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This article reports on a molecular simulation study of nitrogen adsorption and condensation at 77 K in atomistic
silica cylindrical nanopores (MCM-41). Two models are considered for the nitrogen molecule and its interaction with
the silica substrate. In the “pea” model, the nitrogen molecule is described as a single Lennard-Jones sphere and only
Lennard-Jones interactions between the nitrogen molecule and the oxygens atoms of the silica substrate are taken into
account. In the “bean”model (TraPPE force field), the nitrogenmolecule is composed of two Lennard-Jones sites and a
linear array of three charges on the atomic positions and at the center of the nitrogen-nitrogen bond. In the beanmodel,
the interactions between the sites on the nitrogenmolecule and the Si, O, andH atoms of the substrate are the sum of the
Coulombic and dispersion interactions with a repulsive short-range contribution. The data obtained with the pea and
bean models in silica nanopores conform to the typical behavior observed in the experiments for adsorption/
condensation in cylindrical MCM-41 nanopores; the adsorbed amount increases continuously in the multilayer
adsorption regime until an irreversible jump occurs because of capillary condensation and evaporation of the fluid
within the pore. Our results suggest that the pea model can be used for characterization purposes where one is interested
in capturing the global experimental behavior upon adsorption and desorption in silica nanopores. However, the bean
model is more suitable to investigating the details of the interaction with the surface because this model, which accounts
for the partial charges located on the nitrogen atoms of the molecule (quadrupole), allows a description of the specific
interactions between this adsorbate and silica surfaces (silanol groups and siloxane bridges) or grafted silica surfaces. In
particular, the bean model provides a more realistic picture of nitrogen adsorption in the vicinity of silica surfaces or
confined in silica nanopores, where the isosteric heat of adsorption curves show that the nitrogenmolecule in this model
is sensitive to the surface heterogeneity.

1. Introduction

Fluids confined within nanometric pores (the size of a few
molecular diameters) exhibit properties that are significantly
different from bulk properties. In particular, nanoconfinement,
surface forces, and reduced dimensions of the system affect phase
transitions (condensation, freezing, etc.). Understanding such
confinement and surface effects on the thermodynamics of fluids
is of crucial interest for both fundamental research and poten-
tial applications. Siliceous porous materials (porous glasses and
micelle-templated porous solids) are an important family of
nanoporous solids because of their use as adsorbents and catalytic
supports for gas adsorption, phase separation, catalysis, the
preparation of nanostructuredmaterials, and so forth.1-3Among
porous silicas, micelle-templated materials such as MCM-41,4

MCM-48,4 and SBA-155 have attracted a great deal of attention
because of their simple pore morphology (pore shape) and
topology (pore connectivity) compared to those of other porous
silicas (controlled pore glass and Vycor). These micelle-templated

materials are obtained by a template mechanism involving the
formation of surfactant or block copolymer micelles in a mixture
composed of a solvent and a silica source. Polymerization of the
silica and removal of the organic micelles lead to a material
presenting an array of regular pores. The pore diameter distribu-
tion is narrow with an average value that can be varied from 2 up
to 20 nm, depending on the synthesis conditions.3 As a result,
micelle-templated porous silicas are considered to be model
materials for investigating the effect of nanoconfinement on the
thermodynamics and dynamics of fluids, and a large quantity of
experimental, simulation, and theoretical work has been reported
on gas adsorption and capillary condensation in these solids. (For
a review, see refs 6 and 7.)

The adsorption of fluids in nanoporousmaterials still attracts a
great deal of attention because they are involved in many
industrial processes (catalysis, phase separation, etc.). Nitrogen
adsorption experiments at low temperature are also routinely
used for the characterization of porous solids.8 For instance, the
adsorbed amounts at low pressures are used to estimate, through
the BET model,9 the specific surface area of the sample as well as
the characteristic difference between the substrate/fluid and the*To whom correspondence should be addressed. E-mail: benoit.coasne@
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fluid/fluid interaction energies. Other methods such as the t-plot
method8 are used to estimate the surface roughness or micro-
porosity of the sample by comparing the amount adsorbed at low
pressure with some reference data obtained for macroporous
solids. Nitrogen adsorption experiments are also used to estimate
the pore size distribution of the sample from the capillary
condensation and evaporation pressures.8,10

The aim of the present work is to investigate by means of
molecular simulation the adsorption of nitrogen at 77 K in
atomistic models of MCM-41 regular cylindrical nanopores with
different pore diameters: D= 3.2 and 4.8 nm. Nitrogen was
selected because it corresponds to a standard fluid for the
adsorption-based characterization of porous solids. Two models
are considered for the nitrogen molecule and its interaction with
the silica substrate: the “pea”model and the “bean”model. In the
peamodel, the nitrogenmolecule is described as a single Lennard-
Jones sphere and only Lennard-Jones interactions between the
nitrogen molecule and the oxygens atoms of the silica substrate
are taken into account.11The beanmodel is based on the work of
Potoff and Siepmann,12 who developed a transferable potential
for the phase equilibria (TraPPE) force field. In this model, the
nitrogen molecule is composed of two Lennard-Jones sites and a
linear arrayof three charges on the atomposition andat the center
of the nitrogen-nitrogen bond. In the bean model, the interac-
tions between the sites on the nitrogenmolecule and the Si, O, and
H atoms of the silica nanopore are calculated using the PN-TraZ
potential as reported for rare gas adsorption in zeolites13 or in
porous silica glass.14 The intermolecular energy is written as the
sumof theCoulombic and dispersion interactionswith a repulsive
short-range contribution. For both MCM-41 nanopores consid-
ered in this work, the data for the bean and pea models are
analyzed and compared in terms of adsorption isotherms and
isosteric heat curves. An inspection of typical molecular configu-
rations also provides information regarding the filling and

emptying mechanisms. We also discuss the structure of confined
nitrogen by determining radial density profiles and pair correla-
tion functions g(r). Finally, we discuss, in light of our data, the use
of characterizationmethods to determine the specific surface area
and pore size distribution of silica samples. The remainder of the
article is organized as follows. In section 2, we present the two
models considered in this work for the nitrogen molecule and its
interaction with the silica substrate. We also introduce the model
of MCM-41 nanopores used in this work and briefly discuss the
details of the simulation techniques. In section 3, we report results
for the adsorption, condensation, and evaporation of nitrogen at
77 K in the silica nanoporous materials. Section 4 contains
concluding remarks.

