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Abstract We have analyzed various phenomena that

occur in nanopores, focusing on elucidating their key

mechanisms, to advance the effective engineering use of

nanoporous materials. As ideal experimental systems,

molecular simulations can effectively provide information

at the molecular level that leads to mechanistic insight. In

this short review, several of our recent results are pre-

sented. The first topic is the critical point depression of

Lennard-Jones fluid in silica slit pores due to finite size

effects, studied by our original Monte Carlo (MC) tech-

nique. We demonstrate that the first layers of adsorbed

molecules in contact with the pore walls act as a ‘‘fluid

wall’’ and impose extra finite size effects on the fluid

confined in the central portion of the pore. We next present

a new kernel for pore size distribution (PSD) analysis,

based entirely on molecular simulation, which consists of

local isotherms for nitrogen adsorption in carbon slit pores

at 77 K. The kernel is obtained by combining grand

canonical Monte Carlo (GCMC) method and open pore cell

MC method that was developed in the previous study. We

show that overall trends of the PSDs of activated carbons

calculated with our new kernel and with conventional

kernel from non-local density functional theory are nearly

the same; however, apparent difference can be seen

between them. As the third topic, we apply a free energy

analysis method with the aid of GCMC simulations to

investigate the gating behavior observed in a porous

coordination polymer, and propose a mechanism for the

adsorption-induced structural transition based on both the

theory of equilibrium and kinetics. Finally, we construct an

atomistic silica pore model that mimics MCM-41, which

has atomic-level surface roughness, and perform molecular

simulations to understand the mechanism of capillary

condensation with hysteresis. We calculate the work

required for the gas–liquid transition from the simulation

data, and show that the adsorption branch with hysteresis

for MCM-41 arise from spontaneous capillary condensa-

tion from a metastable state.

Keywords Fluids in nanospaces � Critical point

depression � Pore size distribution � Porous

coordination polymers � Capillary condensation

1 Introduction

Over the last two decades, molecular simulations have

played an important role in the understanding of the phase

behaviors of confined fluids in nanopores (Gelb et al. 1999;

Gubbins et al. 2010, 2011; Coasne et al. 2013). Molecular

simulations can provide a fundamental understanding of

experimentally observed adsorption phenomena, and can

also be used to gain detailed information at the molecular

level that may not be obtained by experiment. We have

studied various adsorption phenomena in nanopores, elu-

cidating key mechanisms and constructing thermodynamic

models, which should lead to the effective engineering use

of nanoporous materials (Miyahara and Gubbins 1997;

Miyahara et al. 1997, 2000a, b; Kanda et al. 2004; Kanda

and Miyahara 2007; Watanabe et al. 2009; Sugiyama et al.

2012; Numaguchi et al. 2013; Tanaka et al. 2013; Miyahara
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and Tanaka 2013). Molecular simulations are quite effec-

tive because they can provide ideal experimental systems

through which to confirm the thermodynamic models. This

paper is an introduction and overview of our recent simu-

lation studies for adsorption engineering.

Phase behaviors of confined fluids are dramatically

different from those of bulk fluids, and an understanding of

these anomalous behaviors is important for the develop-

ment of new technologies for industry. In particular, the

determination of critical properties is integral to the cal-

culation and modeling of phase equilibria, yet few studies

have been reported for the case of confined fluids (Mon and

Binder 1992; Vishnyakov et al. 2001; Shi et al. 2002; Jana

et al. 2009; Liu et al. 2010; Singh and Singh 2011).

Therefore, following our previous work to determine phase

boundaries in nanopores (Miyahara and Gubbins 1997,

2000b; Kanda and Miyahara 2007; Miyahara and Tanaka

2013), the critical points of Lennard-Jones (LJ) fluid in

silica slit pores were studied with a molecular simulation

cell, which holds gas–liquid coexisting conditions yet

possesses the ability to estimate its chemical potential. We

also employed ‘‘fluid’’ slit pores whose walls consisted of

LJ fluid, and show that the attractive pore wall of a silica

slit pore provides anomalous finite size effects on the

critical properties of the confined fluid by comparing both

phase equilibria in the silica and ‘‘fluid’’ slit pores.

