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Universal mechanisms of adsorption and capillary condensation of toluene and nitrogen on ordered MCM-41 and
PHTS materials are studied by means of high-resolution experiments and Monte Carlo molecular simulations. A
molecular simulation model of toluene adsorption in silica nanopores, which accounts for surface heterogeneity, and
a hybrid molecular-macsroscopic method for pore size distribution (PSD) calculations have been developed. For a
range of reference materials, the PSD results obtained from toluene isotherms are consistent with the results of nitrogen
adsorption using the nonlocal density functional theory method.

Introduction
The emergence of ordered adsorbents, such as MCM-41,1 SBA15,2 and related materials,3 has catalyzed experimental,4-9
theoretical,5,10-12 and simulation10,13-16 studies of adsorption in
pores of well-defined geometries, and made possible the
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development of new molecular-based methods for pore size
distribution (PSD) analysis (see ref 17 for a recent review).
Methods of nonlocal density functional theory (NLDFT) have
been developed for N2 and Ar PSD characterization of siliceous
mesoporous materials with cylindrical18 and spherical11 pores,
as well as micro-mesoporous materials.19,20 At the nanometer
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Table 1. Pore Structure Parameters of Mesoporous Silicas Determined from N2 Adsorption Isotherms Using the NLDFT Method and
Toluene Adsorption Isotherms Using the Developed Hybrid MC-DBdB Method

e

sample

N2 pore diameter,
nm

toluene pore diameter,
nm

N2 pore volume,
cm3/g

toluene pore volume,
cm3/g

MCM-41 (C14)a
MCM-41 (C16)a
MCM-41 (C50)b
PHTSc

3.2
3.8
4.5
7.3 (1-2)e

3.3
3.9
4.5
7.3 (1.2-2)e

0.67d
0.80d
0.63d
0.64d (0.15) f

0.62d
0.73d
0.61d
0.59d (0.1) f

a Prepared as described in ref 8. b Sample described in ref 5. c Sample similar to materials described in ref 28. d Volume of pores below 10 nm.
Micropore size. f Micropore volume.