2. Computational Details

2.1. Preparation of SilicaNanopores.MCM-41 pores were
described in this work as an atomistic model of cylindrical silica
nanopores with different pore diameters, D=3.2 and 4.8 nm
(Figure 1). The latter were generated according to the following
method that can beused to prepare pores of variousmorphologies
and topologies, such as cylindrical, hexagonal, ellipsoidal, and
constrictedpores.14-17Theporosity of thematerial can bedefined
using a mathematical function η(x, y, z) that equals 1 if (x, y, z)
belongs to the silica wall and 0 if (x, y, z) belongs to the void.15,18

The nanopores used in this work were obtained by carving out of
an atomistic block of cristobalite (crystalline silica) a void
corresponding to η(x, y, z) = 0. All of the pores considered in
this work are of a finite length L = 10 nm and are connected to
bulk reservoirs so that they mimic real materials in which the
confined fluid is always in contact with the external gas phase.
(This departs from infinitely long pores for which the evaporation

Figure 1. Plane and transverse views of atomistic silica cylindrical nanopores with different diameters: (top)D=3.2 nm and (bottom)D=
4.8 nm. The orange and red spheres are the silicon and oxygen atoms, respectively. The white spheres are the hydrogen atoms that delimit the
pore surface. Note that the pores are of a finite length so that they are open at both ends toward an external bulk reservoir. Silica nanopores
withD=3.2 and 4.8 nmwere carved out of initial silica blockswith dimensions of 4.9 nm�4.9 nm�15.0 nmand 6.4 nm�6.4 nm�15.0 nm,
respectively.
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of the confined liquid necessarily occurs through cavitation
because there is no interface with the external phase.) To mimic
the silica surface in a realisticway,we removed in a second step the
Si atoms that are in an incomplete tetrahedral environment. We
then removed all oxygen atoms that are nonbonded. This proce-
dure ensures that (1) the remaining silicon atoms havenodangling
bonds and (2) the remaining oxygen atoms have at least one
saturated bond with a Si atom. Then, the electroneutrality of the
simulation box was ensured by saturating all oxygen dangling
bonds with hydrogen atoms. The latter are placed in the pore void
at a distance of 1 Å from the unsaturated oxygen atom along the
direction perpendicular to the silica surface. It has been shown
that the density of OH groups obtained using such a procedure
(7-8 OH per nm2) is close to the experimental value for porous
silica glasses such as Vycor (5-7 OH per nm2).19-21 Then, we
slightly and randomly displace all of the O, Si, and H atoms in
order to mimic an amorphous silica surface. (The maximum
displacement in each direction x, y, and z is 0.7 Å.)
2.2. Models for the Nitrogen Molecule and Silica-

Adsorbate Interaction. Two models were considered for the
nitrogen molecule and its interaction with the silica substrate: the
pea and bean models.

2.2.1. Pea Model. In the first model considered in this work,
nitrogen was described as a single Lennard-Jones sphere with
the following parameters: σ = 3.75 Å and ε = 95.2 K.11 No
Coulombic interactions is taken into account because the atoms
of the nitrogen molecule are not explicitely described in this
model. The Lennard-Jones parameters for the oxygen atoms of
the silica substrate are σ = 2.7 Å and ε = 230 K, and following
previous simulations of nitrogen adsorption in silica gels or
controlled pore glasses, we neglect interactions with silicon and
hydrogen atoms of the substrate because of the low polariz-
ability.11,22,23 The cross-parameters for the interaction between
the nitrogen molecules and the oxygen atoms of the pores were
determinedusing theLorentz-Berthelotmixing rules:σ=3.225 Å
and ε = 147.97 K (Table 1).

2.2.2. Bean Model. In the second model considered in this
work, nitrogen was described using the model of Potoff and
Siepmann.12 In this model (Table 2), each nitrogen atom of the
rigid nitrogen molecule is a center of repulsion/dispersion inter-
actions that interact through a Lennard-Jones potential with the
following parameters:σ=3.31 Å and ε=36K. In addition, each
nitrogen atom possesses a partial charge with q = -0.482 that
interacts through Coulombic forces. At the center of the nitro-
gen-nitrogen bond (the N-N interatomic distance is 1.1 Å), a
partial charge of q=þ0.964 compensates for the negative charge
on the nitrogen atoms. As pointed out by Herdes et al.,24 such a
charge distribution reproduces themeasured quadrupolemoment
of the nitrogen molecule. Interactions between the sites on the

nitrogen molecule and the Si, O, and H atoms of the silica
nanoporewere calculated using the PN-TraZpotential as reported
for rare gas adsorption in a zeolite13or in porous silica glass.25The
intermolecular energy is written as the sum of the Coulombic and
dispersion interactions with a repulsive short-range contribution.
The choice of the PN-TrAZ model to describe the benzene/silica
interactionwasmotivated by the good transferability of thismodel
in the case of water26,27 and benzene in porous silica.28,29 The
adsorbate-surface energy Uk(rk) of site k of an adsorbate mole-
cule at position rk is given in atomic units

UkðrkÞ ¼
X

j¼fO, Si,Hg

Akj expð- bkjrkjÞ-
X

5

n¼ 3

f2nðrkjÞ
C

kj
2n

r2nkj
þ
qiqk

rkj

" #

ð1Þ

where rkj is the distance between matrix atom j (O, Si, or H) and
site k of the adsorbate molecule. The first term in eq 1 is a
Born-Mayer term corresponding to the short-range repulsive
energy due to the finite compressibility of electron clouds when
approaching the adsorbate at very short distances from the pore
surface. Repulsive parameters Akj and bkj are obtained from
mixing rules of like-atom pairs. (See below.) The second term in
the above equation is a multipolar expansion series of the disper-
sion interaction that can be obtained from the quantum mecha-
nical perturbation theory applied to intermolecular forces.30 The
multipolar expansion series was truncated after the first dispersion
term C6/r

6 in the present work. It has been shown that two-body
dispersion coefficientsC2n

kj for isolated or condensed-phase species
can be derived from the dipole polarizability R and the effective
number of polarizable electrons Neff of all interacting species,
which are closely related to partial charges that can be obtained
from ab initio calculations. f2n represents damping functions that
depend on the distance rkj and the repulsive parameter bkj:

f2nðrkjÞ ¼ 1-
X

2n

m¼ 0

bkjrkj

m!

