumps abruptlyand a final high pressure plateau
corresponding to the material mostly filled with a condensed
phase.8,9 In pores above a certain size, typically 2 nm diameter,
adsorption−desorption hysteresis is observed.10 For a given
adsorbate, there is a critical temperature (the so-called capillary
critical temperature) which depends on the pore size and on
the specific adsorbate−surface interactions, above which
capillary condensation is suppressed and replaced by
continuous or reversible pore filling.8,11 Capillary condensation
may require surmounting a free energy barrier to nucleate the
liquid from the low density, surface adsorbed phase, and
therefore it arises at a pressure lying somewhere between the

equilibrium point and the vapor spinodal. Desorption, on the
other hand, is believed to proceed in equilibrium in straight,
open-ended pores, but below the equilibrium transition
pressure in more complex geometries, as in the case of pores
with blocked-ends or inhomogeneous diameter, where
evaporation may be hindered by different mechanisms (e.g.,
pore blocking or cavitation).9 For a given substance, the
detailed shape of the curves depends on temperature,
hydrophilicity of the walls, pore size and connectivity, and
therefore an appropriate interpretation of sorption isotherms
may provide insights into all those properties.
In the case of water, the earliest measurements of sorption in

uniform mesoporous materials were focused on MCM-41 silica
matrices, revealing an adsorption pattern characteristic of type
V isotherms, with a pronounced capillary condensation step
accompanied by sorption−desorption hysteresis.12,13 A similar
behavior was reported for water in FSM-16 silica nanopores,10

where the gap between adsorption and desorption pressures is
observed to decrease with pore size and to disappear altogether
for a diameter situated between 1.4 and 2.0 nmwhich is
larger than the critical size found for gases like nitrogen, argon,
or oxygen in the proximity of their corresponding normal
boiling temperatures.14,15 In both porous materials, a significant
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shift to lower condensation pressures was informed for the
second sorption run and attributed to an enhancement in
hydrophilicity due to hydroxylation following the first
adsorption cycle.10,16,17 Grünberg and co-workers proposed
two possible filling mechanisms for water at 298 K based on
NMR analysis of mesoporous silica pores with a different
radius.18 According to their results, in the narrower pores (3.3
nm diameter MCM-41) capillary condensation is preceded by
monolayer coverage, whereas in the wider pores (8 nm
diameter SBA-15) a radial thickening involving several layers
takes place before capillary condensation occurs. A lot of effort
has also been directed to understanding water in highly
hydrophobic environments. Studies in porous carbons or in
nanotubes of pore size in the range of a few nanometers have
shown that H2O penetrates and is retained by the hydrophobic
matrix.19−21 While the adsorbed amount is negligible at low
pressures, further filling gives rise to capillary condensation at a
water relative pressure usually between 0.5 and 1, depending on
pore size and on the presence of active sites.
Computer simulations have played a central role in the

elucidation of the filling mechanisms and phase transitions
taking place during the adsorption/desorption process. A
considerable amount of work has been carried out with
Lennard−Jones models representing simple fluids like Ar or N2
in cylindrical and slit pores.22−26 For these systems, the
adsorption and desorption pressures, the degree of hysteresis,
the density profiles, and other properties related to the gas−
liquid transition have been characterized as a function of
temperature and pore size, on the basis of density functional
theory27 and molecular simulations.28 Recent work has
addressed the role of pore roughness29 and shape.30 While a
large fraction of the computational research on the phase
behavior in confinement has focused on simple adsorbents,
several other more complex kinds of fluids have also been
widely investigated. Hydrocarbons and carbon dioxide
adsorption has been extensively studied in zeolites and in
other materials relevant for energy applications.31−33 Water, on
the other hand, has been examined in silica and in hydrophobic
environments by several authors. Brovchenko and collabo-
rators34 applied Monte Carlo simulations in the Gibbs
ensemble for TIP4P water confined in featureless cylindrical
and slit pores of sizes comprised between 1.2 and 2.4 nm. Many
different conditions were examined from 200 to 600 K, finding
liquid−vapor coexistence on a large temperature range,
depending on the hydrophilicity and pore size. They observed
bulk-like liquid−vapor phase transitions in hydrophobic pores,
identifying three additional types of phase coexistence in more
hydrophilic systems, which were classified as first layering
transition, second layering transition, and prewetting. Liquid
coexistence with an adsorbed bilayer was typically seen for the
most hydrophilic pores.34 In a later investigation based on
Monte Carlo and molecular dynamics simulations,35 Shirono
and Daiguji explored the phase behavior of SPC/E water in
silica pores in the range of 1−3 nm of diameter. Three different
phases were characterized, consisting of, respectively, a sub-
monolayer coverage with water molecules exclusively solvating
the silanol groups, a condensed monolayer, and a completely
water-filled pore. Siboulet and co-workers investigated the role
of amorphousness in the hydrophilic to hydrophobic transition,
for which they built amorphous silica pore models combining
Monte Carlo with a simulated annealing technique.36 They
concluded that the amorphicity of the surface is not a
determinant factor, suggesting that hydrophilicity is mostly

related to charged or uncharged defects on the interface. The
increase in hydrophilicity produced a significant shift of the
adsorption pressure toward higher values. Such a shift induced
by the modulation of the fluid−wall interaction has been
proven by Schreiber, Bock, and coauthors, combining experi-
ment and simulations for a polar adsorbent, CHF3.