scale, the NLDFT methods significantly improve the accuracy
of N2 and Ar adsorption porosimetry over macroscopic Kelvin
equation based methods.5,21
This work is motivated by the necessity of developing adequate
methods for PSD characterization of low-k dielectric films. Low-k
films with nanoscale porosity are of great importance to the
semiconductor industry.22,23 However, the standard methods of
N2 and Ar porosimetry do not provide enough sensitivity to
measure adsorption in thin films.23-25 Ellipsometric24 and X-ray
reflectivity25-27 techniques have been developed to assess
adsorption/desorption isotherms of organic vapors in thin films.
Traditionally, toluene is used in these techniques as an adsorbate.
However, a quantitative interpretation of toluene adsorption/
desorption isotherms in terms of PSDs is challenging because
of the well-known shortcomings of the macroscopic Kelvin
equation based methods at the nanoscale. In addition, many low-k
dielectric materials are microporous.
In this paper, we describe universal features of toluene and
nitrogen adsorption and a method for calculating micro- and
mesopore size distributions from toluene adsorption isotherms
based on a combination of experimental measurements on ordered
materials and molecular simulations.
Materials and Methods
Experimental. In this work, we used MCM-415,8 and plugged
hexagonal templated silica (PHTS)28 materials consisting of a hexagonal array of cylindrical mesopores (see Table 1). In MCM-41, the
mesopores are noninterconnected and the pore walls are similar to
amorphous silicas. PHTS materials are related to SBA-15 materials
synthesized by using nonionic surfactants. The pore walls are rough
and microporous and, thus, permeable to small molecules. Some
fraction of mesopores in PHTS contains constrictions or plugs. This
creates a system of open (from one or both ends) and blocked (closed
from both ends but permeable via microporous walls) cylindrical
channels.
The adsorption/desorption isotherms of toluene at 298 K were
determined gravimetrically using a CI Electronics MK2 vacuum
microbalance with DISBAL control unit, with pressure measurement
by means of Edwards Barocel 622 capacitance manometers. Nitrogen
adsorption isotherms at 77 K were determined on Sorptomatic 1990
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(CE Instruments) and Autosorb-1C (Quantachrome Instr.) automated
volumetric instruments.
Molecular Model of Toluene Adsorption. Monte Carlo (MC)
simulations of toluene adsorption were based on the united-atom
model of Wick et al.29 In this model, seven Lennard-Jones (LJ)
interaction sites correspond to seven carbons of the toluene molecule,
whereas hydrogens are accounted for implicitly (for details see the
Supporting Information, Table S1). However, the LJ potential for
fluid-fluid interactions was truncated at 0.97 nm. We checked by
the gauge cell MC30 simulations that this model reproduces well the
saturated vapor pressure of toluene at 300 K (4.07 versus 4.17 kPa
in experiment), but overpredicts the liquid density by 6% (0.91
g/cm3 versus the experimental value of 0.86 g/cm3).
The pores were modeled as infinite cylindrical channels with
periodic boundary conditions. Solid-fluid interactions were represented by a LJ potential between each carbon atom of the toluene
molecule and a structureless cylindrical layer of solid atoms, as
described by Tjatjopoulos et al.31 However, the structureless model
of the solid was unable to describe adequately the experimental
adsorption isotherm of toluene on MCM-41 at low pressures (see
the Supporting Information, Figure S1). To account for surface
heterogeneity of MCM-41, we roughened the fluid-solid energy
landscape by placing additional attractive and repulsive sites randomly
distributed over the surface (see the Supporting Information, Figure
S2). Each site created a spherical potential well. If the center of mass
of a toluene molecule was found within the well, a perturbation
energy ww of the order of 20% from the total solid-fluid energy
of the molecule was added or subtracted (see Supporting Information
for details).
Adsorption/desorption isotherms were simulated using the standard
grand canonical MC (GCMC) method.32 The pressure of the vaporliquid equilibrium transition in mesopores was determined using the
gauge cell simulation method30 (see Supporting Information).

Results and Discussion
Universal Feature of Nitrogen and Toluene Adsorption.
Nitrogen and toluene isotherms on MCM-41 feature the region
of mono- and multilayer adsorption followed by a sharp capillary
condensation step (Figure 1). For the smaller pore diameter MCM41 materials (C14 and C16), the step is completely reversible.
As the pore diameter increases, a hysteresis loop develops, as
seen for the MCM-41 C50 sample. The hysteresis loop is of type
H1, according to IUPAC classification,33 which corresponds to
materials with open cylindrical pores. The curvature of the toluene
isotherms on MCM-41 materials at low relative pressures (below
P/P0 ) 0.15) is associated with a formation of adsorbed layers.
PHTS material is microporous. Therefore, the curvature of the
isotherm at low pressures is associated with adsorption in
micropores and multilayer adsorption on the rough pore walls.
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Figure 1. Nitrogen at 77 K (top) and toluene at 298 K (bottom) adsorption/desorption isotherms on reference silicas normalized by the total
pore volume (see Table 1). For convenience, the vertical scale is shifted by 1, 2, and 3 mmol/cm3 for samples MCM-41 C50, MCM-41 C16,
and MCM-41 C14, respectively.