� �

expð- bkjrkjÞ ð2Þ

The role of these damping functions is to avoid the divergence
of the dispersion interaction at short distances where the wave
functions of the two species overlap (i.e., when the interacting
species are in contact).31 Each pair of interacting species is
parametrized with the single bkj repulsive parameter. The third
term in eq 1 is the Coulombic interaction between the charge of
site k and that of substrate atom j. The Coulomb energy was

Table 1. Lennard-Jones Interaction Parameters for the PeaModel of
theNitrogenMolecules and theNitrogenMolecules’ Interactions with

the Oxygen Atoms of the Silica Substratea

σΝ2/Ν2
3.75 Å

εΝ2/Ν2
95.2 K

σΝ2/Ο
3.225 Å

εΝ2/Ο
147.97 K

aFrom ref 11.

Table 2. Geometry and Parameters for Potential Functions for the
Bean Model of the Nitrogen Moleculea,b

r(NN) 1.1 Å
q(N) -0.482
σ 3.31 Å
ε 36 K

aFrom ref 12. bThe negative charge on the nitrogen atoms is
compensated for by a positive charge of q = þ0.964 located at the
center of the nitrogen-nitrogen bond.
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computed using the Ewald summation technique. The atomic
parameters and coefficients for the nitrogen/silica substrate inter-
actions are given in Tables 3 and 4. The repulsive parameters for
like pairs are taken from previous work by Pellenq andNicholson
for silicon13 and from work by Filippini and Gavezzotti32 for
oxygen, hydrogen, and nitrogen. The repulsive cross-parameters
were determined using the Bohm and Ahlrichs combination
rules.33 This type of potential function based on the PN-TrAZ
parametrization method was used in various studies of molecular
and covalent fluids at interfaces from open surfaces26,34 to micro-
porous zeolites35-38 and more recently in the case of mesoporous
silica materials.26-29,39

2.3. Grand Canonical Monte Carlo (GCMC). We per-
formedGCMC simulations of nitrogen adsorption at 77K on the
atomistic silica nanopores shown in Figure 1. The GCMC
technique is a stochastic method that simulates a system having
a constant volume V (the pore with the adsorbed phase) in equi-
librium with an infinite reservoir of particles imposing its chemi-
cal potential μ and temperature T.40,41 The absolute adsorp-
tion isotherm is given by the ensemble average of the number of
adsorbed atoms as a function of the pressure of the gas reservoir
P. (The latter is obtained from the chemical potential μ according
to the bulk equation of state for an ideal gas.) AMonte Carlo step
in the present work corresponds to a particle displacement
attempt and either a deletion or a creation attempt. Deletion
and creation were attempted in the entire volume of the simula-
tion box. The systemwas first allowed to equilibrate in the course
of a GCMC run. Afterwards, the number of particles in the sys-
tem and the isosteric heat of adsorption, which fluctuate about
a steady value, were averaged using 105 Monte Carlo steps per

particle. The uncertainty in the adsorbed amounts and the
isosteric heat of adsorption is a few percent. (The latter corres-
ponds to the statistical error in the set of data used to calculate the
average values.) Because of their different intrinsic complexities,
the pea and bean models have different computational efficien-
cies. Let us consider a simulation box in which a silica pore
composed of N0 atoms accommodates N nitrogen molecules.
Once the total energy has been calculated, each Monte Carlo
move involving one molecule (rotation, translation, deletion, or
creation) requires a calculation of the energy with theN- 1 other
nitrogen molecules and the N0 silica atoms. This leads to compu-
tational costs of∼NþN0 for the peamodel (one site) and∼9Nþ
3N0 for the beanmodel (three sites). As a result, depending on the
number N0 of silica atoms, the computational cost for the bean
model is between 3 and 9 times larger than that for the peamodel.

3. Results and Discussion

3.1. Adsorption Isotherm and Isosteric Heat of Adsorp-

tion. Adsorption isotherms for nitrogen at 77 K in nanoporous
materials are usually plotted as a function of the reduced pressure
P/P0, where P0 is the bulk saturating vapor pressure. Therefore,
before presenting the simulation results for nitrogen adsorption at
77 K in regular cylindrical nanopores using the pea and bean
models for the adsorbatemolecule, an important discussion of the
ability of the models to predict P0 accurately is needed. On one
hand, P0,pea = 1.23 bar for the pea model can be estimated using
the Antoine law for Lennard-Jones fluids as determined by
Kofke.42 On the other hand, P0,bean = 0.87 bar for the bean
model (TraPPE force field) was estimated by Herdes et al.24 The
latter values are, respectively,∼20% larger and∼10% lower than
the experimental saturating vapor pressure, P0,exp = 1.01 bar. In
what follows, we compare the simulated data with experimental
data by using pressures reduced with respect to the saturating
vapor pressure corresponding to the model chosen for the nitro-
gen molecule (P0,pea or P0,bean).

The nitrogen adsorption isotherms obtained at 77 K for the
regular cylindrical nanopores withD=3.2 and 4.8 nm are shown
inFigures 2 and 3, respectively. For each pore size, we report both

Table 3. PN-TrAZ Potential Parameters for the Bean Model of the
Nitrogen Molecule and Silica Species (a0 = 0.529177 Å and Eh =

3.1578 � 105 K)

nitrogen silica

atom N Si O H

q (e) þ0.482 þ2 -1 þ0.5
A (Eh) 139.1 6163.4 74.4 9.2
b (a0

-1) 1.931 2.395 2.190 2.122
R (a0

3) 7.423 2.36 8.03 2.25
Neff 3.187 1.529 4.656 0.324

Table 4. Dispersion and Repulsion Parameters for the BeanModel of
the Nitrogen Molecule and Silica Speciesa

nitrogen species silica species C6 (Eha0
6) A (Eh) b (a0

-1)

N O 32.683 102.294 2.043
N Si 9.861 925.995 2.138
N H 6.174 86.948 2.392

aThese parameters have been obtained in the framework of the PN-
TrAZ model with Bohm and Ahlrichs combination rules for repulsive
interactions.