37 In recent
work based on NVT molecular dynamics of mW water38 in
moderately hydrophilic pores with adsorption energies
comparable to those found in MCM-41 and FSM-16 silica,
we have shown that 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.39 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. Our simulations
revealed two filling mechanisms for pores in the range 3.0−
4.0 nm, depending on the water−surface affinity: (i) a localized
growth of a water droplet for surfaces of moderate hydro-
phobicity, and (ii) an homogeneous filling leading to water
densities above equilibrium for hydrophilic nanopores.40 These
mechanisms were also verified in later molecular dynamics
simulations of SPC/E water in TiO2 pores.41 Computational
studies of water in hydrophobic graphitic pores of various
shapes, with bare surfaces or decorated with active groups, have
been conducted by a number of researchers employing grand
canonical Monte Carlo techniques.42−47

In spite of all this work to elucidate different aspects of water
adsorption in nanopores, there are still central questions which
remain mostly unexplored. One such question is what is the
systematic role of hydrophilicity on the capillary condensation
and the adsorption hysteresis in water isotherms. In the present
study, we combine grand canonical molecular dynamics
simulations with the mW model for water to obtain
equilibrium, nonequilibrium, and dynamical information on
the liquid−vapor transitions in realistic models of cylindrical
pores. First, we characterize the equilibrium transition point
given by the desorption pressureas a function of the contact
angle. In particular, we find that the Kelvin equation is
rigorously verified for contact angles greater or equal than 20°.
Second, we explore the influence of hydrophobicity on the
capillary condensation and on the width of the hysteresis loop.
We show that an increase in the contact angle has a greater
impact on the adsorption than on the desorption pressure, thus
enhancing the resulting hysteresis. Moreover, we argue that the
contact angle is less relevant than the adsorption energy in
determining the condensation pressure. Even if both contact
angle and adsorption energy are directly related to the free
energy of the fluid-surface interaction, the relation between the
two is by no means direct, nor is it straightforward to establish
accurately from fundamental considerations. The adsorption
energy as defined in this work is the interaction of water
molecules with the cylindrical pore at zero coverage, whereas
the contact angle, according to Young’s equation, depends on
three interfacial tensions, of which the fluid−solid contribution
is also determined by the interaction of the fluid with itself.
Lastly, we investigate nonequilibrium desorption and describe
how homogeneous and heterogeneous cavitation mechanisms
depend on hydrophilicity.

■ METHODOLOGY
Grand Canonical Molecular Dynamics Simulations.

The grand canonical molecular dynamics approach (GCMD)
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allows for particle exchange with a reservoir, to provide a
temporal description of a molecular system at a controlled
chemical potential μ. The algorithm reproduces a grand-
canonical ensemble where particles can be deleted or created in
the simulation box.48,49 The equations of motion for water were
integrated using the velocity Verlet algorithm with a time step
of 5 fs, applying the Nose−́Hoover thermostat with a relaxation
time of 0.5 ps. Along the grand canonical dynamics, a number
of attempts of particle insertion and deletion is realized at every
time-step: this number is the so-called GC/MD ratio. It is
desirable to keep this parameter as low as possible to minimize
computer time, but in turn it must be high enough to ensure
that the target chemical potential is reached during the
simulation.49,50 GC/MD ratios in the range 20−100 have
been typically used in previous studies.49−51 In our simulations,
a GC/MD ratio of 20 was adopted, which is common in the
literature and gives converged results for the systems examined
here. GCMD simulations were performed using a properly
modified version of the LAMMPS program.52

Water Force Field. The interaction between water
molecules was represented with the mW coarse-grained
model, in which each H2O molecule is treated as a single
particle interacting through anisotropic short-ranged potentials
that encourage tetrahedrally coordinated structures.38 The mW
model uses the short-ranged interaction form of the Stillinger−
Weber potential, consisting of a sum of two-body attraction
terms, which favor high coordination, and three-body repulsion
terms, which reinforce tetrahedral “hydrogen-bonded” config-
urations:
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where rij is the distance between particles i and j, θijk is the angle
defined by particles i, j, and k, A = 7.049556277, B =
0.6022245584, γ = 1.2, a = 1.8, and θ0 = 109.47°. The value of
the parameter λ = 23.15 dictates the strength of the tetrahedral
interactions, while σ = 2.3925 Å and ε = 6.189 kcal/mol
modulate the characteristic length and strength of water−water
interactions, respectively. It is worth mentioning that although
the mW model does not include electrostatic terms or explicit
hydrogen atoms, it is able to accurately reproduce the phase
behavior for the solid−liquid equilibria in bulk, and in
confinement, it has been successfully employed to describe
the anomalies and structure of solid and liquid water, and it
gives a qualitatively correct description of the liquid−vapor
coexistence in terms of relative pressure.39,40,53−56 The
computational cost of mW simulations is on the order of 1%
compared with atomistic simulations.38 The speedup arises
from the smaller number of particles, the longer timesteps (10
versus 1.5 fs), and shorter range of interactions (cutoff at 4.32 Å
versus Ewald sums).
Model of the Pore. The pore is formed by mW particles,