Nanopore-size characterization requires an accurate

kernel consisting of a large number of local isotherms for

various pore sizes, which are to be obtained, desirably, by

molecular simulations. At present, however, kernels

obtained by non-local density functional theory (NLDFT)

are predominantly used (Ravikovitch et al. 1995; Olivier

1995; Ravikovitch et al. 1998, 2000, 2001; Do and Do 2003;

Neimark et al. 2009; Jagiello and Olivier 2013) because of

the high computational costs for molecular simulations in

general. Therefore, by extending our earlier work (Miyahara

et al. 1997), we developed an open pore cell combined with

the Monte Carlo technique (open pore cell MC method) to

satisfy two requirements: to avoid metastable states or

hysteresis loops, and to determine equilibrium transition

pressures easily without heavy computational loads (Miya-

hara and Tanaka 2013). In this paper, we present a new

kernel consisting of local isotherms for nitrogen adsorption

in carbon slit pores at 77 K obtained by combining the grand

canonical Monte Carlo (GCMC) method and the open pore

cell MC method, and compare the pore size distributions of

activated carbons calculated with both our new kernel and

the conventional NLDFT kernel.

Porous coordination polymers (PCPs), also known as

metal–organic frameworks (MOFs), are a new class of

porous materials which have prominent physicochemical

properties (Kitagawa et al. 2004; Rowsell and Yaghi 2004;

Rosseinsky 2004; Horike et al. 2009). In particular, PCPs

with flexible frameworks show a peculiar adsorption

behavior known as a gating or breathing phenomenon: at a

certain pressure, guest molecules adsorb or desorb abruptly,

accompanied by the deformation of the host framework.

This stimulus-responsive behavior should be useful for

various applications such as gas storage (Düren et al. 2004;

Kanoh et al. 2009); separation (Düren and Snurr 2004;

Nakagawa et al. 2010), molecular sensing (Yanai et al.

2011), and drug delivery systems (Horcajada et al. 2006).

For the practical use of PCPs, a fundamental understanding

of the mechanism of the adsorption-induced structural

transition is absolutely required, and molecular simulation

should play a crucial role in that determination. However,

direct simulation of the gating behavior remains challenging

because of the long-lived metastability of the structural

transition. Our approach for overcoming this difficulty is to

use the thermodynamic integration method to obtain the free

energy landscape of the system under various settings of

pressure by the GCMC method (Watanabe et al. 2009;

Sugiyama et al. 2012; Numaguchi et al. 2013). We applied

this free energy analysis method to a stacked-layer PCP for

which the gating transition was observed experimentally (Li

and Kaneko 2001; Kitaura et al. 2003; Noguchi et al. 2005;

Kondo et al. 2006; Kanoh et al. 2009), and propose a

mechanism for the adsorption-induced structural transition

based on both the theory of equilibrium and the kinetics.

Siliceous mesoporous materials such as MCM-41 and

SBA-15 have attracted much attention because of their

potential uses as catalyst supports, in separation, in drug

delivery, and so forth. Recent theoretical studies and simu-

lations have shown that the surface roughness of the pore

walls affects the adsorption and capillary condensation of

gases, and it is essential for representing the adsorption

isotherms for siliceous mesoporous materials (Coasne and

Pellenq 2004a, b; Sonwane et al. 2005; Coasne et al. 2006a,

b, 2007, 2008a, b, 2010; Coasne and Ugliengo 2012).

However, a clear understanding of the mechanism of

adsorption hysteresis relevant to capillary condensation is

still lacking. Therefore, we constructed an atomistic silica

pore model mimicking MCM-41, which has molecular-level

surface roughness, and performed molecular simulations to

understand the mechanism of capillary condensation with

hysteresis. We calculated the canonical work function with

the simulation data, which is the work required for the gas–

liquid transition according to Neimark and Vishnyakov

(2006), and show that the adsorption branch with hysteresis

derives from spontaneous capillary condensation.