Figure 2. Nitrogen adsorption isotherm at 77 K in the silica
cylindrical nanopore with D=3.2 nm: (circles) pea model and
(triangles) bean model. Pressures are reduced with respect to the
saturating vapor pressure corresponding to the model chosen for
the nitrogen molecule (P0,pea or P0,bean). The black circles corre-
spond to the experiments byKruket al.43 for anMCM-41nanopore
with a diameter ofD=3.1 nm (with pressures reducedwith respect
to experimental saturating vapor pressure P0,exp). Adsorbed
amounts in the simulation data have been normalized to the
experimental adsorbed amount when the pore is filled (∼600 cm3/
STP per gram of adsorbent).
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the data obtained with the pea and bean models of the nitrogen
molecule.We also report in Figures 2 and 3 the experimental data
obtained by Kruk et al.43 for MCM-41 samples with similar pore
diameters (D=3.1 and 4.6 nm). Of course, the experimental data
are reported in both cases with pressures in reduced units with
respect to the experimental saturating vapor pressure, P0,exp.
Adsorbed amounts in the simulated adsorption isotherm have
been normalized to the experimental adsorbed amount when the
pore is filled (∼600 cm3/STPper gramof adsorbent for the sample
with D = 3.2 nm and ∼400 cm3/STP per gram of adsorbent for
the sample with D = 4.8 nm). Data obtained with the pea and
bean models for the two pores conform to the typical behavior
observed in the experiments for adsorption/condensation in
MCM-41 cylindrical nanopores;43 the adsorbed amount increases
continuously in the multilayer adsorption regime until a jump
occurs because of capillary condensation of the fluid within the
pore. The condensation pressures for the nanopore with D =
3.2 nm are P=0.25P0,pea for the pea model and P= 0.29P0,bean

for the bean model whereas those for the nanopore with D =
4.8 nm are P=0.50P0,pea for the pea model and P= 0.58P0,bean

for the bean model. (A comparison with the experimental data
will be discussed later.) Figure 4 shows for the pea model typical
molecular configurations of nitrogen adsorbed at different pres-
sures upon adsorption in the nanopores withD=3.2 and 4.8 nm.
We also show in Figure 5 typical molecular configurations
obtained for these two nanopores with the bean model. Indepen-
dently of the model used for the nitrogen molecule and the pore
diameter, the surface of the silica nanopores is covered with a
homogeneous film at the onset of capillary condensation. As
expected for a regular nanopore, condensation occurs through an
irreversible and discontinuous transition between the partially
filled and completely filled configurations (which occurs when the
adsorbed film becomes unstable).

The evaporation pressure for the nanopore with D = 3.2 is
almost identical to the capillary condensation pressure for the
pea model so that the pore filling is nearly reversible. In contrast,
the evaporation pressure for this nanopore with the bean model,
P = 0.25P0,bean, is lower than the capillary condensation pressure

so that a large hysteresis loop is observed. For the nanopore with
D = 4.8 nm, the evaporation pressures are P= 0.43P0,pea for the
pea model and P = 0.47P0,bean for the bean model. Whatever the
model for the nitrogen molecule, the evaporation pressure for this
nanopore is lower than the capillary condensation pressure so that
large hysteresis loops are observed. In agreement with previous
work on adsorption/desorption in cylindrical pores,44-46 evapora-
tion occurs through the displacement at equilibrium of a hemi-
spherical meniscus along the pore axis (Figures 4 and 5). The
hysteresis loops and the filling and emptying mechanisms observed
in the present work are in agreement with the classical picture
proposed long ago by Cohan;47 the hysteresis loop is related to the
different shapes of the gas/liquid interfaces encountered upon filling
(cylindrical meniscus) and emptying (hemispherical meniscus) of
the pores. By applying the classical Kelvin equation with these
different meniscus shapes, one predicts that evaporation should
occur at a pressure lower than condensation. In the framework of
this theory, condensation is a metastable transition because the
cylindrical gas/adsorbate interface upon adsorption is metastable
with respect to the hemispherical gas/liquid interface (the hemi-
spherical meniscus corresponds to the true equilibrium because it
imposes phase coexistence of the confined gas and liquid phases).

The fact that for both the pea and bean models the hysteresis
loop for the porewithD=4.8 nm ismuch larger than that for the
pore with D=3.2 nm can be explained as follows. We know

Figure 3. Nitrogen adsorption isotherm at 77 K in the silica
cylindrical nanopore with D=4.8 nm: (circles) pea model and
(triangles) bean model. Pressures are reduced with respect to the
saturating vapor pressure corresponding to the model chosen for
the nitrogen molecule (P0,pea or P0,bean). The black circles corre-
spond to the experiments byKruk et al.43 for aMCM-41 nanopore
with a diameter ofD=4.6 nm (withpressures reducedwith respect
to experimental saturating vapor pressure P0,exp). Adsorbed
amounts in the simulation datahave beennormalized to the experi-
mental adsorbed amount when the pore is filled (∼400 cm3/STP
per gram of adsorbent).

Figure 4. (Top) Typical molecular configurations for nitrogen in
the silica cylindrical nanoporewithD=3.2nmwhen thepeamodel
is considered: (from left to right) P=2 � 10-3P0,pea, 0.24P0,pea,
and 0.32P0,pea. The white spheres are the oxygen atoms of the
silica nanopore, and the cyan spheres are the adsorbate molecule.
(Bottom) Same as in the top image but for the nanopore withD=
4.8 nm: (from left to right) P = 2 � 10-3P0,pea, 0.49P0,pea, and
0.61P0,pea.

(43) Kruk, M.; Jaroniec, M.; Kim, J. M.; Ryoo, R. Langmuir 1999, 15, 5279.

(44) Gelb, L. D. Mol. Phys. 2002, 100, 2049.
(45) Coasne, B.; Galarneau, A.; Di Renzo, F.; Pellenq, R. J.-M. Langmuir 2006,

22, 11097.
(46) Coasne, B.; Galarneau, A.; Di Renzo, F.; Pellenq, R. J.-M. J. Phys. Chem.