with a structure derived from an instantaneous configuration of
liquid water simulated at 298 K and 1 atm in periodic boundary
conditions.39,40 A channel of 28 Å diameter was built removing

a cylindrical block of water molecules, to produce nanopores of
length 77 Å with amorphous walls (see the Supporting
Information for a detailed definition of the pore diameter).
The walls are always wider than 1 nm, well beyond the 4.32 Å
cutoff of the mW force field. The interactions between the
water molecules and the particles of the pore are described by
the potential of eq 1, but adopting different values for ε, λ and
A, to modulate the interactions with the water molecules
contained in it (see section 2.4). In addition, the molecules of
the wall interact with their first neighbors through soft
harmonic potentials, as implemented in previous studies.39,40

This protocol preserves the overall structure of the pore matrix
while allowing for vibrations around the corresponding
equilibrium positions. The systems considered in this work
contained from 2500 particles (empty pores) up to 4000
particles (filled pores). We refer the reader to the Supporting
Information for a discussion on the suitability of these model
systems to represent silica pores.

Contact Angle. The hydrophobicity of the pore can be
tuned in our model through the variation of the parameters ε
and λ, which determine the magnitude of the water−wall
interaction in the two body term, and the stability of tetrahedral
“hydrogen-bonded configurations”. To some extent, our
procedure is similar in concept to that adopted by Debenedetti
and co-workers to obtain different hydrophilicities: by rescaling
the charges, they change the ability of the surface to hydrogen
bond with water and diminish the overall interaction with
water.57,58 We have characterized the hydrophobicity of the
surface in terms of the contact angle, θ, which we have
estimated from simulations of droplets on flat surfaces
employing the procedure proposed in ref 57. More specifically,
NVT molecular dynamics runs of an aggregate of 1192 water
molecules were carried out for 10 ns on a planar surface of area
9 × 9 nm2, with the same amorphous structure as the pore
walls.54 The value of θ was straightforwardly computed from
the radial density profile of the water droplet, taking the angle
subtended between the profile boundary of the droplet with
respect to the solid−liquid interface.

Sorption Isotherms. Adsorption and desorption isotherms
were computed in the grand canonical ensemble at 298 K. The
usual procedure was followed, in which the adsorption
(desorption) branch is built from a series of simulations at
various fixed chemical potentials, taking a snapshot from a
thermalized run as the starting configuration for the calculation
of the next point in the curve, corresponding to a slightly higher
(lower) value of μ. Simulations times were between 10 and 25
ns for a single condition (a data-point in the isotherm), in order
to obtain a converged density average at the given chemical
potential. Pressure and chemical potential were related by
assuming the vapor to be an ideal gas.48 Isotherms are reported
in terms of the relative pressure P/P0, where P0 is the vapor
pressure of the bulk liquid phase of the water model at 298 K.
The procedure to compute P0 is described in detail in refs 55
and 56. Given the absence of rotational degress of freedom in
mW, the vapor pressure of the model turns out to be 0.5 mbar,
much lower than the experimental value, of 31.6 mbar.55 The
monatomic nature of the mW particles entails a loss of
rotational entropy that is more significant in the gas phase than
in the liquid, where rotations of atomistic water are impaired.
As a consequence, in the coarse-grained water there is a
reduction of the free energy gap between the condensed and
gas phases, that becomes manifest in a vapor pressure
downshift. We have shown elsewhere55 that this difference
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between the experimental value Pexp and the saturation pressure
of the model, PmW, arises from the difference between excess
chemical potentials, μxs:

μ μ= −
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ln exp

mW
xs
exp

xs
mW

(2)

However, this shift does not affect the accuracy of the mW
model to describe the liquid−vapor equilibrium in terms of
relative pressure.55,56 The coexistence curve is in excellent
agreement with experiments, whereas the evaporation relative
pressures of water aggregates are the same as resulting from the
atomistic SPC/E force-field.55