Similarly to MCM-41, nitrogen and toluene adsorption
isotherms on PHTS exhibit a sharp capillary condensation step,
indicating uniform pore size. Isotherms on PHTS exhibit a
characteristic two-step desorption branch, which reflects two
different mechanisms of desorption.28 The first step (at a higher
pressure) is associated with desorption from the open cylindrical
channels. The second step is due to desorption from the blocked
cylindrical channels. Desorption from the uniform open cylindrical pores is an equilibrium process, whereas desorption from the
blocked pores depends on the size of constrictions. If constrictions
are sufficiently wide, the desorption pressure is determined by
the size of constrictions (classical ink-bottle or pore blocking
effect). In the case of PHTS, the constrictions are narrow (below
4-5 nm), and desorption is triggered by cavitation in the
metastable fluid. The pressure of cavitation does not reflect the
size of the constrictions or the size of the pore itself.9 For nitrogen
in PHTS, cavitation occurs at the relative pressure of P/P0 )
0.45, whereas for toluene it occurs at P/P0 ) 0.2. The mechanisms
of toluene adsorption/desorption are in agreement with our recent
theoretical,11 experimental9 and molecular simulation34 studies
of adsorption-desorption hysteresis of N2, Ar, and Kr in materials
with open and blocked pores. It is worth noticing that the
adsorption/desorption isotherms of toluene on some porous low-k
films, which contain relatively large voids, also exhibit a
desorption step at P/P0 ) 0.235 that we attribute to cavitation.
Comparison of Simulations with Experiment. Snapshots of
molecular configurations in a cylindrical pore of 4.5 nm in
diameter show that toluene forms a disordered multilayer before
capillary condensation transition (Figure 2, left). This behavior
is a consequence of the heterogeneity introduced into the model
for fluid-solid interactions. The calculated equilibrium isotherm
is in a good agreement with the desorption branch of the
experimental isotherm on the reference 4.5 nm MCM-41 (Figure
3, left). In this comparison, the density of toluene in pores has
been reduced by 6% to compensate for a higher bulk density in
the model employed. Thus, the model provides a quantitative
description of toluene adsorption on a reference material in a
wide range of relative pressures.
In Figure 3 (right), we compare the experimental and MC
simulated isotherms on micro-mesoporous PHTS material.
Simulations were performed in a 7.3 nm diameter cylindrical
pore. This value was determined from N2 and Ar adsorption
isotherms using the NLDFT equilibrium and metastable adsorp(34) Vishnyakov, A.; Neimark, A. V. Langmuir 2003, 19, 3240-3247.
(35) Yim, J. H.; Seon, J. B.; Jeong, T. D.; Pu, L. Y. S.; Baklanov, M. R.;
Gidley, D. W. AdV. Funct. Mater. 2004, 14, 277-282.

Figure 2. Snapshots from toluene adsorption simulations in a 4.5
nm MCM-41 pore before (left) and after (right) capillary condensation.

tion kernels36 applied to the experimental desorption and
adsorption branches, respectively. The mesopore and micropore
volumes obtained from N2 PSD are 0.49 cm3/g and 0.15 cm3/g,
respectively. To account for the microporosity of PHTS, the
simulated toluene isotherm was shifted upward by the amount
adsorbed in micropores (∼1 mmol/g). The simulated toluene
isotherm in Figure 3 (right) was converted into the adsorption
isotherm reduced per unit weight using the mesopore volume of
Vme ) 0.47 cm3/g and the micropore volume Vmi ) 0.1 cm3/g.
The lower micropore volume obtained from toluene as compared
to N2 is most likely due to a molecular sieving effect. The
adsorption branch of the GCMC isotherm exhibits capillary
condensation transition between P/P0 of ca. 0.53 and 0.55. GCMC
desorption branch terminates at P/P0 ) 0.08. To calculate the
equilibrium transition pressure, the gauge cell MC simulations30
were performed, and the obtained S-shape isotherm (Figure 3,
right) was integrated according to the Maxwell rule. The obtained
equilibrium pressure of P/P0 ) 0.42 is in good agreement with
the position of the experimental desorption step. It is worth
noticing that the simulation in 7.3 nm pore is a prediction, and
the fact the results are in agreement with experimental data
indicates the consistency of our approach.
Gauge cell MC simulations also give the pressures of the
vaporlike and liquidlike spinodals. Comparison with the experiment indicates that toluene adsorption in 7.3 nm pore corresponds
to the regime of the developing hysteresis,10 where capillary
condensation occurs by nucleation, prior to reaching the spinodal
limit. Earlier calculations of N2 and Ar hysteresis loops in ∼7
nm cylindrical pores10 indicated the regime of the developed
(36) Neimark, A. V.; Ravikovitch, P. I. Microporous Mesoporous Mater. 2001,
44, 697-707.
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Figure 3. Left: Experimental and simulated equilibrium adsorption isotherm of toluene on 4.5 nm MCM-41 at 298 K. Right: Experimental
isotherm of toluene on PHTS material at 298 K and simulated GCMC and gauge cell MC isotherms in a 7.3 nm cylindrical pore. Simulated
isotherms are shifted upward by the amount adsorbed in PHTS micropores (∼1 mmol/g). See text.