2 Critical points in nanopores

We employed a slit-like pore cell with a high aspect ratio

of pore length to width, in order to maintain gas–liquid
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coexistence in the pore, and combined it with a gas cell to

measure the chemical potential of the system (G–L coex-

isting cell method), similar to the gauge cell method

(Neimark and Vishnyakov 2000). Our system, with the two

simulation cells developed for this study, is shown in

Fig. 1. The system was steadily led to a thermodynamically

stable state by forming concave menisci in the pore cell,

when the system contained a sufficient number of particles.

The choice of the size of the gas cell was straightforward,

unlike the gauge cell method, in which the size must be

chosen to meet a particular condition (Neimark and Vish-

nyakov 2000).

The Lennard-Jones (LJ) potential, with the parameters

rff = 0.3615 nm and eff/kB = 101.5 K (kB is the Boltz-

mann constant), and a cut-off radius of 5rff were used as

the fluid–fluid interactions of nitrogen. In this study, we

assumed two kinds of pore walls; one was silica and the

other was a solid with the density and interaction param-

eters of liquid nitrogen at 77 K (hereafter, a silica slit pore

and a fluid slit pore). The slit pores were modeled by two

walls with width H, where H was defined as the distance

between the layers as measured from the atomic centers at

the surfaces. The Steele’s 10-4 potential was employed for

the solid–fluid interaction potential between a LJ nitrogen

and one silica layer:

/ zð Þ ¼ 2pqsesfr
2
sf

2

5

rsf

z

� �10

� rsf

z

� �4
" #

ð1Þ

where qs is number density of atoms in the layer, and rsf

and esf are the LJ parameters. Then, in the case of the fluid

slit pore, the pore wall was assumed to be a slab consisting

of five layers with interlayer distances of D as:
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where qs/D = 17.3 nm-3 is the density of liquid nitrogen

at 77 K. The solid–fluid cross interaction parameters were

calculated with the Lorentz-Berthelot mixing rules, and

those used for the silica and fluid slit pores are tabulated in

Table 1.

The total interaction potential for a LJ nitrogen in the

silica and fluid slit pores was obtained by adding the

contributions from each wall as:

U zð Þ ¼ / zð Þ þ / H � zð Þ ð3Þ

Periodic boundary conditions in the x and y directions

were applied for the pore cell, and the lateral dimensions of

the cell were set as Lp
x ¼ 70 rff and Lp

y ¼ 10 rff. Then, the

size of the gas cell was changed from Lg
x ¼ Lg

y ¼ Lg
z ¼ 27

rff to 11 rff, depending on the system temperature, to

reduce the total number of particles and the computational

costs.

In analogy with the gauge cell method, two trial moves

were performed in our G–L coexisting cell method: dis-

placement of a randomly selected particle and transfer of a

particle selected at random from one cell to the other. The

probabilities of the two trial moves were set to be equal. A

single simulation run for a system temperature was per-

formed for 1 9 104 MC steps per particle to achieve

equilibrium, after which the average properties were col-

lected for another 2 9 104 MC steps per particle. The gas

and liquid densities in the pore were obtained from the

central portion of the pore cell to eliminate the contribu-

tions from the densely packed first and second layers of

adsorbed molecules. Then, as the system approaches the

critical point, the adsorbed phase undergoes substantial

density fluctuation, and the vapor–liquid meniscus

becomes ill-defined. To deal with this problem, we main-

tained the center of mass of the whole adsorbed phase

along the x axis over the center of the adsorption cell

during the simulation. The center of mass of the adsorbed

phase along the x axis was calculated by summing x coor-

dinates of all the fluid particles, and the x coordinate of the

center of mass was subtracted from those of all the fluid

particles. This procedure makes it possible to obtain the gas

and liquid densities by sampling the number of fluid par-

ticles at the both ends and the center of the adsorption cell.

Figures 2 and 3 show the phase diagrams of the confined

nitrogen fluid in the silica and fluid slit pores as a function

of the slit pore width, determined by the G–L coexisting

cell method. The critical parameters were estimated with

the coexistence densities by the least squares fitting of the

scaling law and the rectilinear law. The obtained reduced
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Fig. 1 Schematic representations of the simulation cells used in the

G–L coexisting cell method

Table 1 Parameters for the solid–fluid intermolecular potentials

Wall rsf (nm) esf/k (K) qs (nm-2) D (nm)

Silica 0.317 147 153 –

Fluid 0.3615 101.5 7.01 0.406

Adsorption (2014) 20:213–223 215

123



critical temperatures, T�c = kBT/eff, are plotted in Fig. 4

against the inverse reduced slit pore width, 1=w� ¼ rff=w.