■ RESULTS AND DISCUSSION
Modulation of the Contact Angle through the Water-

Surface Potential. We studied pores of 2.8 nm diameter with
two different kind of surfaces, respectively, with and without the
ability to establish hydrogen bonds with the water molecules.
Each of these groups encompasses different ranges of contact
angles, from 0 to 19° in the former group, and from 24.4° to
82.9° in the second. As stated above, the parameters ε and λ
determine the magnitude of the two- and three-body terms in
eq 1. Table 1 shows the contact angle arising from different
combinations of ε, λ, and A, while the corresponding droplet
profiles are plotted in Figure 1 (the modification of the
parameters affect only the interactions between the water
molecules and the particles of the pore wall, leaving intact the
interaction between water molecules). It can be noticed that

outside the very hydrophilic regime, for θ > 24°, λ is set to zero,
and there are no hydrogen bonds between water and the pore.
Since the parameter λ encourages hydrogen bonds via a
repulsive interaction, ε adopts higher values when λ is not zero,
to compensate for the destabilizing effect of the three-body
term. Additionally, a pore with hydrogen-bonding ability and θ
= 19° can be obtained by modifying the value of the A
parameter. The adsorption energies (Eads) listed in Table 1
were calculated with two different schemes: (i) from the
canonical partition functions obtained via Monte Carlo
sampling, and (ii) from the average energy of a molecular
dynamics simulation of a single water molecule inside the pore.
Both approaches lead to almost identical results. It is intersting
to note that, with the present combination of parameters, a
substantial decrease in adsorption energyfrom nearly 12 to 4
kcal/molmay be associated with a small change in contact
anglefrom 19° to 24.4°. Furthermore, it can be seen that
there is no monotonic correspondence between contact angle
and adsorption energy: the value of Eads is higher for the pore
with θ = 19° than for θ = 9.3°. The parameter ε affects both the
two and the three-body terms in the potential, meaning that the
hydrogen bonds with the surface are partially affected in the
pore with θ = 9.3°, whereas they are not in the pore with θ =
19°. Thus, the value of the contact angle does not follow the
adsorption energy, but it seemingly arises from the combination
of this magnitude and the strength of the interfacial hydrogen
bonding.
Even if both contact angle and adsorption energy are directly

related to the free energy of the fluid−surface interaction, the
relation between θ and Eads is by no means direct, nor is it
straightforward to establish accurately from fundamental
considerations. The adsorption energy as defined in this work
is the interaction of water molecules with the cylindrical pore at
zero coverage, whereas the contact angle, according to Young’s
equation, depends on three interfacial tensions: gas−liquid,
gas−solid, and solid−liquid. In particular, the latter is neither
directly related to the adsorption energy since it is also
determined by the interaction of the fluid with itself.
Interestingly, however, Werder and co-workers have shown
for SPC/E water on a graphite surface that, as far as the fluid
does not completely wet the surface, there is a linear
relationship between the contact angle and the adsorption
energy, and also between the adsorption energy and the
parameter ε corresponding to the C−O interaction in the
Lennard−Jones potential, therefrom a direct relation between ε
and the contact angle also holds.59

As a matter of fact, the same kind of linear relationship can
be recognized in our data, when only one of the parameters in
the potential is varied at a time. For example, an inspection of
the last three rows of Table 1 reveals that for fixed values of λ

Table 1. Contact Angle (θ), Equilibrium Desorption Pressure (Pd), Capillary Condensation Pressure (Pc), Surface Densities,
and Adsorption Energies (Eads) as a Function of the mW Parameters ε, λ, and A (see eq 1)a

ε (kcal/mol) λ θ (deg) Pd/P0 Pc/P0 Γeq Γc (nm
−2) Eads (kcal/mol)

6.19 23.15 0 0.44 0.59 3.4 6.4 13.3
5.56 23.15 9.30 0.53 0.74 1.6 2.5 11.7
6.19 23.15 19.0b 0.57 0.75 1.5 2.3 12.6
0.55 0.0 24.4 0.6 1.95 1 × 10−4 9 × 10−4 4.1
0.45 0.0 63.4 0.8 4.0 ∼0c ∼0c 3.1
0.35 0.0 82.9 1.0 6.0 ∼0c ∼0c 2.3

aΓeq and Γc represent, respectively, the surface density in equilibrium and just before condensation. bThis contact angle was obtained modifying the
parameter A to 6.75. cSurface density was indistinguishable from zero in the simulations.

Figure 1. Average profiles for water droplets on a flat surface with
different water-wall potentials (tabulated in Table 1). The resulting
contact angles are indicated next to each of the curves.
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and A, the adsorption energy increases approximately linearly
with ε, whereas the contact angle shows a linear decrease. To
explore this further, we have analyzed the dependence of
contact angle and adsorption energy on one of the relevant
parameters used to tune the interaction, λ, ε, or A, while
keeping constant the other two. The results, summarized in
Figure S1 included in the Supporting Information, reveal an
almost linear relation of θ with respect to Eads within a wide
range of conditions. For the case of λ = 0, our data resemble the
results from atomistic simulations.59 Beyond this agreement,
the interesting point is that different combinations of hydrogen
bonding and strengths of the two-body term may lead to the
same contact angle and even to the same adsorption energy. In
other words, different materials may exhibit comparable contact
angles, in spite of having a different adsorption energy.
However, it is seemingly the latter variable that is the most
relevant one in determining the condensation pressure.
Equilibrium Desorption Pressure and the Kelvin

