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Abstract Grand Canonical Monte Carlo simulations are
used to study the adsorption of benzene at 298 K in an
atomistic cylindrical silica nanopore of a diameter 3.6 nm.
The adsorption involves a transition from a partially filled
pore (a two layers thick film at the pore surface) to a com-
pletely filled pore configuration. Strong layering of the ben-
zene molecules at the pore surface is observed. It is found
that the layering decays as the distance to the pore surface
increases. The position of the peaks for the density of the C,
H atoms and the center of mass of the molecules shows that
benzene molecules prefer an orientation in which their ring
is perpendicular to the pore surface. This result is corrobo-
rated by calculating orientational order parameters and ex-
amining the distribution of the distances between the H and
C atoms of the benzene molecules and the H and O atoms of
the silica substrate.
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1 Introduction

The behavior of fluids confined within nanometric pores
(size of a few molecular diameters) significantly differs from
that of the bulk. In particular, the effect of confinement, sur-
face forces, and reduced dimension affects the phase tran-
sitions (condensation, freezing, etc.) (for reviews, see Gelb
et al. 1999 and Alba-Simionesco et al. 2006). Significant
shifts in transitions (e.g. pressure, temperature) are observed
and, in some cases, new types of phase transitions (layering,
wetting, etc.) can also be found for these inhomogeneous
systems. Understanding such confinement and surface ef-
fects on the thermodynamics of fluids is of crucial inter-
est for both fundamental research and potential applications.
Among nanoporous solids, the siliceous MCM-41 and SBA-
15 are important materials because of their possible uses as
adsorbents or catalytic supports for gas adsorption, phase
separation, catalysis, preparation of nano-structured mate-
rials, drug delivery, etc. (Soler-Illia et al. 2002). The pore
diameter distribution is narrow with an average value that
can be varied from 2 up to 20 nm, depending on the synthe-
sis conditions. From a fundamental point of view, MCM-41
and SBA-15 are considered as model materials to investigate
the effect of nanoconfinement on the thermodynamic prop-
erties of fluids. In particular, the simple cylindrical geometry
of the pores in these materials makes it possible to address
in a simple way the effect of confinement on the adsorp-
tion, capillary condensation, and freezing/melting of fluids
in nanopores.

Most simulation and theoretical studies on fluids con-
fined in MCM-41 or SBA-15 have been performed for sim-
ple adsorbates, i.e. non polar and near spherical molecules
(Maddox et al. 1997; Ravikovitch et al. 2004; Gelb 2002;
Neimark et al. 2003; Coasne and Pellenq 2004a, 2004b;
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Coasne et al. 2006a). These works have provided signifi-
cant insights on the existence and nature of phase transi-
tions for these simple probe molecules. In contrast, the be-
havior of more complex fluids confined in atomistic models
of these materials has received less attention (Gallo et al.
2002; Morineau et al. 2002; Alba-Simionesco et al. 2003;
He and Seaton 2003; Schumacher et al. 2006) and remains to
be clarified. The aim of the present work is to investigate by
means of molecular simulation the behavior of benzene con-
fined within an atomistic silica nanopore of MCM-41. The
all-atom model developed by Jorgensen and Severance (Jor-
gensen and Severance 1990) for benzene has been used so
that we can address the orientation and conformation of the
adsorbate near the silica surface of the pore and within the
pore center. Grand Canonical Monte Carlo (GCMC) simula-
tions are used to determine the adsorption isotherm and isos-
teric heat of adsorption curve. We also investigate the struc-
ture of benzene confined in the silica nanopore and compare
it with its bulk counterpart.