In this study, the slit pore width w was defined as the

distance between the positions at which the solid–fluid

interaction potential U becomes zero. In the case of the

fluid slit pores, T�c linearly decreased from the reduced

critical temperature (=1.3) of the bulk LJ fluid with

decreasing slit pore width, which should be attributed to

finite size effects. On the other hand, for the silica slit

pores, the T�c value also decreased in a linear fashion;

however, the slope was significantly larger than that for the

fluid slit pores, which suggests that the finite size effects

are more enhanced in the silica slit pores. Therefore, we

defined the following effective pore width for the fluid

confined in the silica slit pore:

w�eff ¼ w� � 2w�L ð4Þ

and determined the w�L value so that the slope of the T�c
versus 1=w�eff plot coincided with that of the T�c versus

1=w� plot for the fluid slit pores. The obtained w�L value

was 1.0, and this fact indicates that the first layers of the

adsorbed molecules in contact with the pore walls act like a

‘‘fluid wall’’ and impose extra finite size effects on the

confined fluid in the central portion of the pore.

In this way, the T�c for the ‘‘fluid’’ pore gave a quite

meaningful perspective for the role of confinement alone,

on which the role of strong attraction in silica can be

interpreted. Further studies are ongoing to establish a

thermodynamic model that accounts not only for the pore

size but also for the effects of the wall’s attraction.

3 Characterization of nanopores based on a molecular

simulation kernel

We recently developed the open pore cell Monte Carlo

(MC) method to determine phase equilibria in nanopores

(Miyahara and Tanaka 2013). The open pore cell MC

method employs a pore cell with a ‘‘potential buffering

field (PBF),’’ and combines it with a gas cell to measure the

chemical potential of the system, as with the method

introduced in the previous section. The pore cell is com-

posed of two potential fields: a full potential field (FPF), in

which a ‘‘full’’ interaction potential is exerted by the pore

wall, and the PBF. The interaction potential in the PBF is

continuously and linearly attenuated from the full potential

value to zero, so that both ends of the pore cell are con-

sidered to be connected to an imaginary gas phase. The

open pore cell MC method enables the precise estimation

of the equilibrium chemical potential of the confined fluid

with a single simulation, unlike the Peterson and Gubbins

(1987) method or the gauge cell method. The low com-

putational cost to evaluate the equilibrium chemical

potential will allow us to construct kernels composed of

adsorption isotherms by the GCMC method, which should

be more precise than those obtained by NLDFT, to cal-

culate the pore size distributions of porous materials.

In this study, to develop a kernel for the calculation of

the pore size distribution (PSD) of activated carbons, we

Fig. 2 Phase diagrams of confined nitrogen in silica slit pores as a

function of the pore width determined by the G–L coexisting cell

method. Filled symbols represent the corresponding critical point

Fig. 3 Phase diagrams of confined nitrogen in fluid slit pores as a

function of the pore width determined by the G–L coexisting cell

method. Filled symbols represent the corresponding critical point

Fig. 4 Reduced critical temperatures of confined nitrogen in fluid

and silica slit pores as a function of the inverse slit width. Solid linear

line is the least-squares fit to the data of the fluid slit pores
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assumed LJ nitrogen as adsorptive and carbon slit pores

composed of two graphite slabs modeled by the Steele’s

10-4-3 potential:

/ zð Þ ¼ 2pqsesfr
2
sfD

2

5

rsf

z

� �10

� rsf

z

� �4

� r4
sf

3D 0:61Dþ zð Þ3

" #

ð5Þ

The interaction parameters are tabulated in Table 2. The

total interaction potential for a LJ nitrogen in the carbon

slit pore of width H was calculated according to Eq. (3),

and periodic boundary conditions were applied in the x and

y directions.

