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Abstract We construct an atomistic silica pore model

mimicking templated mesoporous silica MCM-41, which

has molecular-level surface roughness, with the aid of the

electron density profile (EDP) of MCM-41 obtained from

X-ray diffraction data. Then, we present the GCMC sim-

ulations of argon adsorption on our atomistic silica pore

models for two different MCM-41 samples at 75, 80, and

87 K, and the results are compared with the experimental

adsorption data. We demonstrate that accurate molecular

modeling of the pore structure of MCM-41 by using the

experimental EDP allows the prediction of experimental

capillary evaporation pressures at all investigated temper-

atures. The experimental desorption branches of the two

MCM-41 samples are in good agreement with equilibrium

vapor–liquid transition pressures from the simulations,

which suggests that the experimental desorption branch for

the open-ended cylindrical pores is in thermodynamic

equilibrium.

Keywords MCM-41 � Electron density profile � Surface

roughness � Capillary condensation � Molecular simulation

1 Introduction

Templated mesoporous silica materials, such as MCM-41

(Kresge et al. 1992) and SBA-15 (Zhao et al. 1998), have

attracted considerable attention because of their potential

use as catalyst supports, as well as in separation, drug

delivery, preparation of nanostructured materials, etc.

(Corma 1997; Ciesla and Schuth 1999; Soler-Illia et al.

2002). These materials are also regarded as the most suitable

model adsorbents for fundamental adsorption studies,

because they have hexagonal arrays of cylindrical mesopores

with narrow pore size distributions. Therefore, vapor–liquid

phase transitions of fluids in the templated mesoporous silica

materials have been extensively studied by experiments,

theory, and molecular simulations (see a review by Gelb et al.

1999). In most theoretical and simulation studies, cylindrical

pore models with smooth pore walls were used to represent

the mesopores of MCM-41 and SBA-15 materials, and such

molecular modeling has helped to understand the funda-

mental aspects of capillary condensation phenomena of flu-

ids in mesopores (Ravikovitch et al. 1995; Ravikovitch et al.

1998; Neimark et al. 2000; Miyahara et al. 2000; Kanda et al.

2000a, 2000b; Neimark and Vishnyakov 2000; Ravikovitch

et al. 2001; Vishnyakov and Neimark 2001; Neimark et al.

2003; Monson 2012). However, the cylindrical pore models

with smooth pore walls cannot reproduce the surface

adsorption behavior of fluids on MCM-41 and SBA-15

because of the presence of surface heterogeneities, origi-

nating from various surface hydroxyl groups, and morpho-

logical defects such as constrictions, microporosity, and

surface roughness. In fact, recent experimental studies

revealed the surface roughness on the pore walls of the

MCM-41 and SBA-15 materials. Edler et al. (1997) modeled

the pore wall structure of MCM-41 by using synchrotron

X-ray diffraction data, which gives two-dimensional silica

density profile projected on a basal plane. They showed that

the pore wall of MCM-41 consisted of two distinct density

regions: silica wall with high density, and corona with more

diffuse form of silica between the cylindrical hole and the

dense silica wall. The thickness of the diffuse silica wall was

up to ca. 1 nm, and the existence of such region was
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attributed to the corrugation of the pore wall or modulation

of the pore center along the pore axis. Muroyama et al. (2006)

developed a more sophisticated analytical formula of the

crystal structure factor of MCM-41. They derived the for-

mula by convoluting the Gaussian distribution function to a

2D crystal model of MCM-41 taking into account the surface

roughness of the pore wall and obtained realistic electron

density profile (EDP) of MCM-41 by fitting the analytical

formula to the synchrotron X-ray diffraction data. In the case

of SBA-15, similar but more refined models than those of

Edler et al. (1997) were developed to determine the pore wall

structure by using X-ray diffraction data (Imperor-Clerc et al.