2 Computational techniques

The GCMC technique consists of determining the properties
of a system at a constant volume V (the pore with the ad-
sorbed phase) in equilibrium with an infinite fictitious reser-
voir of particles imposing its chemical potential p and its
temperature 7 (Frenkel and Smit 2002). The silica pore used
in this work was prepared according to the method proposed
by Pellenq and Levitz to build numerical Vycor samples
(Pellenq and Levitz 2002). This procedure allows cutting out
portions of an initial silica volume in order to obtain differ-
ent porous matrices. In order to model the pore inner surface
in a realistic way, we removed all silicon atoms being in
an incomplete tetrahedral environment and all non-bonded
oxygen atoms. The electroneutrality of the simulation box
is ensured by saturating all oxygen dangling bonds with hy-
drogen atoms; the partial charges carried by the atoms of the
substrate are qo = —le, qsij = +2e and qg = +0.5e. Regu-
lar or irregular cylindrical pores can be easily prepared with
this procedure (Coasne et al. 2004, 2006b). The pore model
considered in this work is a unique cylindrical nanopore of
a diameter D = 3.6 nm and a length L = 6.417 nm. Due to
the use of periodic boundary conditions, the length of this
pore can be considered as infinite; in particular, this implies
that the pore has no opening towards the external phase.
Benzene was described in our simulations using the all-
atom model by Jorgensen and Severance (Jorgensen and
Severance 1990). In this model, each C and H atom of the
rigid benzene molecule possesses a partial charge that in-
teracts through the Coulombic interaction. In addition, each
site of the molecule is a center of repulsion/dispersion in-
teractions which interact through the Lennard—Jones poten-
tial. Interactions between the C and H atoms of benzene and
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the Si, O, and H atoms of the silica nanopore were calculated
using the PN-TraZ potential as reported for rare gas adsorp-
tion in zeolite (Pellenq and Nicholson 1994) or in porous
silica glass (Pellenq and Levitz 2002). The intermolecular
energy is written as the sum of the dispersion interaction
with a repulsive short-range contribution and an induction
term due to the interaction of the adsorbed atom with the
local field created by the partial charges of the atoms in the
substrate. The choice of the PN-TrAZ model to describe the
benzene/silica interaction was motivated by the good trans-
ferability of this model in the case of water in porous sil-
ica (Puibasset and Pellenq 2004). The Coulomb energy was
computed without the use of Ewald summation due to the
large size of the simulation box, absence of isolated charge,
and absence of dipolar moment of the adsorbate. A Monte
Carlo step in the present work corresponds to a molecule
displacement or rotation attempt and either a deletion or a
creation attempt. The system was first allowed to equilibrate
in the course of a first GCMC run. Afterward, the number of
particles in the system and the isosteric heat of adsorption,
which fluctuate about a steady value, were averaged using
10° Monte Carlo steps per particle.

3 Results
3.1 Adsorption isotherms

The simulated benzene adsorption isotherm obtained at
298 K for the cylindrical nanopore MCM-41 with D =
3.6 nm is shown in Fig. 1. Adsorbed amounts are reported
as the total number of molecules adsorbed in the pore as
a function of the relative pressure P/Py (Py ~ 12040 Pa
is the experimental saturated vapor pressure). At low pres-
sures, the pore surface is covered by a quasi-homogeneous
layer of benzene molecules (see the typical molecular con-
figuration obtained at P/Py = 3.2 x 1073 in Fig. 2). At
low pressures, the adsorbed amount increases rapidly with
pressure; this regime corresponds to the continuous filling
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Fig. 1 Adsorption isotherm of benzene at 298 K in a MCM-41 silica
nanopore with D = 3.6 nm. Open and closed symbols correspond to
the adsorption and desorption data, respectively
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Fig. 2 Typical configurations
of benzene adsorbed at 298 K in
a MCM-41 nanopore with

D = 3.6 nm. The pressure P is
3.2 x 1073 Py (left),

2.5 x 1072 Py (middle), and

8.3 x 1072 Py (right). Grey
sticks are the C—C bonds of the
benzene rings while black
spheres are hydrogen atoms that
delimit the pore surface (the
hydrogen atoms of benzene are
not shown for the sake of
clarity)
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Fig. 3 Isosteric heat of adsorption Qg as a function of the filling frac-
tion N/Ny for benzene confined at 298 K in a MCM-41 nanopore with
D = 3.6 nm. The circles correspond to the overall isosteric heat of ad-
sorption. Triangles and squares are the fluid-wall and fluid-fluid con-
tributions to the isosteric heat of adsorption, respectively