Equation. In open-ended, uniform cylindrical pores, desorp-
tion consists of the evaporation of the confined fluid at the
liquid−gas interface and is assumed to take place in
equilibrium.9,30 To obtain the liquid−vapor equilibrium
pressure, we constructed the desorption branch of the isotherm
performing simulations that start with partially filled pores,
which expose a liquid−vapor interface where evaporation may
proceed as in open-ended pores. The isotherms for a varierty of
contact angles are displayed in Figures 2 and 3. We found that

the surface density of water molecules at the liquid−vapor
equilibrium point, Γeq, is strongly dependent on the hydro-
philicity of the pore. It changes from 3.4 nm−2 for θ = 0, to
nearly zero for θ = 82.9° (Table 1). The surface densities
calculated in canonical simulations are indicated in Figure 2
with red horizontal dashed lines. A higher hydrophilicity of the
interface favors the stabilization of thicker adsorbed layers

against the formation of a condensed phase at a given pressure.
The equilibrium surface densities obtained through GCMD
simulations are in good agreement with the surface densities of
water reported in our previous molecular dynamics simulations
in the canonical ensamble,39,40 which will be discussed below in
the context of the present results.
Remarkably, the equilibrium desorption pressures Pd

obtained for the pores of different hydrophilicities (Table 1)
are accurately predicted by the Kelvin equation:

σ θ
= −

P
P

V
RTr

ln
2 cos( )d

0

m

(3)

where σ and Vm are the liquid−vapor surface tension and the
molar volume of the liquid, r is the pore radius, R is the
universal gas constant, and T is the temperature. In Figure 4 the
logarithm of the desorption pressure resulting from our GCMD

Figure 2. Water sorption isotherms obtained in pores with contact
angles 0° (A), 9.3° (B), and 19° (C). The horizontal dashed lines
indicate the results from canonical molecular dynamics simulations for
the density of the surface adsorbed phase in equilibrium (red) and at
the point of condensation (black).

Figure 3. Water sorption isotherms obtained in pores with contact
angles 24.4° (A), 63.4° (B), and 82.9° (C). The vertical green dashed
line in panel (C) indicates the cavitation pressure.

Figure 4. Logarithm of the relative desorption pressure as a function
of the cosine of the contact angle θ. The linear dependence indicates
that the Kelvin equation is satisfied for contact angles above 20°. The
green line guides the eye; from its slope, the surface tension of the mW
model is recovered.
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simulations is represented as a function of the cosine of the
contact angle. It is seen that these two variables follow a linear
relationship for values of θ above 20°. Moreover, by inserting
the molar volume of liquid water, the surface tension at 298 K
can be calculated from the slope of the curve. The outcome is
0.066 N/m, in perfect agreement with the surface tension
reported for the mW model,38 which is in turn close to the
experimental value of 0.071 N/m.60 The right axis in Figure 4
shows the variation in terms of Δμd = RT ln(Pd/P0), reflecting
how much the free energy of the confined liquid at the
evaporation point departs from the corresponding bulk value.
The verification of the Kelvin equation confirms that the
desorption is taking place in equilibrium, and in fact the same
linear relation is not satisfied for the condensation pressures
obtained from the adsorption branches, which involve an
activated process. It may be quite surprising to find that the
validity of the Kelvin equation extends to water in pores of 2.8
nm diameter. In recent work, we have found that the vapor
pressure of water nanodroplets obeys the Kelvin equation down
to diameters of 2 nm.56 It must be recalled that density
functional theory calculations and lattice models dating back to
more than 20 years ago have indicated that the Kelvin equation
describes the equilibrium transition pressures of Lennard−
Jones fluids in pores of only six molecular diameters.61,62 The
reason why this macroscopic theory holds down to this
nanoscopic scale is not yet clear. Evans noted that the Kelvin
equation is valid as long as the fluid−wall interaction is weak
enough to prevent wetting,63 which is consistent with the
deviations observed in Figure 4 for low contact angles. When
the liquid wets the walls completely, strong deviations from the
Kelvin relation may be expected theoretically64,65 and have in
fact been found in lattice and continuum models simulations
of up to 40% in terms of relative pressure.66,67 These deviations
are typically adscribed to the development of thick layers that
reduce the effective diameter of the pore or to interactions that
affect the shape of the meniscus.63 However, we do not observe
very thick adsorbed layers in our simulations: even for the most
hydrophilic pore the equilibrium surface coverage is not above a
monolayer.
Nonequilibrium Filling and the Effect of Hydro-

phobicity. Figure 2 depicts the isotherms calculated in pores
of 2.8 nm diameter with the capability to form hydrogen bonds
with water (λ = 23.15), for θ = 0°, θ = 9.3°, and θ = 19°. All of
them present hysteresis loops of type H1, as expected for
homogeneous cylindrical pores of this size.9 For a contact angle
equal to zero, capillary condensation is observed at P/P0 = 0.59,
concurring with a water surface density Γc = 6.4 nm−2.
Desorption, on the other hand, takes place at P/P0 ≈ 0.44, with
a surface coverage Γeq = 3.4 nm−2. This isotherm shows good
agreement with experimental measurements performed in
hydroxylated silica mesopores of comparable diameter like
MCM-41, FSM-16, or MCM-48.10,68−70 The contact angle in
the inner surface of these materials is usually unknown, but it is
assumed to be close to zero for a high degree of hydroxylation,
when the silanol surface density is around 3 nm−2 or above.71