2000; Hofmann et al. 2005). In these models for SBA-15, a

corona with linearly increasing silica density was assumed,

which is different from the model with stepwise silica den-

sities by Edler et al. (1997). The thickness of the corona

region determined by both authors was higher than 2 nm,

which suggests that the surface roughness of SBA-15 is

much higher than that of MCM-41. Then, Gommes et al.

(2009) combined electron tomography (3D-transmission

electron microscopy) and its image analysis to characterize

the pore wall structure of SBA-15. In their analysis, the

variations in the pore center and pore radius were added up,

and the resulting amplitude of the pore wall corrugation was

found to be 1.6 nm, which is in good agreement with the

1.9 nm thickness of the corona with linearly increasing

silica density, obtained from the X-ray diffraction. These

experimental facts suggest that the surface roughness of

MCM-41 and SBA-15 is far higher than the length scale of

the adsorbates.

After the pioneering work by Muroyama et al. (2006),

the analytical formula of the crystal structure factor of

MCM-41 was extended to deal with in situ synchrotron

X-ray diffraction data for the argon adsorption on MCM-

41 by Muroyama et al. (2008) and Miyasaka et al.

(2009). The newly derived analytical formula gives not

only the EDP of MCM-41 but also that of the adsorbed

argon. Therefore, the authors compared the EDP of

adsorbed argon from the in situ synchrotron X-ray dif-

fraction data with that from so-called quenched solid

density functional theory (QSDFT) developed by Ravi-

kovitch and Neimark (2006), and confirmed good

agreement between the EDPs of adsorbed argon from the

experiments and QSDFT. In the QSDFT model, the pore

wall of the templated mesoporous silica material is

considered as a quenched component of the solid–fluid

mixture with fixed density distribution, and the solid–

fluid intermolecular interactions are split into a mean-

field attractive part and a hard-sphere repulsive part

expressed by multicomponent fundamental measure

density functional (Rosenfeld 1989). This enables quan-

titative description of the adsorption on templated mes-

oporous silica materials with surface roughness, unlike

the conventional nonlocal density functional theory

(Tarazona 1985, Tarazona et al. 1987), which assumes

regular smooth pore walls. However, the limits of

applicability of the QSDFT method and its accuracy in

the quantitative description of the adsorption on nanop-

ores with surface roughness are still under discussion,

and systematic comparison between the QSDFT calcu-

lations and molecular simulations is required.

Several methods for developing realistic molecular

models for templated mesoporous silica materials have

been reported, which include the method of reconstruc-

tion of O atoms alone or O and Si atoms in the silica

pore wall artificially (Maddox et al. 1997; He and Seaton

2003) and the method of creation of tailor-made pores

by carving out of a silica crystal block (Coasne and

Pellenq 2004a, b; Sonwane et al. 2005; Coasne et al.

2006a; 2007; 2008a, b; 2010; Coasne and Ugliengo

2012). Another approach to model the templated meso-

porous silica materials is to mimic the synthesis process

by using molecular simulations. Coasne et al. (2006b),

Hung et al. (2007), and Bhattacharya et al. (2009) con-

structed atomistic silica models for MCM-41 and SBA-

15 by carving out of a silica cristobalite block with a

mold, which is an assembly of micelles of coarse-

grained surfactants, obtained by mesoscale-lattice Monte

Carlo (MC) simulation (Siperstein and Gubbins 2003).

The adsorption isotherms of noble gases on their atom-

istic silica pore models obtained by grand canonical

Monte Carlo (GCMC) method, however, poorly coin-

cided with experimental ones. This is attributed to the

fact that one lattice unit in the lattice MC simulation is

too large to reproduce the surface roughness at atomic

length scales. Schumacher et al. (2006) developed the

kinetic Monte Carlo (kMC) simulation to mimic the

synthesis process of MCM-41 by using simplified

interaction potentials and simplified representations of

templating micelles. The kMC simulation follows the

reaction path of the hydrothermal synthesis and calci-

nation, and the resulting silica structure seemed to be

quite realistic. They also performed GCMC simulations

for the nitrogen adsorption on the MCM-41 model from

kMC simulation at 77 K. Comparing the simulation and

the experiment, the capillary condensation pressure from

the simulation was much lower than that of the experi-

ment, which suggests that the diameter of the templating

micelle was too small. The pressure at which capillary

condensation occurs is very sensitive to the pore size,

and therefore, refinement of the model for the templating

micelles would be required.