of the first layer adsorbed at the pore surface. At higher
pressures, the adsorption isotherm exhibits two steps lo-
cated at about P ~ 1.5 x 1072Py and P ~ 7.8 x 1072 P,
respectively. The first step in the adsorption isotherm cor-
responds to the filling of the second layer at the pore sur-
face. This result is confirmed by the inspection of the simu-
lation snapshots in Fig. 2 which shows that the pore surface
at P =2.5 x 1072 Py is covered by two layers of benzene
molecules. The second step in the adsorption isotherm corre-
sponds to capillary condensation in the pore (the simulation
snapshot in Fig. 2 shows that the pore is completely filled at
P =8.3x1072Py). As can be seen in Fig. 1, both the filling
of the second layer and the pore center are reversible. These
results show that the adsorption of benzene in the MCM-41
nanopore involves a transition from a partially filled pore (a
two layers thick film adsorbed at the pore surface) to a com-
pletely filled pore configuration.

We also report in Fig. 3 the isosteric heat of adsorption,
Oy, for benzene in the silica nanopore with D = 3.6 nm.
This quantity has two components: the adsorbate/adsorbate
and the adsorbate/substrate contributions. This type of isos-
teric heat curve is usually interpreted as being characteris-
tic of adsorption in an energetically heterogeneous environ-
ment. The decrease in Qg as the loading increases is due to
the decrease of the adsorbate/silica contribution; the adsor-
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Fig. 4 Density profile of benzene confined at 298 K in a MCM-41
nanopore with D = 3.6 nm: (fop) P =3.3 x 1070 Py and (botrom)
P =0.12Py. The circles correspond to the overall density that was cal-
culated by considering the center of mass of the molecules. The black
and grey lines are the density profiles of the C and H atoms of the
molecules, respectively

bate/adsorbate contribution is, of course, an increasing func-
tion of loading. Qg decreases down to a value that is close
to the heat of liquefaction of bulk benzene, ~34 kJ/mol.

3.2 Structure of adsorbed benzene

We now discuss the structure of benzene adsorbed in the
silica nanopore with D = 3.6 nm. The density profile of
benzene adsorbed at low and high pressures are shown in
Fig. 4. We report the density profile of the center of mass
of the molecules and those of the C and H atoms. These
density profiles confirm that a molecular layer of benzene is
adsorbed at the pore surface at low pressure. The position of
the peaks for the density of the C and H atoms shows that
the benzene molecules tend to orientate themselves perpen-
dicularly to the pore surface. The precise arrangement of the
benzene molecules towards the O and H atoms of the silica
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Fig. 5 Pair correlation function g(r) for the center of mass of the ben-
zene molecules: (open circles) confined benzene and (black thick line)
bulk benzene. The data for bulk benzene correspond to the simulations
by Jorgensen and Severance (1990)

substrate will be discussed in detail below. The density pro-
file of the center of mass of the benzene molecules when the
pore is completely filled shows density oscillations that are
characteristic of non-uniform fluids. Such a spatial ordering
of fluids in the vicinity of surfaces or confined in porous
materials has been discussed in detail in the literature (for a
review, see Evans 1990). As for the case of the density pro-
file obtained at low pressure, the density profiles for the C
and H atoms of the benzene molecules adsorbed in the first
layer at high pressure show that these molecules remain sig-
nificantly orientated perpendicularly to the pore surface. On
the other hand, the density profiles for the C and H atoms
of the benzene molecules in the pore center (starting from
the second layer) show that these molecules do not exhibit
orientational order, in contrast to those located in the first
layer.