We performed GCMC simulations to obtain the local

adsorption isotherms of nitrogen in the carbon slit pores at

77 K, and also determined the equilibrium gas–liquid

transition pressures for the respective carbon slit pores

using the open pore cell MC method. The lateral dimen-

sions of the simulation cell were set as Lp
x ¼ Lp

y ¼ 10 rff for

the GCMC method, and Lp
x ¼ 70 rff and Lp

y ¼ 10 rff for the

open pore cell MC method, respectively. The FPF of the

open pore cell MC method was placed at the center of the

pore cell along the x direction with a length of 40 rff, while

the size of the gas cell was set to Lg
x ¼ Lg

y ¼ Lg
z ¼ 40 rff. In

the previous study (Miyahara and Tanaka 2013), we

showed that the thickness of ca. 8rff would be the lower

limit for a stable liquid bridge in a carbon slit pore, and also

that exactly the same equilibrium chemical potential can be

obtained as long as two liquid menisci are within the FPF.

The open pore cell MC method was applied in the range

H = 2–10 nm in this study so that the thickness of the

liquid bridge is at least lager than 20 rff and also the two

liquid menisci are within the FPF of 40 rff in length. The

length of the open pore cell of Lp
x ¼ 70 rff is suitable for

maintaining such configuration. Further details of both the

GCMC method and open pore cell MC method are given

elsewhere (Miyahara and Tanaka 2013).

Figure 5 depicts the equilibrium gas–liquid transition

pressures of nitrogen in the carbon slit pores at 77 K as a

function of the slit width H obtained using the open pore

cell MC method. We obtained the following analytical

formula by fitting the simulation data in the range H =

2–10 nm:

H nm½ � ¼ 3:351
1:074

0:01201þ ln P0=Pð Þ

� �0:5465

þ0:0513 ð6Þ

Equation (6) was used to determine the equilibrium

transition pressures for the respective local isotherms.

Then, as for the local isotherms on the carbon slit pores of

H larger than 10 nm, the equilibrium transition pressures

were taken from the data obtained by Tarazona’s version of

NLDFT (Tarazona 1985; Tarazona et al. 1987). Figure 6a,

b show the GCMC kernel for the carbon slit pores devel-

oped in this study. The number of the local isotherms is

141, and the range of slit pore width w is 0.467–100 nm,

where the definition of w is the same as that in the previous

section.

Figure 7a, b represent the fittings of our GCMC kernel

and the NLDFT kernel to the experimental nitrogen

Table 2 Parameters for the solid–fluid intermolecular potential

Wall rsf (nm) esf/k (K) qs (nm-2) D (nm)

Carbon 0.3494 52.42 114 0.335

Fig. 5 Equilibrium gas–liquid transition pressures of nitrogen in

carbon slit pores at 77 K as a function of the slit width H, obtained by

the open pore cell MC method

(a)

(b)

Fig. 6 GCMC kernel for nitrogen adsorption in carbon slit pores at

77 K developed in this study: (a) linear scale and (b) logarithmic

scale
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adsorption isotherms on the activated carbons (FT-7 and

FT-25) at 77 K. The derived PSDs are shown in Fig. 8a, b.

The Tikhonov regularization method with the L-curve

criterion was used for solving the discrete ill-posed prob-

lems. The overall trends of the PSDs obtained from the

GCMC kernel and the NLDFT kernel were nearly the

same; however, an apparent difference could be seen for

pore widths less than ca. w = 1.0 nm for both FT-7 and

FT-25. This is likely due to the fact that the weighted

density approximation used in NLDFT is not appropriate

for small pores of molecular nitrogen size. Moreover, we

notice that there is a considerable difference between the

equilibrium transition pressures from the open pore cell

MC method and NLDFT in the range w = 2–10 nm. This

should also provide a difference between the PSDs from

the GCMC kernel and the NLDFT kernel. Then, a promi-

nent gap can be seen for both the PSDs of FT-25 from the

GCMC kernel and the NLDFT kernel (Fig. 8b), which

corresponds to a small kink in the fitted isotherms from the

both kernels around P/P0 = 10-4 (Fig. 7b). This is because

the local isotherms for carbon slit pores of w = *1 nm

with smooth pore walls have a sharp and large step in a low

relative pressure region due to the micropore filling and

such shape does not fit to the experimental adsorption

isotherm showing a gradual uptake. Namely, it is the arti-

ficial gap originating from the pore model with infinitely

wide parallel and smooth walls. Recently there has been an

attempt to solve the problem by introducing surface

roughness on the pore walls (Neimark et al. 2009).