C 2007, 111, 15759–15770.
(47) Cohan, L. H. J. Am. Chem. Soc. 1938, 60, 433–435.
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from previous experimental,48-51 theoretical,52-55 and molecular
simulation44,56,57 work that there is a temperature, the so-called
critical capillary temperature Tcc, above which capillary conden-
sation in nanoporous solids becomes reversible. As the tempera-
ture approaches Tcc, the hysteresis loop shrinks and disappears
forT=Tcc.We also know thatTcc increases as the pore diameter
increases. Consequently, for a given temperatureT, the hysteresis
loop for the small nanopore (D = 3.2 nm) must be smaller than
that for the large pore (D=4.8 nm) because T is closer to Tcc for
the small pore than that for the large pore. We note that this
interpretation agrees with the experimental adsorption isotherms
observed for MCM-41 samples; the adsorption isotherm is rever-
sible for the nanoporewithD=3.1 nmwhereas a hysteresis loop is
observed for the nanoporewithD=4.6 nm. (See below for amore
detailed comparison between experimental and simulated data.)

As mentioned above, data obtained with the pea and bean
models conform to the typical experimental behavior for adsorp-
tion/condensation in cylindrical nanopores such as MCM-41 or
SBA-15. The data obtained with the pea model better reproduce
the experimental adsorption isothermswhen pressures are plotted
in reduced units with respect to the saturating vapor pressure of

the model, P0,pea. We note in passing that, when pressures are
reduced with respect to P0,exp, both the simulated adsorbed
amounts prior to capillary condensation and simulated capillary
condensation pressures for the bean model satisfactorily repro-
duce the experimental data (results not shown). Keeping in mind
that neither the pea nor the beanmodel accurately reproduces the
bulk saturating vapor pressure for nitrogen at 77 K, the results
above show that the choice of the value forP0 is crucial when one
is interested in predicting the experimental data. As can be seen in
Figures 2 and 3, there is a major discrepancy between the
experimental data for the nanopore with D = 3.1 nm and the
simulated data for the pea and bean models in the nanopore with
D = 3.2 nm; the experimental adsorption isotherm is reversible,
but the simulated adsorption isotherms are irreversible. This
result can be partially attributed to the fact that for such pores
(D≈ 3.1-3.2 nm) the temperature is close to the capillary critical
temperature Tcc (i.e., a small change in the pore diameter causes
the pore filling to change drastically from discontinuous and
irreversible to continuous and reversible). This result is supported
by the fact that the simulated hysteresis loop for the D= 3.2 nm
nanopore with the pea model is very narrow, indicating that we
are indeed close to the capillary critical temperature Tcc(D) for
this model. Other factors such as the uncertainty in the pore
diameter (in the simulations as well as in the experiments), the
pore shape (some authors have proposed in the literature that
MCM-41 pores are slightly hexagonal as a result of the hexagonal
ordering of the porosity), and the surface roughnessmight explain
the differences between the simulated and experimental data.
Adjusting the simulation parameters to fit the experimental data
is beyond the scope of this article because it is a very tedious
task (unless nonphysical fitting procedures are used to adjust
the parameters). In particular, interaction potentials used in
molecular simulations usually suffer from the absence of
explicit many-body interactions and higher-order terms in
the dispersion interaction. As a result, molecular simulation
models provide a more global picture of gas adsorption and
condensation in nanoporous materials than does a general
quantitative characterization technique.

Figure 6 shows the isosteric heatQst for nitrogen adsorption at
77 K in the silica cylindrical nanopores withD=3.2 and 4.8 nm.
Qstwas obtained from fluctuations in the number of particlesN in
the system and from fluctuations in the internal energy U58

Qst ¼ RT -
DÆUæ

DÆNæ
¼ RT -

ÆUNæ- ÆUæÆNæ

ÆN2æ- ÆNæ2

where T is the temperature and R is the rare gas constant. Data
obtained with the pea and bean models are reported in Figure 6.
Adsorbed amounts have been normalized to the total number of
adsorbed molecules N0 when the pore is filled. The use of
adsorbed amounts as abscissae (instead of pressures) to plot the
isosteric heat of adsorption curves helps us to avoid the choice of
P0. (See above.) For a given pore size, at low loading Qst for the
bean model is larger than that obtained for the pea model. This
result shows that the bean model captures the attractive interac-
tion between the nitrogen molecules and the hydroxyl groups of
the silica surface. The isosteric heat of adsorption curve for the
pea model is characteristic of the adsorption of simple gases on
homogeneous surfaces; Qst ≈ 11 kJ/mol is almost constant upon
the adsorptionof the firstmonolayer and then decreases to a value
close to the heat of liquefaction of nitrogen (5.6 kJ/mol) as further

Figure 5. (Top) Typical molecular configurations for nitrogen in
the silica cylindrical nanoporewithD=3.2nmwhen thebeanmodel
is considered: (from left to right) P= 0.003P0,bean, 0.25P0,bean, and
0.30P0,bean. The white spheres are the oxygen atoms of the silica
nanopore, and the blue spheres are the nitogen atoms of the
adsorbate molecule. (Bottom) Same as in the top image but for the
nanopore with D = 4.8 nm: (from left to right) P = 0.003P0,bean,
0.58P0,bean, and 0.61P0,bean.
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adsorption takes place. In contrast, the isosteric heat of adsorp-
tion curve for the bean model is characteristic of adsorption on
heterogeneous surfaces; Qst decreases continuously upon in-
creases in the adsorbed amount. Interestingly, as in the case of
the peamodel,Qst for the beanmodel decreases from∼14 kJ/mol
at low loading down to a value close to the heat of liquefaction of
nitrogen (6-7 kJ/mol). The fact that both the pea and bean
models lead to similarQst values at high loadings suggests that the
main differencebetween these twomodels lies in the descriptionof
the effect of surface heterogeneity on the adsorption of the first
monolayers. In particular, we note that both models are in good
agreement with the experimental isosteric heat of condensation
(∼6 kJ/mol) estimated by Trens et al. for nitrogen at 77 K in
MCM-41 nanopores.59On one hand, the nitrogenmolecule in the
pea model “sees” a homogeneous silica surface because of the
consideration of only the oxygen atoms in this model. In contrast,
the nitrogen molecule in the beanmodel is sensitive to the surface
heterogeneity of the silica pores because they interact with all of
the atoms of the substrate in this model. The results above show
that, although the data for the pea model reasonably describe the
experimental data, the bean model provides a more realistic
picture of nitrogen adsorption in the vicinity of silica surfaces
or confined in silica nanopores. No experimental isosteric heat of
adsorption curve is available in the literature for nitrogen at 77 K
in MCM-41 nanopores. This is due to the fact that the latter
measurements require adsorption experiments to be performed at
temperatures above and below 77 K. Temperatures above this
temperature can be easily reached by heating the thermal bath in
which the experimental cell is introduced. (The thermal bath
usually consists of liquid argon at 87Kor liquid nitrogen at 77K.)
In contrast, reaching temperatures below 77 K is not simple
because it requires cooling of the thermal bath. Although no
experimental isosteric heat data are available, comparison with
isosteric heat of adsorption curves for other gases in MCM-41
clearly shows that the behavior observed for the bean model
better captures the qualitative experimental behavior. (See the
experimental data for argon inFigure 3 of ref 60 and for tert-butyl
alcohol in Figure 6 of ref 51.) In particular, the experimental
isosteric heat of adsorption curve is characteristic of adsorption
on heterogeneous surfaces as Qst decreases continuously with