As stated above, the molecular modeling of the tem-

plated mesoporous silica materials is still a challenging

task and more efforts should be devoted to reproduce

the experimental trends, such as layering adsorption and
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capillary condensation of fluids. The capillary condensa-

tion in the open-ended cylindrical pores of the templated

mesoporous silica materials can be associated with hys-

teresis loop, and it is usually considered that the desorption

branch corresponds to the thermodynamic equilibrium

vapor–liquid phase transition, while the adsorption branch

is due to the spontaneous phase transition from metastable

state (Ravikovitch et al. 1995; Neimark et al. 2000;

Neimark and Vishnyakov 2000). However, there is an

argument that the adsorption branch represents the ther-

modynamic equilibrium, as opposed to many of the theo-

retical studies (Morishige et al. 1997; Morishige and Ito

2002; Morishige and Nakamura 2004; Morishige and Ish-

ino 2007). The argument stems from the experimental

evidence, where the plots of Tln(P/P0) versus T for the

capillary evaporation of nitrogen in several MCM-41 and

SBA-15 samples vary linearly, and break at temperature Th

at which the hysteresis disappears, whereas the same plots

for the capillary condensation show linear relationship over

a wide temperature range, exceeding Th. To settle the issue

about the thermodynamic stabilities of capillary conden-

sation and evaporation, precise molecular modeling of the

templated mesoporous silica materials is indispensable.

In this study, we construct an atomistic silica pore model

mimicking MCM-41, which has molecular-level surface

roughness, with the aid of the EDP of MCM-41 obtained

from X-ray diffraction data. Then, we present the GCMC

simulations of argon in our atomistic silica pore models for

two different MCM-41 samples at 75, 80, and 87 K, and

the results are compared with the experimental adsorption

data.

2 Experimental

Two MCM-41 samples synthesized with alkyltrimethyl-

ammonium bromides with different alkyl chain lengths

(C16TAB and C18TAB) were used for the adsorption

experiments, and they are designated as MCM-41-C16 and

MCM-41-C18 in this study. The lattice parameters, a,

obtained by X-ray powder diffraction measurements were

a = 4.161 nm for MCM-41-C16 and a = 4.975 nm for

MCM-41-C18. The adsorption isotherms of argon on two

MCM-41 samples at 75, 80, and 87 K were measured by an

adsorption apparatus consisting of a cryostat with a helium

closed-cycle refrigerator and BELSORP-18 (BEL, Japan).

The MCM-41 samples were outgassed at 423 K for 2 h

under a pressure below 0.1 mPa, before each isotherm

measurement. Exactly the same samples were used for the

adsorption measurements at different temperatures without

replacing the sample cell for reducing experimental errors.

The cell temperature was kept within ±0.005 K during the

adsorption measurements.

3 Computational methods

3.1 Modeling of MCM-41 mesoporous silica

3.1.1 Electron density profile of MCM-41

According to Muroyama et al. (2006, 2008), a 2D crystal

model of MCM-41 can be defined as shown in Fig. 1a,

where a is the distance between the circles which represent

the cross-section of the cylindrical pores (the same with the

lattice parameter of MCM-41) and c represents the portion

of the pore to the length a. Thus, the pore diameter is given

by ca (0 B c B 1). Then, to introduce the surface roughness

of the pore wall, the following Gaussian distribution func-

tion G(r) is convoluted to the crystal model of MCM-41:

G rð Þ ¼ 1

2pw2a2
exp � rj j2

2w2a2

 !
ð1Þ

where r is a position vector in 2D space perpendicular to

the pore axis, and w is a fluctuation parameter. Hence, the

relative EDP of MCM-41, q*(r), can be expressed as

follows:

q� rð Þ ¼
Z1
�1

C r0ð ÞG r� r0ð Þ dr0 ð2Þ

where C(r) is a function which represents the MCM-41

crystal, and C(r) = 0 at the pore and C(r) = 1 at the silica

wall. Muroyama et al. (2008) constructed an analytical

function of the structure factor F(k), which is the Fourier

transform of q*(r), and determined the parameters, c =

0.8218 and w = 0.0699, by fitting F kð Þj j2 to the structure

factors obtained experimentally by synchrotron X-ray

powder diffraction measurements for MCM-41. Figure 1b

shows the EDP, which was calculated with Eq. (2) and the

parameters c = 0.8218, w = 0.0699, and a = 4.161 nm.

The q*(r) value was converted so that the EDP at the center

of the pore wall coincides with the electron density of

amorphous silica, qe = 652 nm-3.

3.1.2 Constructing atomistic MCM-41 model

In this study, the above-mentioned EDP was applied to

construct an atomistic silica pore model mimicking MCM-

41, which has molecular level surface roughness. First, we

performed quench molecular dynamics simulation with

BKS-type potential (Vanbeest et al. 1990) for constructing

an amorphous silica block (density: 2.2 g/cm3). The BKS

potential is expressed as follows:

u rij

� �
¼ qiqj

rij
þ Aij exp Bijrij

� �
� Cij

r6
ij

ð3Þ
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where rij is the distance between atoms, qi is the atomic

partial charge (qSi = 2.4e and qO = -1.2e), and the values

of parameters, Aij, Bij, and Cij are listed in Table 1. The

system was equilibrated in the canonical ensemble at

4,000 K, and subsequently, the fused silica was quenched

from 4,000 K to room temperature at a rate of 0.23 K/fs. A

time step of 0.7 fs was used to integrate the equations of

motion. Periodic boundary conditions were applied in all

three directions and full Ewald summation was used for the

calculation of Coulombic interactions.

The obtained amorphous silica block was carved out to

make a cylindrical pore, and then the pore wall was chip-

ped away to coincide with the experimental EDP of MCM-

41 by a MC method. In the MC scheme for shaping the

pore wall, two trial moves were performed. One was the

random removal of a Si atom, followed by the removal of

the resulting unbonded Si and O atoms in the silica block.

The second was the random regeneration of a Si atom,

followed by the regeneration of dependent O atoms and

checking of the connectivity to the silica framework. Then,

the local number densities of Si and O atoms in the silica

block, qSi(r) and qO(r), were calculated, subsequently a

function representing electron cloud was convoluted to

qSi(r) and qO(r). We used the following formula as the

electron spread s(r):

s rð Þ ¼ Ne 2p d2
� ��3=2

exp � rj j2

2d2

 !
ð4Þ

where Ne is the number of electrons and d is the van der

Waals diameter (0.42 nm for Si and 0.304 nm for O)

(Miyasaka et al. 2009). This scheme was repeated to obtain

good agreement between the experimental EDP of MCM-

41 and the EDP obtained as the sum of the convolutions:

qSi(r) * s(r) and qO(r) * s(r). Figure 2a shows the

qSi(r) and qO(r) of the atomistic silica pore model in radial

direction obtained by the MC scheme. The obtained EDP

of the atomistic silica pore model is in reasonable agree-

ment with the experimental EDP of MCM-41 (Fig. 2b).

(b)

(a)

a

a

ca

a

a

Electron

O

silica
wall

pore

density

Fig. 1 a 2D crystal model of MCM-41: the circles represent

mesopores and the shaded area is the silica wall. b Electron density

profile of MCM-41

Table 1 Parameters Aij, Bij, and Cij for the BKS potential

Aij (eV) Bij (nm-1) Cij (10-6 eV nm6)

O–O 1,388.773 27.6 175

Si–O 18003.7572 48.7318 133.5381

(a)

(b)