For these silica pores the adsorption branch is generally found
somewhere in the P/P0 range between 0.5 and 0.7,10,70 with
desorption typically shifted 0.1 to lower pressures. The
adsorption−desorption hysteresis resulting from our simu-
lations is slightly larger than usually seen in experiments. We
attribute this to two major reasons: (i) most mesoporous
materials exhibit a distribution of pore sizesrather than a
uniform pore diameterthat becomes manifest in the slope of

the adsorption branch, which, far from being vertical, may
sweep up to two tenths in units of relative pressure; and (ii)
capillary condensation in these pores is an out of equilibrium,
activated phenomenon, which may require higher chemical
potentials in simulations than in experiments, in view of the
different accessible sampling times. We note that the water
surface density at the point of condensation, 6.8 nm−2 in our
calculations, is identical to the 6.8 nm−2 value estimated for
hydroxylated FSM-16 silica.10

The increase in the contact angle causes the shift of the
adsorption and desorption branches toward higher pressures. In
turn, there is also a rise in the water surface density at the
condensation point with respect to the equilibrium density. As
we have discussed in previous studies in the canonical
ensemble,39,40 a large supersaturation of the surface is needed
in hydrophilic pores of this diameter to unleash capillary
condensation. The present simulations indicate that for θ = 0
the surface adsorbed phase must reach nearly twice its
equilibrium value to produce condensation.
Remarkably, these results are in excellent agreement with the

surface densities of water found in our previous molecular
dynamics simulations at a constant number of particles
(NVT).39,40 Canonical molecular dynamics show that for Nc
< N < N100% (where Nc and N100% refer, respectively, to the
number of molecules at the point of condensation and at
conditions of full filling), the water molecules inside the pore
separate into two phases: a low density, surface adsorbed phase,
and a liquid-like phase. These coexisting statescorresponding
to points within the vertical jump in the adsorption isotherm
are difficult to stabilize in grand canonical simulations, which
lead to a single phase, adsorbed or liquid-like, depending on
whether the ratio P/P0 is below or above the capillary
condensation relative pressure. However, the water surface
density obtained in the NVT ensemble for a filling just below
Nc matches the one at the point of condensation seen in the
μVT simulations (≈ 7 nm−2). In the same way, the water
density of the surface adsorbed phase in equilibrium with the
condensed phase observed for Nc < N < N100% in the canonical
simulations (≈ 3 nm−2) agrees well with that found for the
desorption branch in the grand canonical framework. This
clearly shows that for this system the NVT simulations are able
to capture the same equilibrium and metastable states described
by the μVT isotherm. An in-depth discussion concerning the
incidence of the ensemble and reservoir size on sorption
isotherms has been elaborated by Puibasset, Kierlik and
Tarjus.72,73

Figure 3 presents the isotherms obtained for pores where the
possibility of establishing hydrogen bonds with the surface has
been obliterated by setting λ = 0 (see Table 1). For a 2.8 nm
pore with a contact angle of 24°, adsorption only occurs for a
pressure significantly above the saturation pressure of the bulk
fluid. This is because the surface density does not reach a value
that can lead to nucleation of a liquid phase even at high
supersaturation. Table 1 shows that on the pores where the
water−surface interaction is weaker than the interaction of
water with itself (contact angles of 24.4° and above), the
equilibrium and condensation densities Γeq and Γc exhibit a
dramatic decrease with respect to the more hydrophilic pores.
Moreover, Figure 2 and Table 1 indicate that an increase in θ
affects the condensation pressure (Pc) to a higher extent than
the desorption pressure (Pd). In other words, hydrophobicity
enlarges the hysteresis loop. Figure 5 displays the difference
between the chemical potentials at the condensation and the
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desorption points, Δμxs = μc − μd = RT ln(Pc/Pd), as a function
of the contact angle. The value of Δμxs represents the excess
chemical potential of liquid with respect to gas at the point of
condensation, which is equal to the nucleation free energy
barrier plus the surface contributions. Δμxs rises from about 0.2
kcal/mol (1/3 of kT) for θ < 20°, to 0.7 kcal/mol (1.1kT) for θ
= 24.4°, and continues to increase slowly with the contact
angle. This behavior is consistent with a heterogeneous
condensation mechanism where the interactions with the
surface largely determine the nucleation barrier. Instead, the
nature of the wall has seemingly a smaller influence on the
equilibrium desorption process, consisting of the evaporation
from the homogeneous liquid−vapor interface. In particular,
these results show that the contact angle alone does not
determine the capillary condensation point and hysteresis.
Figure 5 reveals an abrupt change in Δμxs associated with a
drop of more than 7 kcal/mol in the adsorption energy, though
the contact angle hardly increases. Hence, in uniform pores of
this size, the water surface affinity plays an essential role in the
nucleation step, becoming a more important descriptor than
the contact angle. The development of an adsorbed layer
appears to be essential to nucleate the condensed phase. This
results from the mechanism of condensation requiring a
significant density of water at the surface, that is not achieved
below a minimum value of Eads.
Figure 3C illustrates the water isotherm for a 2.8 nm pore