increasing adsorbed amount, in qualitative agreement with the
simulated data for the bean model.

In this work we also compared the structure of confined
nitrogen for both the pea and bean models. Figure S1 in the
Supporting Information shows density profiles F(r) for nitrogen
confined at 77 K in the silica cylindrical nanopore with D =
3.2 nm at the onset of capillary condensation and after capillary
condensation when the pore is filled. Data for the pea and bean
models are reported. Similar results have been obtained for the
nanopore withD= 4.8 nm, so they are not reported for the sake
of brevity and clarity. We recall that the size of the nitrogen
molecule in the pea model is σ = 0.375 nm whereas that in the
bean model corresponds to two Lennard-Jones spheres with σ=
0.331 nm separated by a distance of 0.11 nm. The density profiles
obtained at the onset of capillary condensation show that a
molecular layer of nitrogen is already adsorbed at the silica
surface and that a second layer started to form. Above capillary
condensation, the confined liquid phase also exhibits density
oscillations (up to five layers are confined when the pore is filled).
Such a spatial ordering of fluids in the vicinity of surfaces or
confined in porous materials have been discussed in detail in the
literature. (For a review, see ref 61.) Both at the onset and above
capillary condensation, the density profiles obtained for the pea
and bean models are similar (strong layering of the confined
adsorbate and the same number of confined layers with similar
density amplitudes). Figure S2 in the Supporting Information
shows the pair correlation functions g(r) for nitrogen confined
above capillary condensation in the silica cylindrical nanopore
withD=3.2 nm.Data for the pea and beanmodels are reported.
We also report the pair correlation function obtained for each
model for bulk nitrogen at 77 K. Again, similar results have been
obtained for the nanopore with D = 4.8 nm, so they are not
reported for the sake of brevity and clarity. All of the pair
correlation functions for the confined fluid have been corrected
for the excluded volume effect according to the method reported
by Gallo et al.62,63 The g(r) function between molecules A and B
is related to the probability of having a molecule A at a distance
between r and r þ dr from an atom B. Note that this function is
also related to the inverse Fourier transform of the structure
factor S(q) measured in X-ray or neutron diffraction. The pair
correlation functions for the pea and bean models show that the
confined fluid has a liquidlike structure, where only short-range
positional order is observed. It is found that the peaks of the g(r)
function for the confined molecules are located at the same
positions as those for the bulk fluid. The g(r) function for the
pea model is almost identical to that for the bean model, which
shows that such a simplemodel is able to capture the structure and
organization of the confined fluid.
3.2. Surface Area and Pore Size Distribution Determina-

tion. We now discuss the use of the BET method to assess the
specific surface area of a nanoporous material from adsorption
data. The BETmethod is one of the most widely used methods in
the field of porous solid characterization. It allows one to estimate
specific surfaces from adsorption isotherms on the basis of a
model developed to describe multilayer adsorption. The hypoth-
eses of the model are that (1) adsorption occurs on energetically
homogeneous sites having an energy ε1 (the surface density of sites
is also constant) and (2) molecules can adsorb on each other. In
the latter case, the adsorption energy ε0 for allmolecules adsorbed
above the first layer is constant and equal to the cohesion energy

Figure 6. Isosteric heatQst for nitrogenadsorptionat 77K in silica
cylindrical nanopores. (Circles) Pea model and (triangles) bean
model. Open and closed symbols correspond to pores with D =
3.2 and4.8 nm, respectively.Adsorbedamounts havebeennormal-
ized to the total numberN0 of adsorbedmolecules when the pore is
filled.Thedashed line indicates theheatof liquefaction for nitrogen
at 77 K.

(59) Trens, P.; Tanchoux, N.; Galarneau, A.; Brunel, D.; Fubini, B.; Garrone,
E.; Fajula, F.; Di Renzo, F. Langmuir 2005, 21, 8560.
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in the bulk liquid. With these assumptions, it can be shown that
the adsorption data (adsorbed amountN versus relative pressure
P/P0) must obey the following equation

P

P0

N 1-
P

P0

� � ¼
1

N0C
þ
C- 1

N0C

P

P0

ð3Þ

where N0 is the monolayer capacity (i.e., the number of atoms
needed to cover the substrate uniformly with one complete
monolayer). The factor C is related to the adsorption energies
in the system, C = [(ε1 - ε0)/kBT] where kB is the Boltzmann
constant and T is the temperature. Parameters C and N0 can be
estimated from the slope and the intercept of the BET plot given
by eq 3.

Figure S3 in the Supporting Information shows the BET plots
corresponding to the nitrogen adsorption isotherms (77K) for the
pea and bean models in the silica nanopores with D = 3.2 and
4.8 nm. A comparison between the BET surface, SBET, and the
geometrical surface, SGEO, is reported in Table 5 for each model
and nanopore. The geometrical surface has been estimated as the
pore circumference multiplied by the pore length. For each
nanopore, we also report in Table 5 the value ofC. Themonolayer
capacity has been converted into a surface area using the
molecular surface area for a nitrogen molecule at 77 K, a(N2)=
0.135 nm2. Galarneau et al.64 have shown that the latter value
should be preferred to the common value of 0.162 nm2 when
considering templated mesoporous silicas. In agreement with the
experiments for MCM-41,43 we found that the BET plots corres-
ponding to our data for nitrogen adsorption in the silica nano-
pores follow the expected linear behavior in the relative pres-
sure range of 0.04-0.2 for the nanopore with D=3.2 nm and
0.04-0.4 for the nanopore with D = 4.8 nm. For both the
nanopores with D= 3.2 and 4.8 nm, BET surface SBET obtained
with the bean model is in good agreement with true geometrical
surface SGEO (within ∼10%). Moreover, the values obtained for
Cwith the beanmodel are consistent with the experimental values
that are usually reported in the literature for oxide surfaces,
∼80-150.8 However, the BET surfaces obtained for the pea
model underestimate the true geometrical surfaces of the silica
nanopores by about 15-20%. The values obtained forCwith the
pea model are also lower that those observed in experiments on
MCM-41 samples (80-110).64 We note that good agreement is
reached between the BET surfaces obtained for the peamodel and