Fig. 2 a Local number density of O and Si atoms of the atomistic

silica pore model in radial direction. b Comparison of electron density

profile of the atomistic silica pore model with the experiment in radial

direction
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3.2 Thermodynamic integration (Peterson–Gubbins)

method

The GCMC method is a powerful tool to simulate adsorp-

tion/desorption isotherm of fluids in nanopores. However, at

subcritical temperatures, the GCMC method exhibits a

hysteresis loop formed by discontinuous capillary conden-

sation and evaporation branches and is not capable of

determining the equilibrium phase transition between the

vapor-like and liquid-like states. Therefore, the free energy

of the system has to be calculated numerically to locate the

thermodynamic coexistence point within the hysteresis loop.

According to Peterson and Gubbins (1987), a grand ther-

modynamic potential XA along a continuous adsorption

isotherm NA at temperature T1 is calculated as follows:

XA l; T1ð Þ ¼ �kT1NA lid; T1ð Þ �
Zl

lid

NA l0; T1ð Þ dl0 ð5Þ

where l is a given chemical potential, and k is the

Boltzmann’s constant. The first term on the right-hand side

is the grand thermodynamic potential at a chemical

potential lid, which is sufficiently low so that the

adsorption amount NA at lid corresponds essentially to

the ideal gas value. Then, the grand thermodynamic

potential XD along with the desorption isotherm at T1 is

calculated as:

XD l; T1ð Þ ¼ T1

T2

�kT2NA lid; T2ð Þ �
Zlc

lid

NA l0; T2ð Þ dl0

2
64

3
75

þ T1

Z1=T1

1=T2

Ec lc; Tð Þ � Nc lc; Tð Þ lc½ � d 1=Tð Þ

�
Zl

lc

ND l0; T1ð Þ dl0 ð6Þ

where T2 is the temperature at which supercritical

adsorption isotherm is obtained, Nc is the adsorption

amount at constant chemical potential lc, Ec is the sum of

the potential energy and the kinetic energy (3NkT/2) at lc,

and ND is the desorption isotherm at T1. The XD value is

obtained by the integration along three reversible paths: the

supercritical adsorption isotherm at T2, the path Nc lc;Tð Þ
at lc, which connects the two isotherms at T1 and T2, and

the desorption isotherm at T1. Finally, a true phase equi-

librium chemical potential, leq, is determined as a point of

intersection between the grand thermodynamic potentials,

XA and XD. The constant chemical potential lc can be

chosen arbitrarily if leq \ lc.

3.3 Grand canonical Monte Carlo simulations

Adsorption isotherms of Lennard-Jones (LJ) argon on the

atomistic silica pore models at 75, 80, and 87.3 K were

simulated by the GCMC method. The LJ parameters used

in this study are rAr–Ar = 0.341 nm and eAr–Ar/k =

119.8 K for argon, and rO–O = 0.2708 nm, eO–O/k =

101.6 K, rSi–Si = 0.0677 nm, and eSi–Si/k = 18.6 K for

the atomistic MCM-41 models (Bakaev et al. 1999). A

cutoff distance was set to 5rAr–Ar. In the GCMC simula-

tions, three trial movements, namely, displacement, crea-

tion, and deletion, were made with the same probabilities.

The system was equilibrated for 2.5 9 107 MC steps, after

which the data were collected for another 2.5 9 107 steps.

The length of the Markov chain of 2.5 9 107 steps corre-

sponds to more than 1.6 9 104 configurations per particle

for all the cases investigated in this study. The final

configuration was used as the initial state for the next

simulation run.

By using the GCMC method, we also generated super-

critical adsorption isotherm at T2 = 150 K, and a path at

the constant chemical potential lc to apply the thermody-

namic integration method. We chose the lc/eAr–Ar value

(lc
*) of -9.142 at T1 = 75 K, lc

* = -9.319 at T1 = 80 K,

and lc
* = -9.682 at T1 = 87 K, and then, we performed

the GCMC simulations with the respective chemical

potentials at six different temperatures: 140, 130, 120, 110,

100, and 90 K.