with θ = 82.9°. This contact angle roughly represents the
interaction of water with a graphitic material. According to our
simulations, condensation of water should occur in these
systems in conditions of vapor supersaturation. This observa-
tion is fully consistent with the experimental evidence
presented by Easton and Machin20 and discussed at length by
Monson.45,47 A large body of experimental data exists on water
adsorption on porous carbons, exhibiting a varied range of
behaviors owing to differences in the density of active surface
groups, pore size distribution, and topology, all variables that
are often poorly characterized (see, for example, the review by
Brennan and co-workers19). In particular, experiments in
graphitized carbon black, where the contact angle is
approximately 85°, have shown adsorption and desorption
pressures, respectively, slightly above and below the bulk
liquid−vapor transition pressure.20 Independent molecular

simulation studies by different groups, including those of
Brennan,43 Monson,45,47 Wang,74 and Bhatia,75 support this
result: in highly hydrophobic pores, nucleation of water is a
homogeneous process, occurring at a pressure close to or above
P0. Condensation below P0 is only possible in the presence of
active surface sites21,42−44 that support the buildup of water
density at the surface of the pore. A strict quantitative
comparison between the experimental and simulated isotherms,
however, is not straightforward for these kind of systems, since
the graphitic samples do not contain independent cylindrical
pores of homogeneous diameter, and heterogeneity and pore
connectivity will eventually determine the exact value of the
capillary condensation pressure. It is also important to
emphasize that the presence of liquid outside the porefor
example, in a connected reservoir or cavitywould inevitably
nucleate the liquid when P exceeds P0, and result in the
adsorption of water in the pore, shifting Pc to lower pressures.
To show this, we conducted simulations in finite hydrophobic
pores, including a liquid phase in the exterior, as illustrated in
Figure 6. When the pressure reaches P0, water condenses on the

bulk liquid, which grows and reaches the boundary of the pore.
In these conditions, the filling of the pore occurs with no
activation barrier, at pressures slightly above P0, i.e., much lower
than in the absence of the liquid.
Our GCMD approach delivers a dynamical description of the

condensation process in real time. The inspection of the
structures next to the transition point reveal fundamentally
different mechanisms for the nucleation of the liquid phase,
depending on the water−surface interaction. In the hydrophilic
case, the filling of the pore is heterogeneous. Above certain
surface density (of around 7 nm−2 for this pore diameter), a
fluctuation closes the gap across the center of the pore and the
liquid is formed. As the contact angle is increased, this
mechanism leaves room to a different path, involving the
formation of a droplet that grows in a certain spot on the
surface. Clearly, water molecules are more stable as part of an
aggregate than adsorbed on the moderately hydrophobic pore-
wall. Finally, in a highly hydrophobic environment representing
a graphitized carbon free of active sites, the nucleation process
does not significantly differ from the homogeneous nucleation
of liquid from the vapor phase. The weak interactions with the
surface have very little impact on the development of the nuclei
necessary for condensation, and the transition takes place close
to the vapor spinodal. Figure 7 displays a temporal sequence of
images extracted from the GCMD simulations illustrating these
mechanisms of condensation for θ = 0° and θ = 9.3°. These
configurations resemble the morphologies reported by Men et
al.74 for the critical nuclei leading to adsorption in square pores
of various fluid−wall interactions, on the basis of lattice density
functional theory. It is worth noticing that these observed
mechanisms are in line with our previous findings from
canonical molecular dynamics simulations.40 In fact, the two

Figure 5. Excess chemical potential at the point of condensation
(Δμxs) as a function of the contact angle θ. The value of Δμxs reflects
the lowering in the stabilization provided by the surface to the
formation of the critical droplet (see text).

Figure 6. Model of the pore with a water reservoir in the outer part
(side and front views). Gray: particles of the pore. Red: molecules of
the liquid phase. The blue line marks the boundaries of the simulation
box.
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frameworks (NVT and μVT) are complementary: the canonical
simulations offer insights on the points along the adsorption
jump that are not easily stabilized in the grand canonical
ensamble; on the other hand, the present simulations establish
the pressure corresponding to the different fillings obtained in
the molecular dynamics calculations.
Nonequilibrium Desorption: Cavitation. In the absence

of a liquid−vapor interface, as in the case of blocked-ends
pores, desorption becomes an activated process involving the
nucleation of a bubble inside the condensed phase.9 This
phenomenon, known as cavitation, leads to very low desorption
pressures. We studied the cavitation effect by gradually
decreasing the chemical potential in completely filled pores.
This type of desorption, indicated with green vertical dashed
lines in Figures 2A and 3C, occurs at P/P0 ≈ 0.2.
Interestingly, the cavitation follows different mechanisms in