the true geometrical surfaces if the common value of a(N2) =
0.162 nm2 is used for the molecular surface area for a nitrogen
molecule at 77K.Given that experiments have shown thata(N2)=
0.135 nm2 should be used to estimate the surface area of templated
mesoporous silicas accurately, the fact that the BET surfaces
estimated for the bean model with this value are close to the true
surface of the nanopores suggests that this model provides a
realistic description of nitrogen adsorption in these materials.

We now discuss on the basis of our simulated data the ability of
pore size evaluation methods to relate the pore radius to the
capillary condensation and evaporation pressures. Table 6 shows
the relative condensation and evaporation pressures, PC and PE,
obtained for the pea and beanmodels of nitrogen at 77 K in silica
nanopores withD=3.2 and 4.8 nm. Capillary condensation and
evaporation pressures in nanopores are usually described using
the modified Kelvin equation.8 To account for the effect of
curvature, we corrected the values of the surface tension in the
Kelvin equation using the Tolman equation

γðRÞ ¼ γð¥Þ 1þ
Rδ

R

� �

ð4Þ

where R = R0 - t(P), which corresponds to the pore radius
diminished by the thickness of the adsorbed film, is the radius of
curvature of the gas/liquid interface at the condensation or
evaporation pressure. R is the shape factor that equals 1 upon
adsorption (cylindrical adsorbed film) and 2 upon desorption
(hemispherical meniscus along the pore axis). We used δ = 0.2σ
(where σ=3.75 Å is the kinetic diameter of the nitrogen mole-
cule); such a Tolman length is consistent with the typical
values reported in the literature that correspond to a small frac-
tion of the size of the molecule.65-68 Even for a large nanopore
of a diameter D= 4.8 nm where the modified Kelvin equation is
expected to become accurate, the latter equation overestimates by
at least ∼15% the condensation and evaporation pressures. We
note that the condensation and evaporation pressures found in the
GCMC simulations can be fitted using the modified Kelvin
equation only when a large Tolman length of δ ≈ σ is used. This
result is consistent with our previous work69 for argon adsorption
in silica nanopores in which we reported that a large unphysical
Tolman length (2δ ≈ 6σ) must be used in the modified Kelvin
equation to account for the capillary condensation and evapora-
tion pressures found in the simulations. The results above show
that the charaterization methods based on the analysis of the
adsorption and desorption branch using the modified Kelvin
equation overestimate the condensation and evaporation pres-
sures (reciprocally, the modified Kelvin equation underestimates
the pore size of the material for a given transition pressure). These
results are consistent with previous work in which it was reported
that the Kelvin equation breaks down for pores having a diameter
smaller than D ≈ 15σ (again, σ is the size of the adsorbate).70-73

Table 5. BETSurface (SBET) andEnergyParameterCObtained from
Nitrogen Adsorption at 77 K in Cylindrical Silica Nanopores with

Diameters of D = 3.2 and 4.8 nma

D = 3.2 nm
(SGEO = 134 nm2)

D = 4.8 nm
(SGEO = 197 nm2)

model pea bean pea bean

SBET (nm2) 106 120 165 174
C 59 89 67 116

aThe data obtained with the pea and bean models are reported. We
used a(N2) = 0.135 nm2 for the molecular surface area for a nitrogen
molecule at 77 K. For each pore, the true geometrical surface SGEO is
indicated. The linear ranges of data between 0.04P0 and 0.2P0 for the
nanopore with D = 3.2 nm and between 0.04P0 and 0.4P0 for the
nanopore withD=4.8 nmwere considered to estimate the BET surface
as well as the C parameter. (See Figure S3 in the Supporting In-
formation.)
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Recently, some of us reported a simple phenomenological
model that describes the adsorption and capillary condensation
and evaporation of pure fluids confined in regular cylindrical
nanopores.74 In this model, which we call the PCDC model in
what follows, the free-energydensity of the system is derived using
interfacial tensions and a corrective term that accounts for the
interaction coupling between the vapor/adsorbed liquid and the
adsorbed liquid/adsorbent interfaces. This model, which is based
on the original work by Celestini,72 proposes that capillary
condensation and evaporation are metastable and equilibrium
processes, respectively, hence exhibiting the existence of a hyster-
esis loop in adsorption/desorption isotherms. We also extended
this phenomenological model to give a quantitative description of
adsorption on the pore wall and hysteresis width evolution with
temperature and confinement. Used as a characterizing tool, this
integratedmodel allows a single fit of an experimental adsorption/
desorption isothermassessing essential characterization data such
as the specific surface area, pore volume, and pore size distribu-
tion. In particular, in contrast to the modified Kelvin equation,
the PCDCmodel does not require the inclusion of additional data
such as the pressure dependence of the adsorbed film thickness,
t(P). Table 6 compares the simulated condensation and evapora-
tion pressures (PC,PE) for nitrogen at 77K in the silica nanopores
with diameters D = 3.2 and 4.8 nm with the predictions of the
PCDCmodel.We also report the predictions of the PCDCmodel
for the thickness of the film adsorbed at the onset of capillary
condensation and upon desorption at the evaporation pressure.
Only predictions for the nanopore with a diameter ofD=4.8 nm
are shown because the PCDC model does not apply to critical
adsorption isotherms such as that for the nanopore with D =
3.2 nm (i.e., showing continuous and reversible filling of the
nanopore). Indeed, the experimental adsorption isotherm for this
pore size is reversible, which indicates that the temperature is
below that the capillary critical temperature Tcc. For such critical
adsorption isotherms, molecular simulations have shown that
although there is preferential adsorption near the pore surface, no
clear interface between the adsorbed film and the gas phase in the
pore center is observed. As a result, the PCDCmodel should not
be used to describe critical adsorption isotherms because it
explicitly assumes vapor/adsorbed liquid and adsorbed liquid/
adsorbent interfaces. This last statement also applies to theKelvin