Now, intensive calculations by our method with low

calculation costs are ongoing to attain a cutting-edge

characterization based on molecular simulation kernels

with a variety of combinations of adsorbates, solids, and

pore geometries. The new kernels are anticipated to be

available soon.

4 Mechanism of adsorption-induced structural

transition of stacked-layer PCP

We modeled a stacked-layer PCP simply by rigid layers

and pillars located on the one side of the layers (Fig. 9).

This simplified model should be a good description of

ELM-11 (Li and Kaneko 2001; Kitaura et al. 2003;

Noguchi et al. 2005; Kondo et al. 2006; Kanoh et al. 2009),

which has a grid network formed by coordination bonds

between metal ions and linker molecules and pillaring

anions located on both sides of the grid network. The

interlayer width for a closed state of the simplified model,

h0 = 1.75rff, was dominated by the length of the pillar.

The interlayer widths for all the neighboring layers were

assumed to always be the same during adsorption and

desorption processes. LJ argon (rff = 0.341 nm and eff/

k = 119.8 K) was used as the guest molecule, and the

(a)

(b)

Fig. 7 Fittings of our GCMC kernel and the NLDFT kernel to the

experimental nitrogen adsorption isotherms on activated carbons at

77 K: (a) FT-7 and (b) FT-25

(a)

(b)

Fig. 8 PSDs derived from the fittings of our GCMC kernel and the

NLDFT kernel to the experimental nitrogen adsorption isotherms on

activated carbons at 77 K: (a) FT-7 and (b) FT-25
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stacked layers were modeled by the Steele’s 10-4 potential

composed of LJ carbon atoms (rss = 0.34 nm and ess/

k = 28 K) with a density of 2.2rff
-2. The solid–fluid cross

interaction parameters were obtained from the Lorentz-

Berthelot mixing rules. The pillars had the same interaction

parameters as the guests, and their density was set to 100rff
-2.

A layer–layer interaction potential was obtained by an area

integral of the Steele’s 10-4 potential, and the total potential

energy of the host framework was calculated as a sum of the

layer–layer and pillar-layer interactions. Namely, the flexi-

bility of the host framework is mainly controlled by attrac-

tive forces between the layers and repulsion forces between

the layers and the pillars. The lateral dimensions of the

simulation cell were set as Lx ¼ Ly ¼ 10rff, and the height of

the cell Lz was changed from 10.5rff to 14.35rff. Periodic

boundary conditions were applied for all directions. Further

details of the simulation model are given elsewhere (Num-

aguchi et al. 2013).

The osmotic free energy change of the system during

guest adsorption, XOS, is obtained by the thermodynamic

integration of the adsorption isotherm from the GCMC

simulations as (Coudert et al. 2008; Numaguchi et al.

2013):

XOS l; hð Þ ¼ Fhost hð Þ þ PV hð Þ �
Zl

�1

dl0Nðl0; hÞ ð7Þ

where Fhost is the Helmholtz free energy of the layers (host),

P is the bulk pressure, V(h) is the cell volume, and N(l,h)

represents the simulated adsorption isotherm on the host with

the interlayer width h. The relative osmotic free energy for

the change of the interlayer width from h0 to h is given as:

DXOS l; hð Þ ¼ DXOS l; hð Þ � DXOS l; h0ð Þ ð8Þ

where change in the Helmholtz energy of the host,

DFhost(h) = Fhost(h) - Fhost(h0), which is contained in

Eq. (8), was approximated to the change in the total

potential energy of the host framework. This could be

reasonable because the thermal fluctuation of the layer

itself will change very little in this system upon the vari-

ation in the interlayer width, and thus, the term of the

entropy change in DFhost(h) may be negligibly small.