The pair correlation function g(r) of the center of mass
of the confined benzene molecules when the pore is com-
pletely filled is shown in Fig. 5. We also report the pair cor-
relation function of the bulk liquid at the same temperature
(which has been calculated by Jorgensen and Severance for
the same model of benzene molecules, Jorgensen and Sev-
erance 1990). We also show in Fig. 6 the partial pair cor-
relation corresponding to the C—C and C-H contributions.
These curves are also compared with their bulk counterpart
(liquid phase). All the pair correlation functions for the con-
fined fluid have been corrected for excluded volume effects
(Gallo et al. 2002; Morineau and Alba-Simionesco 2003) ac-
cording to the method reported by Gallo et al. The pair corre-
lation function for the center of mass of the molecules in the
pore shows that the confined fluid has a liquid-like structure
as only short range positional order is observed. This result
is consistent with experimental data for benzene confined
in MCM-41 pores having a diameter smaller than 4.7 nm
(Dosseh et al. 2003). It is found that the peaks of the g(r)
function for the confined molecules are located at the same
position as those for the bulk fluid. On the other hand, the
amplitude of these peaks for the confined fluid are smaller
than those for the bulk. This result suggests that the confined
fluid is less ordered than in the bulk phase, due to the strong
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Fig. 6 Partial pair correlation function g(r) for confined benzene
(black line) and for bulk benzene (grey line): (bottom) C—C contribu-
tion and (top) C—H contribution. The H-H contribution is not shown.
The data for bulk benzene correspond to the simulations by Jorgensen
and Severance (1990)
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Fig. 7 Histogram of the shortest distances between the H and C atoms
of the benzene molecules and the H and O atoms of the silica substrate
at P =40 x 10_6 P(): HCGHG—HsubsA (open circles), HC6H6—Osubs.
(closed circles), Cceue—Hgubs. (open squares), Ccere—Osubs. (closed
squares)

interaction with the pore wall. It appears that the confined
fluid adopts a less organized liquid structure in order to op-
timize its molecular arrangement near the pore wall. In con-
trast, the partial correlation functions for the C—C and C-H
pairs are very similar to those for the bulk liquid. In par-
ticular, the results above suggest that the correlation length
for the bulk and confined fluids are both of a few molecular
diameters.

Figure 7 shows the distribution of the distances between
the H and C atoms of the benzene molecules (Ocgpg and
Hceno) and the H and O atoms of the silica substrate
(Ogupbs. and Hgyps,). Each of the following distances have
been calculated Hceens—Hsubs.» Heons—Osubs.» CosH6—Hsubs. »
and CceHe—Osubs.- In order to consider only the local struc-
ture of the molecules in the vicinity of the pore surface,
these distributions have been calculated at very low pres-
sures (P = 4.0 x 1079 Py). The distributions in Fig. 7 show
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Table 1 Order parameter S for the layers of benzene confined at different pressures in a MCM-41 nanopore with D = 3.6 nm. Contact layer

corresponds to the layer in contact to the pore surface

P/Py Nb. of layers S (contact layer) S (second layer) S (third layer) S (fourth layer)
3.2x 1073 —-0.36 - - -

2.5x 1072 —-0.31 —0.01 - -

1.2x 107! 4 —0.28 —0.02 0.01 0.04

that the shortest distance between benzene and the silica sur-
face is the Heepe—Hsubs. distance (d ~ 1.5 10\). The second,
third, and fourth shortest distances between benzene mole-
cule and the silica surface are the Hcgre—Ogups, (d ~ 1.8 /0\),
Ceeto—Hsubs. (d ~ 2.2 A), and Cosne—Osubs. (d ~ 2.6 A)
distances, respectively. The fact that the H atoms of benzene
point towards the H atoms of the silica surface is surprising
as the Hegag—Hsups, interaction is repulsive as both Heepg
and Hgyps, carry positive charges. A possible explanation is
that the CH bond of the benzene molecules tend to be ori-
entated in a direction parallel to the OH bonds of the silica
surface so that the attractive Hcgre—Osubs. and Ccoerg—Hsubs.
interactions overcompensate the repulsive Ccogrg—Osubs. and
Hcene—Hgubs, interactions. Taking into account the average
distances reported above and the charges carried by the
atoms, a simple estimate of the balance between the attrac-
tive and repulsive Coulombic interactions shows that such a
conformation of the benzene molecules in the vicinity of the
silica surface is favorable, i.e. Y i=C.H qiq;j/dij <O0.