equation or other models proposed in the literature74-78 in which
phase coexistence among the adsorbed, gas, and solid phases is
assumed. Coming back to the comparison with the simulations,
the PCDCmodel is in fair agreement with the data for the pea and
bean models for the adsorbed film thickness (within ∼1 Å). The
condensation pressure is also reasonably predicted by the PCDC
model (to∼10%). The evaporation pressure in the PCDCmodel,
which underestimates that for the bean model, is in good agree-
ment with the experimental data and the simulated data for the
pea model. Knowing that the small number of adjustable para-
meters in thePCDCmodel has been refined to fit the experimental
data, the fact that the model accurately describes the simulated
data for the pea model is consistent with the agreement found
between this set of simulations and the experiments (Figure 3).

4. Conclusions

Data obtained with the pea and bean models conform to the
typical experimental behavior for the adsorption/condensation of
nitrogen inMCM-41 cylindrical nanopores; the adsorbed amount
increases continuously in the multilayer adsorption regime until
an irreversible jump occurs as a result of capillary condensation
and evaporation of the fluid within the pore. The surface of the
silica nanopores is covered by amolecularly thick film at the onset
of capillary condensation, and condensation occurs through an
irreversible discontinuous transition between the partially filled
and the completely filled configurations. In contrast, evaporation
occurs at equilibrium through the displacement of a hemisphe-
rical meniscus along the pore axis. Comparison with the experi-
mental data is not trivial because neither the pea nor the bean
model accurately reproduces the bulk experimental saturating
vapor pressure, P0,exp = 1.01 bar. P0 for the pea model is∼20%
larger than P0,exp whereas P0 for the bean model is ∼10% lower
than P0,exp. When the simulated data are plotted with pressure in
reduced units with respect to the saturating vapor pressure
corresponding to the model, P0,pea and P0,bean, the data obtained
with the pea model better reproduce the experimental adsorption
isotherms. A major difference between the pea and bean models
for nitrogen adsorption at low temperature concerns the isosteric
heat of adsorption curvesQst.Qst as a function of loading for the
pea model is characteristic of adsorption on homogeneous
surfaces because it is almost constant upon adsorption of the
first monolayer and then sharply decreases as further adsorption
takes place. In contrast,Qst for the beanmodel is characteristic of
adsorption on heterogeneous surfaces as Qst decreases continu-
ously with increasing adsorbed amount. The results above show
that, although the data for the pea model reasonably describe the
experimental data, the bean model provides a more realistic
picture of nitrogen adsorption in the vicinity of silica surfaces
or confined in silica nanopores. In particular, the bean model is
sensistive to the surface corrugation and surface chemistry
(silanol groups and siloxane bridges) of the silica nanopores.
The results above suggest that the pea model can be used for
characterization purposes when one is interested in capturing the
experimental behavior upon adsorption and desorption in silica
nanopores with various morphologies (pore geometry) and
topologies (independent or connected pores). However, the bean
model is more suitable to investigating in a qualitative way the
details of the interaction with the surface because this model,
which accounts for the partial charges located on the nitrogen
atoms of the molecule (quadrupole), allows for a description of
the specific interactions involved in this adsorbate and silica
surfaces (silanol groups and siloxane bridges) or grafted silica
surfaces.

Table 6. Simulated Condensation and Evaporation Relative Pressures
(PC, PE) and Film Thickness in angstroms at the Transition (t(PC),
t(PE)) for Nitrogen Adsorbed at 77 K in Silica Nanopores with

Diameters of D = 3.2 and 4.8 nmb

D = 3.2 nm D = 4.8 nm

PC t(PC) PE t(PE) PC t(PC) PE t(PE)

simulation data

pea model 0.25 6.4 0.25 6.4 0.50 10.6 0.43 8.8
bean model 0.29 7.2 0.25 6.3 0.58 11.3 0.47 8.4
PCDCa 0.52 11.0 0.38 7.3

a See ref 74 for details. bThe data for the pea and bean models are
shown.We also show a comparisonwith the values expected on the basis
of the modified Kelvin equation and the model PCDC. (See the text.)
Note that the surface tension in the Kelvin equation has been corrected
according to the Tolman equation to account for the curvature effect.
(See eq 4.)
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In conclusion, we discuss in the general context of the char-
acterization of porous solids the ability of the different models
considered in this work to describe nitrogen adsorption in silica
materials. Each of these models has its main advantages and
disadvantages. For instance, the PCDC model is a general
comprehensive thermodynamic approach that describes adsorp-
tion and capillary condensation in nanopores as well as the
disappearance of the capillary hysteresis loop as the temperature
reaches the capillary critical temperature. However, although this
model provides a reasonable semiquantitative description of
nitrogen adsorption experiments in regular nanoporous silicas
(within an error of ca. 10-20%), it does not include surface
roughness and morphological disorder effects that are encoun-
tered for any experimental sample. In contrast to simple thermo-
dynamic models, molecular simulations (with either the pea or
beanmodel) can be used for characterization purposes where one
is interested in capturing the behavior for nitrogen in any ordered
or disordered silica nanoporous material. As mentioned above,
the pea model allows a description of the global adsorption
isotherm for nitrogenwhereas the more sophisticated beanmodel
is more suitable to investigating the details of the interaction with
the surface. As a general conclusion, we emphasize that, whatever
the model considered to describe nitrogen adsorption in nano-
porous silicas (thermodynamic approaches, density functional

theory,molecular simulations, etc.), it is not possible to reproduce
experimental data very accurately (say within a percent) unless
nonphysical fitting procedures are used to adjust the parameters.
Indeed, besides the uncertainties in the experimental samples
(morphology, topology, surface roughness, chemical heterogene-
ity, pore size, and shape distributions), the models mentioned
above suffer from limitations that arise from the use ofmean-field
approximations (in the case of density functional theory), the
absence of explicit many-body interactions, a simple description
of the nanoporous materials, and so forth. As a result, the latter
models provide a global picture of gas adsorption and condensa-
tion in nanoporous materials rather than a general quantitative
characterization technique.
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