Prior to the GCMC simulations, we computed chemical

potentials for bulk fluid argon by averaging the Boltzmann

factor of a test particle potential (Widom method) with the

canonical MC method, and the pressure of the fluid, P, was

obtained from the virial theorem. We employed 256 argon

atoms for the MC simulations. A potential cutoff was set to

5rAr–Ar, and the standard long-range corrections were

applied. Finally, the obtained chemical potentials were

used as the input for the GCMC simulations. Then, the

relative pressure, P/P0 (P0: saturated vapor pressure) was

calculated with the vapor–liquid and vapor–solid coexis-

tence curves of LJ fluid obtained by Agrawal and Kofke

(1995) to compare the GCMC adsorption isotherms with

the experimental ones.

4 Results and discussion

4.1 Effects of lattice structure of mesopores

on adsorption

Figure 3a shows a snapshot of the atomistic silica pore

model for MCM-41-C16 constructed with the structure

parameters a = 4.161 nm, c = 0.8218, and w = 0.0699.

The model has hexagonal lattice structure and is a cuboid

Adsorption (2013) 19:631–641 635
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with the dimensions of Lx = a, Ly = 2a, and Lz =

5.115 nm. We also built another silica pore model with

tetragonal lattice structure (Fig. 3b), which is a cuboid and

has the dimensions of Lx = a, Ly = a, and Lz = 5.115 nm.

The model with the tetragonal lattice structure was also

constructed with the structure parameters of c = 0.8218

and w = 0.0699, and therefore, the pore wall structure is

the same with the atomistic silica pore model having the

hexagonal lattice structure. We performed the GCMC

simulations for the argon adsorption on the two atomistic

silica pore models at 87 K. Representative simulation

snapshots are shown in Fig. 3c, d, and the resulting GCMC

adsorption isotherms are shown in Fig. 4. The adsorption

isotherms were normalized according to the adsorption

amount at P/P0 = 0.95. The GCMC adsorption isotherms

on the two models show a hysteresis loop formed by

spontaneous condensation and evaporation transitions, and

are in good agreement with each other over the full pres-

sure range. This fact suggests that there are no considerable

effects of the lattice structure of mesopores on the argon

adsorption, that is, the fluid–fluid interactions beyond the

pore walls are negligibly small. Herein, the atomistic silica

pore models with the tetragonal lattice structure mimicking

the pore wall structure of MCM-41-C16 and MCM-41-C18

are used for further discussions.

4.2 Effects of surface roughness on adsorption

Figure 5a and b show a comparison between the experi-

mental adsorption isotherm of argon on MCM-41-C16 and

the simulated one of the atomistic silica pore model obtained

by the GCMC method in the monolayer-multilayer

adsorption region at 87 K. We also simulated argon

adsorption in a cylindrical pore with smooth structureless

wall (smooth pore model) at 87 K by the GCMC method,

and the resulting adsorption isotherm is also plotted in

Fig. 5a, b for comparison. The interaction potential for a

cylindrical pore derived by Peterson et al. (1986) was used

as an argon-wall interaction potential for the smooth pore

model. The interaction parameters used are rAr–w =

0.3055 nm, eAr–w/k = 166 K, solid density of 59.82 nm-3,

and pore diameter of 3.6 nm (between the centers of the

solid atoms), respectively. All the adsorption isotherms in

Fig. 5a and b were normalized by using the monolayer

capacities obtained by applying the BET analysis to the each

adsorption isotherm. The adsorption isotherm of the atom-

istic silica pore model gradually rises from lower pressures

and represents the experimental adsorption isotherm of

MCM-41-C16 very well without any parameter adjust-

ments. From the snapshots for the argon adsorption on the

atomistic silica pore model (Fig. 6a–c), it is clear that the

gradual increment in the adsorption isotherm is because

argon adsorbs in the pits on the silica surface providing

strong solid–fluid interactions at low pressures. These facts

suggest that our atomistic silica pore model appropriately

reproduces the surface roughness of MCM-41-C16. On the

other hand, the smooth pore model gives a sharp adsorption

step and shows significant deviations from the experimental

isotherm in the low-pressure region. This is due to the

Fig. 3 Snapshots of atomistic silica pore models for MCM-41-C16:

a hexagonal lattice model, b tetragonal lattice model. Representative

simulation snapshots of argon adsorbed on the atomistic silica pore

models for MCM-41-C16 at P/P0 = 1: c hexagonal lattice model,

d tetragonal lattice model

Fig. 4 Comparison of GCMC adsorption isotherms of argon on the

atomistic silica pore models with hexagonal and tetragonal lattice

structures at 87 K
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cooperative monolayer formation of argon on the uniform

surface of the smooth pore model (see snapshots in Fig.

6d–f), which is prevented on the heterogeneous surface of

MCM-41.

To investigate the effects of surface roughness on the

capillary condensation, we constructed several atomistic

silica pore models, which have different surface roughness,

as shown in Fig. 7a. In this case, for simplicity, we

assumed a linear ramp of the atomic density of silica wall

in the radial direction to represent the surface roughness,

and we defined the width of the ramp as the roughness

parameter d. Then, the pore radius R was defined as the

distance between the pore axis and the middle of the ramp,

and it was set at the same value (R = 1.8 nm) for all the

atomistic silica pore models. Figure 7b shows the simu-

lated adsorption isotherms of argon for the atomistic silica

pore models by the GCMC method at 87 K, which consist

only of thermodynamically stable states including the

equilibrium condensation transition by omitting metastable

states and spontaneous adsorption/desorption transitions.

The equilibrium transition pressures were determined

by the Peterson and Gubbins method. With increasing d
value, the equilibrium condensation pressure decreases,

though the pore radius was set at the same size. This sug-

gests that the surface roughness affects the capillary con-

densation pressure to a considerable extent, and strongly

indicates the importance of proper reproduction of the

molecular-level heterogeneity of the pore wall for modeling

the capillary condensation in MCM-41.

4.3 Capillary condensation in MCM-41: comparison

with experiment

Figure 8a–c show the comparisons between the experi-

mental adsorption isotherms of argon on MCM-41-C16 and

the simulated ones on the atomistic silica pore model

(a = 4.161 nm, c = 0.8218, and w = 0.0699) obtained by

the GCMC method at 75, 80, and 87 K. All the adsorption

isotherms were normalized according to the adsorption

(b)

(a)

Fig. 5 Comparison between the experimental adsorption isotherm of

argon on MCM-41-C16 and the simulated ones on the atomistic silica

pore model and smooth pore model obtained by GCMC method in

monolayer-multilayer adsorption region at 87 K

Fig. 6 Representative simulation snapshots for the argon adsorption

(87 K) on the atomistic silica pore model at a P/P0 = 0.01,

b P/P0 = 0.1, and c P/P0 = 0.3, and on the smooth pore model at

d P/P0 = 0.01, e P/P0 = 0.1, and f P/P0 = 0.3
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amount at P/P0 = 0.95. The simulated adsorption iso-