the systems represented in Figures 2A and 3C, corresponding
to contact angles of 0° and 82.9° respectively. In the
hydrophilic pore, the nucleation of the bubble is a
homogeneous process mainly controlled by the intermolecular
forces in the condensed phase. In the hydrophobic pore,
instead, the cavity tends to form in contact with the wall. Figure
8 depicts the evolution of the desorption dynamics around the
cavitation pressure in the absence of a liquid−vapor interface.
The images show cross section views of the pore along the
main axis, in a temporal sequence. Water molecules at different
distances from the pore center are displayed in different colors.
It can be seen that in the hydrophobic pore the bubble
nucleates heterogeneously at the surface, whereas it forms
homogeneously in the hydrophilic system. Curiously, this
drastic change in mechanism determines only a minor shift in
the cavitation relative pressures, from 0.15 in the hydrophilic to

0.25 in the hydrophobic cases, which represents a chemical
potential difference of only 0.3 kcal/mol. The dependence of
this property on the water−surface affinity is therefore much
weaker than in the case of Pc. This may be explained by noting
that adsorption depends on the buildup of water at the surface,
which is related to the hydrophilicity, although not specifically
the contact angle. Desorption, on the other hand, requires the
nucleation of a vacuum bubble from the liquid, and the
formation of a dewetted, vapor-like surface, can only occur on
truly hydrophobic interfaces (i.e., contact angle ≫ 90°).

■ CONCLUSIONS
We have studied sorption of water in cylindrical pores of 2.8
nm, to elucidate how the condensation and desorption
pressures Pc and Pd depend on the contact angle θ and the
adsorption energy Eads. In the first place, we showed that
desorption in open-ended pores is a nonactivated process in
which pressure is accurately described by the Kelvin equation,
with deviations occurring for contact angles below 20°. This
result is in agreement with early simulations of Lennard−Jones
fluids in nanopores, indicating that the Kelvin equation is
verified in pores of a few molecular diameters, providing there
is no full wetting.61−63 It would be very interesting to explore
the range of applicability and to understand the microscopic
reasons behind the success of eq 3 to describe the behavior in
the nanoscale. To some extent, these questions have been the
subject of recent research by our group,56 and the conclusions
obtained in that work can possibly provide an explanation in
the present systems.
On the other hand, our simulations indicate that for the most

hydrophilic pores the decrease in contact angle affects both Pc
and Pd to similar extents, while on the more hydrophobic
surfaces a decrease in θ has a much larger impact on the
condensation than on the desorption vapor pressure. The
reason for this can be found in the nucleation mechanism of the
liquid phase, which requires a significant density of water at the
surface that cannot be achieved on the pores with little affinity

Figure 7. Front and side cross-section views of the pore model
depicting two different nucleation mechanisms. From left to right,
temporal sequence of snapshots taken from the molecular dynamics
simulations at the condensation pressure. Gray: particles of the pore.
Blue: water molecules adsorbed on the surface. Red: the rest of the
water molecules.

Figure 8. Front and side cross-section views of the pore model
depicting two different cavitation mechanisms: heterogeneous (left)
and homegeneous (rigth). From top to bottom, temporal sequence of
snapshots taken from the molecular dynamics simulations at the
cavitation pressure. For clarity, water molecules are displayed in
different colors according to their distance to the wall. The particles of
the pore wall are represented in gray.
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for H2O. This is reflected in the correlation between the
adsorption pressure Pc and the density at the point of
condensation Γc (Table 1), whereas a similar correlation does
not exist between Pd and Γeq. When the interaction of water
with the surface becomes weaker than the interaction with
itself, decreasing from approximately 12 to 4 kcal/mol, a change
in 3 orders of magnitude is observed in the surface density,
accompanied by a 4-fold increase in the excess chemical
potential. This is associated with a variation of only 5° in θ.
Hence, we conclude that the contact angle is not the
determining factor of the adsorption pressure. The effect of
hydrophobicity is to separate the adsorption from the
desorption branch, enlarging the hysteresis.
In experimental isotherms of carbonaceous solids, capillary

condensation is rarely seen at pressures much higher than P0. In
contrast, we have found that in hydrophobic pores Pc can be
several times larger than P0. We conjecture that the reason for
this apparent disagreement is the difficulty to prevent
condensation in an experimental setup when P exceeds the
saturation value. Once the first droplet of liquid is formed in the
adsorption chamber, it percolates through the material, and the
pores can be filled at P0 with no activation barrier.
Finally, it is worth noticing that simulations in the NVT and

μVT ensemble predict identical values of the surface densities
in equilibrium and at condensation. As we argued in previous
work,41 this confirms that canonical molecular dynamics can
describe the transition and the equilibrium states with the same
accuracy as grand canonical simulations. Moreover, modeling in
the canonical ensemble can stabilize the liquid−vapor
coexisting states along the adsorption ramp. These states are
difficult to obtain in a grand canonical setting, where only one
phase may be observed at a time. The canonical approach,
however, does not provide a link to the pressure or chemical
potential, and thus both frameworks become complementary.
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