This interpretation is consisterjlt with the density profiles
reported in Fig. 4, which shows that benzene adsorbed at the
pore surface is perpendicular to the pore surface. We con-
firmed this result by calculating the following orientational
order parameter for each layer of confined adsorbate:

32!
S—<200s0 2> (1

where 6 is the angle between the normal vector to a ben-
zene molecule and the normal vector to the pore surface.
The brackets in the equation above denote an average over
all of the adsorbed molecules. S ~ —0.5 and ~1 for benzene
molecules perpendicular and parallel to the pore surface, re-
spectively. On the other hand, S ~ 0 for adsorbed molecules
having no particular orientation with respect to the pore sur-
face. Table 1 reports the values of the order parameter S for
the layers of benzene confined at different pressures in the
nanopore with D = 3.6 nm. For all loadings, it is found that
S ~ —0.3 for the molecules located in the contact layer. This
results confirms that the molecules prefer an orientation in
which their ring is perpendicular to the pore surface. The
fact that S is not strictly equal to —0.5 is due to the ther-
mal activity of the molecules which introduces some disor-
der in the organization of the adsorbate. Interestingly, S for

the contact layer decreases when molecules get adsorbed in
the second, third, and fourth layers, i.e. the molecules that
are not located in the vicinity of the silica surface induce
a perturbation in the arrangement of the molecules in the
contact layer. In contrast to the results for the contact layer,
we found that the molecules in the second, third, and fourth
layers have no preferred orientation with respect to the pore
surface, i.e. S ~ 0. We also calculated the distribution of an-
gles, 8" = (CH, HO), between the CH bond of a benzene
molecule and the closest OH group of the pore surface. Cal-
culations for the angle 6" were limited to benzene molecules
located at a distance of less than 4 A in order to consider
only molecules within the first layer (in contact with the pore
walls). The largest probability is obtained for ' = 0° (distri-
bution not shown). This result shows that the perpendicular
orientation of benzene at the pore surface is mainly driven
by the attractive Hcege—Osubs. and Ccoeps—Hsubs. electrosta-
tic interactions. This result is consistent with the distribu-
tion of distances between the H and C atoms of the benzene
molecules and the H and O atoms of the silica substrate (see
Fig. 7 and discussion above).

4 Conclusion

This work reports a molecular simulation study of the ad-
sorption of benzene in an atomistic nanoporous silica pore
of a simple geometry. Capillary condensation in this pore
involves a transition from a partially filled pore (a two lay-
ers thick film at the pore surface) to a completely filled pore
configuration; as the pressure increases, the adsorbed film
collapses in the pore center. The density profiles of confined
benzene show the strong layering of the adsorbate at the pore
surface. As expected, it is found that the layering decays as
the distance to the pore surface increases. The position of
the peaks for the density of the C, H atoms and the center of
mass of the molecules shows that benzene molecules prefer
an orientation in which their ring is perpendicular to the pore
surface. This result is corroborated by looking at the distri-
bution of the distances between the H and C atoms of the
benzene molecules and the H and O atoms of the silica sub-
strate (Ogubs. and Hgyps.). These results are also confirmed
by calculating order parameters that characterize the orien-
tation of the benzene molecules with respect to the silica
surface and the OH silanol groups.
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In future work, we plan to study the adsorption of ben-
zene on silica surfaces and nanopores (Coasne et al. 2007)
and compare with available experimental data (Dosseh et al.
2003; Ribeiro Carrott et al. 2001). We will investigate the
effect of the surface chemistry by varying the density of OH
groups of the silica substrate. We will also address the effect
of the pore length on the adsorption and desorption mech-
anisms by comparing the results for an infinitely long pore
and a pore of a finite length opened at both ends towards
a bulk reservoir. Finally, we will also address the effect of
temperature on the adsorption and structure of benzene in
the vicinity of silica surfaces by considering two temper-
atures (298 K and 323 K). Starting from well-equilibrated
configurations of confined benzene, we will also determine
the evolution of the structure/density of confined benzene
as the temperature decreases in order to study freezing of
such an adsorbate. We will also perform Molecular Dynam-
ics simulations to obtain information regarding the dynam-
ics of the confined fluid. This will provide useful informa-
tion regarding the nature of the confined phase, such as its
diffusion coefficient and relaxation time.
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