therms show a hysteresis loop, which corresponds to the

spontaneous condensation and evaporation, and therefore

the equilibrium transition pressures for the respective sys-

tems were determined by the Peterson and Gubbins

method. In the case of the experimental result for MCM-

41-C16 at 87 K (Fig. 8c), the adsorption isotherm is

reversible (no adsorption hysteresis), and the capillary

condensation/evaporation pressures coincide with the simu-

lated equilibrium transition pressure. Then, the experi-

mental adsorption isotherms of MCM-41-C16 at 75 and

80 K (Fig. 8a, b) show hysteresis, and the desorption

branches are also in good agreement with the simulated

equilibrium transition pressures. Namely, the simulated

adsorption isotherms via the thermodynamic stable states at

all the temperatures are in good agreement with the corre-

sponding experimental desorption isotherms over the entire

range of pressures. These facts suggest that the atomistic

silica pore model appropriately reproduces the pore struc-

ture of MCM-41-C16, and the experimental desorption

branch for MCM-41-C16 is due to the equilibrium evapo-

ration, but the experimental adsorption branch comes from

spontaneous condensation. However, there are large dif-

ferences in the adsorption branch between the experiment

and simulation at all the adsorption temperatures. This may

be because the energy fluctuation of the experimental sys-

tem is lager than that of the GCMC simulation, and there-

fore a transient state between the vapor-like and liquid-like

states can be easily overcome at a lower pressure. In relation

to this, we think that the experimental adsorption isotherm

for MCM-41-C16 at 87 K can be reversible because the

energetic barrier separating the vapor-like and liquid-like

states at thermodynamic equilibrium is smaller than the

energy fluctuation of the system, and thus the equilibrium

transition can occur on the experimental adsorption process.

The modeling of the spontaneous condensation on the

(a)

(b)

R = 1.8 nm

= 0.862 nmδ

Fig. 7 a Atomic density profiles of the atomistic silica pore models

in radial direction. R = 1.8 nm is the distance from the pore axis to

the middle of the ramp, and d is the width of the ramp as the

roughness parameter. b Simulated adsorption isotherms of argon on

each atomistic silica pore model obtained by GCMC method at 87 K.

The adsorption isotherms only pass through thermodynamically stable

states

(b) (c)(a)

Fig. 8 Comparison between the experimental adsorption isotherms

of argon on MCM-41-C16 and the simulated ones on the atomistic

silica pore model obtained by GCMC method at a 75 K, b 80 K, and

c 87 K. Peq is the equilibrium transition pressure for the simulated

adsorption isotherms determined by the Peterson and Gubbins method
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adsorption process is our next subject, and the study is

ongoing. Then, the spontaneous evaporation pressure of the

simulated desorption branch is far lower than the experi-

mental desorption (simulated equilibrium transition) pres-

sure. This is because the atomistic silica pore model is

infinite in length along the pore axis due to the periodic

boundary condition. The spontaneous evaporation pressure

should be much closer to the equilibrium transition pressure

if the atomistic silica pore model is finite in length and

open-ended.

We also constructed an atomistic silica pore model

mimicking MCM-41-C18, with parameters a = 4.975,

c = 0.8218, and w = 0.0699. In Fig. 9a–c, the simulated

adsorption isotherms of argon on the atomistic silica model

obtained by the GCMC method at 75, 80, and 87 K are

compared with the experimental isotherms of MCM-41-

C18. Similarly to MCM-41-C16, the simulated adsorption

isotherms at all the temperatures agree well with the cor-

responding experimental ones, and the experimental

desorption branches coincide with the simulated equilib-

rium transition pressures. These results suggest that our

technique for constructing the atomistic silica pore model

is critically useful in the modeling of the capillary con-

densation of fluids in the mesopores of MCM-41.

5 Conclusions

We have demonstrated that the accurate modeling of the

structure of silica mesopores in MCM-41 by using the

experimental EDP, which is a consistent modeling method

in both theoretical and experimental points of view, allows

the prediction of the experimental adsorption behavior of

argon on MCM-41. We have gained insight into the role

that the surface roughness plays in determining the

adsorption behavior of argon on MCM-41 by using GCMC

simulations. In general, we found that the surface rough-

ness of the atomistic silica model affects both the mono-

layer-multilayer adsorption and the capillary condensation

pressure of argon at subcritical temperatures. The experi-

mental desorption branches of MCM-41-C16 and MCM-

41-C18 were in good agreement with the simulated

equilibrium transition pressures, and this suggests that the

experimental desorption branch represents thermodynamic

equilibrium. However, a large difference in the adsorption

branch between the experiment and simulation was

observed for all the cases. This finding suggests that the

energy fluctuation to overcome the activation barrier for

the transition from vapor-like state to liquid-like state is

different between the experiment and the GCMC simula-

tion. The modeling of the spontaneous condensation of

fluids in the atomistic silica pores is in progress, and the

results will be reported in the near future.
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