Figure 10 shows the free energy changes as a function

of the interlayer width for various bulk fluid pressures at

kBT/eff = 0.8. At zero pressure, a global minimum

appeared at h = h0, and the free energy increased mono-

tonically with increasing interlayer width due to the

attractive forces working between the layers. The guest

adsorption at P/P0 = 0.010 provided a local minimum of

the free energy at h = 1.99rff (metastable state). Then, at

P/P0 = 0.013, the free energy profile became bistable,

which means that both states with interlayer widths of h0

and h = 1.99rff are in thermodynamic equilibrium. A

further increase in the pressure made the open state more

stable, which suggests that the structural transition of the

host is likely induced by adsorption of the guest under

equilibrium conditions.

The aforementioned analysis was based on the theory of

equilibrium; meanwhile, our free energy analysis method

enables one to understand the kinetics of the adsorption-

induced structural transition. Namely, if we assume 6 kBT

per layer as the energy fluctuation of the system, the

equilibrium structural transition cannot be achieved

because an energy barrier E
eq
A , existing between the two

stable states, reaches 14.1 kBT per layer. The energy barrier

decreases with increasing relative pressure in the adsorp-

tion process, and finally, it coincides with the energy

fluctuation of the system at P/P0 = 0.050 (energy barrier

Ead
A in Fig. 10), which results in the spontaneous adsorp-

tion-induced structural transition of the system. On the

other hand, in the desorption process, the energy barrier EA
de

for the transition from the open state to the closed state

becomes the same with the energy fluctuation of the system

at P/P0 = 0.010, which is lower than the equilibrium

structural transition pressure. This is the mechanism of the

Fig. 9 Schematic representation of the stacked-layer PCP model

Pillar
Guest

h0

Closed state

xy

z

Opened state

h

Layer

Fig. 10 Free energy changes as a function of the interlayer width of

the stacked-layer PCP model for various bulk fluid pressures at kBT/

eff = 0.8
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gate phenomenon with pronounced hysteresis, and the

resulting adsorption/desorption isotherm at kBT/eff = 0.8 is

shown in Fig. 11. The spontaneous structural transition

pressure in the desorption process is significantly closer to

the equilibrium structural transition pressure than that in

the adsorption process, which should be a universal char-

acteristic common to the adsorption-induced structural

transitions in many PCPs.

The structural model of the PCP used in this study is

quite simplified, but we must emphasize that the simplifi-

cation itself enables us to analyze various factors separately

to determine the ‘‘physical’’ essence of this complicated

phenomenon.

5 Adsorption hysteresis in mesoporous silica

with surface roughness

A bulk fused silica was constructed by the molecular dynamics

method with the van Beest, Kramers, and van Santen (BKS)-

type potential by quenching from 4,000 K to room tempera-

ture at a rate of 0.23 K/fs. The amorphous silica block was

carved out to reproduce the experimentally determined elec-

tron density profile (EDP) of MCM-41 (Muroyama et al. 2006,

2008; Tanaka et al. 2013), and the resulting atomistic MCM-

41 model is shown in Fig. 12. Adsorption isotherms of LJ

argon on the MCM-41 model at 75 K and 80 K were obtained

by the GCMC and gauge cell methods. The interaction

parameters used in this study were rff = 0.341 nm and eff/

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

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

for silica. The solid–fluid cross interaction parameters were

obtained by applying the Lorentz-Berthelot mixing rules.

Further details for the model construction and the GCMC

simulations are given elsewhere (Tanaka et al. 2013).

According to Neimark and Vishnyakov (2006), we

calculated the canonical work function, W (l,N), by inte-

grating a sigmoid adsorption isotherm, ls(N), obtained

from the gauge cell method:

W l;Nð Þ ¼
ZN2

N1

ls N 0ð ÞdN 0 � lN ð9Þ

Equation (9) provides the work required for a state

change from a multilayer adsorption state (adsorption

amount, N1) to a capillary condensed state (adsorption

amount, N2) at a constant chemical potential l.

Figure 13 shows a comparison between the simulated

argon adsorption isotherms on the atomistic MCM-41

model and experimental argon isotherms at 75 K and 80 K.