hysteresis, where the capillary condensation occurs closer to the
vaporlike spinodal. The difference between toluene and N2/Ar
is, probably, because of the difference in the nucleation energy
barriers between simple gases and toluene, and it warrants further
study. At the liquidlike spinodal limit, both simulations of toluene
and NLDFT calculations for N2 predict lower liquidlike spinodal
pressure than the experimentally observed cavitation pressure.
Macroscopic Model and Pore Size Distribution Calculations. Using the molecular model developed, we generated
equilibrium adsorption isotherms of toluene in 29 cylindrical
pores ranging from 0.7 to 4.5 nm in diameter.37 The isotherms
are qualitatively similar to the isotherm on reference MCM-41
(Figure 3, left) and feature pore-filling steps that gradually shift
to lower pressures as the pore diameter decreases. In pores wider
than 4.5 nm, the simulations become expensive, and the theoretical
isotherms were calculated by the augmented Derjaguin-Broekhoffde Boer (DBdB) equations, which account for the fluid-solid
interactions in terms of the disjoining pressure. The details are
given in the Supporting Information. To avoid an ambiguity in
the choice of the disjoining pressure isotherm due to a prominent
sensitivity of toluene adsorption to the nature of silica surface,38
we used the multilayer part of the isotherm on reference MCM41. This isotherm was fitted to the exponential form.38 We checked
that the DBdB macroscopic approach provides a reasonably good
description of the MC simulated isotherm in 7.3 nm pore,
including equilibrium and vaporlike spinodal pressures.
The PSDs were calculated from the generalized adsorption
integral (GAI) equation, which represents the experimental
isotherm as a weighted sum of the theoretical isotherms in pores
of different diameters.39,40 Good agreement was obtained between
the pore sizes assessed by N2 and toluene adsorption (Table 1).
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2005; pp 517-521.
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(40) Ravikovitch, P. I.; Vishnyakov, A.; Russo, R.; Neimark, A. V. Langmuir
2000, 16, 2311-2320.

Pore volumes obtained by toluene were ca. 3-9% lower than
the nitrogen pore volumes, that can be attributed to the molecular
sieving effect and some roughness of the pore surfaces. It should
be noted that an earlier comparison showed that the effective
pore volumes of MCM-41 materials probed by organic adsorptives
(neopentane, n-hexane, benzene and methanol) are slightly lower
than the values obtained by using N2.8

Conclusions
Comparison of nitrogen and toluene adsorption isotherms on
ordered MCM-41 and PHTS materials demonstrates the universal
features of capillary condensation of gases and organic vapors.
It confirms that in uniform open cylindrical pores the desorption
branch of the isotherm is close to the equilibrium transition. We
developed a molecular model of toluene adsorption in silica
nanopores that accounts for surface heterogeneity. The model
parameters were fitted to reproduce the experimental isotherm
on a reference 4.5 nm MCM-41. The model was then used to
predict the hysteretic adsorption isotherm in a wider 7.3 nm
PHTS material. A good agreement with experiment was found.
We developed a hybrid method for PSD calculations from toluene
adsorption isotherms that bridges molecular simulations and
macroscopic equations. The PSDs obtained from toluene adsorption were consistent with the results of N2 and Ar porosimetry.
The developed method for calculating PSD from toluene
adsorption has been recently applied to characterization of porous
low-k dielectric films.37
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