The MCM-41 model with proper surface roughness could

reproduce the experimental data without any parameter

adjustments. Moreover, thermodynamic equilibrium con-

densation pressures, Peq, obtained from the simulations at

respective temperatures were in qualitative agreement with

the experimental desorption branches. Figure 14 depicts

changes in the canonical work function, DW, with refer-

ence to W at point a. The DW value shows a local maxi-

mum between the minima of the a and b states; when the

energy barrier EA(Peq) at the equilibrium transition pres-

sure is larger than the energy fluctuation of the system, the

gas–liquid transition cannot be achieved at this pressure.

However, the energy barrier decreases with increasing

pressure, and thus, spontaneous capillary condensation

should occur when the energy barrier, EA(Pad), coincides

with the energy fluctuation of the system. The EA(Pad)

value obtained from a comparison between simulated and

experimental data at 75 K was 2.1 kBT per reduced length

of the simulation box along the pore axis. We therefore

assumed it as the energy fluctuation of the system, and

predicted the spontaneous capillary condensation pressure

Pad at 80 K. It is obvious that the predicted Pad value is in

good agreement with experiment (see Fig. 13b). This fact

strongly suggests that the adsorption branch with hysteresis

for MCM-41 comes from spontaneous capillary conden-

sation from a metastable state.

Fig. 11 Adsorption/desorption isotherm of argon on the stacked-

layer PCP model at kBT/eff = 0.8

Fig. 12 Atomistic silica model obtained for reproducing the exper-

imental electron density of MCM-41: (a) before adsorption and

(b) after capillary condensation
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6 Conclusions

We investigated the critical properties of confined LJ fluids

in silica and fluid pores using the G–L coexisting cell

method. We found that the first layers of adsorbed mole-

cules in contact with the attractive silica pore walls acted

like a ‘‘fluid’’ wall, which resulted in the suppression of

critical points. These findings can be applied in the

development of a thermodynamic model for the critical

behaviors of the confined fluids, and should be a useful tool

for adsorption engineering.

We developed a new kernel for PSD analysis, consisting

of local nitrogen adsorption isotherms in carbon slit pores

at 77 K, by combining the GCMC method and the open

pore cell method. We showed that overall trends of the

PSDs of the activated carbons calculated with our new

kernel and with the conventional NLDFT kernel were

nearly the same; however, apparent difference was

observed between them, which should be due to the

approximations introduced into the NLDFT. We are now

constructing kernels for various pore geometries (slit,

cylindrical, and spherical), materials (carbon and silica),

and adsorbates (nitrogen, argon, carbon dioxide, and so on)

by the above-mentioned molecular simulation techniques

in collaboration with BEL Japan Inc. And, BEL Japan Inc.

is starting to distribute a software for the characterization

of porous materials, ‘‘BELMaster,’’ equipped with a part of

our new kernels.

The free energy analysis method with the aid of GCMC

simulations was applied to investigate the mechanism of the

adsorption-induced structural transition observed in a

stacked-layer PCP, based on both the theory of equilibrium

and kinetics. The simplicity of the model used in this study as

the PCP framework was beneficial because we could deter-

mine the ‘‘physical’’ essence of complicated phenomena.

Our free energy analysis method provided a clear under-

standing of the adsorption-induced structural transitions in

the stacked-layer PCP, and it might be extended to various

soft PCPs by constructing a structure model with appropriate

morphology. Therefore, the method may contribute to the

rational design of PCPs for industrial application. Based on

the understanding provided by our simple model, we are now

performing atomistic molecular simulations to determine the

key factors in more complex systems.

We constructed an atomistic silica pore model that

mimicked MCM-41 with realistic surface roughness, and

performed molecular simulations to understand the capil-

lary condensation mechanism with adsorption hysteresis.

The inspection of the canonical work function suggested

that the adsorption branch with hysteresis for MCM-41

arose from spontaneous capillary condensation from a

metastable state. Our methodology for molecular modeling

of the capillary condensation in siliceous mesoporous

materials should be useful for elucidating the dissipation

mechanism of the adsorption hysteresis in MCM-41 with

small mesopores (less than ca. 3 nm) for nitrogen adsorp-

tion at 77 K and argon adsorption at 87 K; these studies are

now in progress.

We sincerely hope that the development and application

of these molecular simulations, together with experimental

findings, will further serve as powerful tools for deter-

mining the physical bases of various complicated phe-

nomena, and find practical use industrially.
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