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Abstract We develop a novel method to determine the ac-
cessible pore volume, the accessible pore size and its distri-
bution for pores having homogeneous surfaces but taking an
arbitrary shape. The accessible pore volume is essentially
the volume space that is accessible to the centre of an ad-
sorbate molecule, while the accessible pore size is defined
by the largest sphere that can be accommodated in the ac-
cessible space. The size of this sphere depends on the point
in the accessible volume that we select. The accessible pore
size is therefore, a local variable and this means that even a
geometrically simple pore can possess many sizes. Each lo-
cal accessible pore size is associated with a local accessible
pore volume and the relationship between this pore volume
and pore size is called the accessible pore size distribution.
In this paper, we illustrate this methodology with a number
of model pores ranging from simple to complex geometry
and present the analytical accessible pore size distribution.

Keywords Pore size distribution · Surface area ·
Homogeneous pores · Accessible volume

1 Introduction

Characterization of porous media has been an important
topic for many decades and it is receiving even greater at-
tention from scientists and engineers working with porous
solids (Gregg and Sing 1982; Rouquerol et al. 1999; Do
1998). This is because of the development of advanced
porous solids whose pore structures do not have any regu-
lar or well defined shape, and therefore the use of classical
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methods (Kaneko et al. 2002; Do et al. 2007; Birkett and Do
2007; Sing et al. 1985; Rouquerol et al. 1994; Kaneko 1994;
Kaneko et al. 1998; Thommes et al. 2002; Thommes 2004;
Do et al. 2008b; Jagiello and Betz 2008; Olivier and Oc-
celli 2004) becomes inapplicable because they assume that
pores have either slit or cylindrical shape. Typical examples
of this are porous alumina, silica gel and cubic cage struc-
tures of metal organic frameworks (MOF) (Li et al. 1999;
Rowsell and Yaghi 2004). The importance of characteriza-
tion is reflected in the two major meetings in this area, Char-
acterization of Porous Solids (COPS) and Characterization
of Porous Materials Workshop, whose theme is dedicated
purely to characterization.

Even when the atomistic configuration of a solid is
known, it is desirable to obtain the pore volume distribu-
tion. For this reason, some authors have proposed different
computational methods to calculate the Pore Size Distribu-
tion (PSD) for a well-defined solid, such as those developed
by Torquato (Torquato et al. 1990; Torquato and Avellaneda
1991; Lu and Torquato 1993), Gubbins (Gelb and Gubbins
1999; Kendall and Gubbins 2000; Pikunic et al. 2003; Bhat-
tacharya and Gubbins 2006) and Do (Herrera et al. 2008;
Do et al. 2008a; Birkett et al. 2009). All these methods cal-
culate the pore size by fitting a sphere into the cavities of
the pores, however each method uses a different scheme to
calculate the position of the sphere in the pore. For example
Gelb and Gubbins (1999) defined the volume based on the
Connolly surface while Do and co-workers used the surface
traced at zero potential energy (Do et al. 2008a). Because all
these methods use a sphere as a yardstick to measure the size
of the pore, the location of the sphere’s centre is the most
important matter because an incorrect location results in the
misrepresentation of the PSD. Since different methods have
different theoretical approaches to the determination of the
pore size, they can give different answers. Here we present
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analytical solutions of the PSD for some ideal pores, calcu-
lated using classical geometry based on the accessible pore
volume concept presented by Do (Do and Do 2007). We will
call this PSD the Accessible Pore Size Distribution (APSD)
because of its relation to the accessible volume. The APSDs
will be used to justify an improved Monte Carlo integration
(MCI) scheme compared with the previous one presented in
earlier work (Do et al. 2008a).

2 Theory

2.1 Accessible pore volume

The accessible pore volume is defined as the volume acces-
sible to the centre of mass (centre of geometry can also be
used) of a particle at zero loading (Do and Do 2007). For
solids whose atomistic configurations are known, this can
be determined by MCI (Do et al. 2008a). For the purpose of
characterization, it is appropriate that we choose noble gases
because they are inert, spherical and non-polar; argon is the
most logical choice. Nitrogen is also a good candidate as it is
the most widely used probe, but its adsorption is somewhat
specific because its quadrupole favours strong electrostatic
adsorption sites, such as high affinity functional groups. Fur-
thermore, because it is non-spherical, it can adopt different
orientations, which noble gases cannot.

The procedure for determining the accessible pore vol-
ume is as follows. We insert a particle at a random posi-
tion in the simulation box and calculate its potential energy
with the solid by summing all pairwise potential energies be-
tween this test particle and all solid atoms, and then remove
it from the box (to simulate the zero loading condition). If
the solid-fluid potential is either zero or negative, that inser-
tion is a success. If the fluid particle has a shape (for example
nitrogen), we perform this step as follows. First, we insert
the centre of mass of a particle at a random position and give
it a random orientation. If the solid-potential energy is non-
positive, we count that insertion as a success; otherwise, we
choose another orientation and if it becomes non-positive,
the insertion is a success. If after multiple different orienta-
tions the solid-fluid potential remains positive, the insertion
is a failure. This insertion process is repeated many times
with uniform random distribution (i.e. every point within the
simulation box has an equal chance of being selected). This
means that we sample the space of the simulation box with
equal probability, and if the fraction of success is f , then
the accessible volume is simply f times the volume of the
simulation box (i.e. sampling volume), Vacc = f Vbox.

2.2 Definition of pore size

For pores with an arbitrary shape, one could define the char-
acteristic pore size as 4V/S, where V is the void volume

and S is the surface area. Unfortunately, this choice is not
suitable for pores having void space with wide variation in
size. We must recognize that pore size is a local variable
and therefore a pore can possess many sizes to reflect the
different sizes in different parts of the pore. To avoid the
orientation issue with the way one would measure the pore
size, we propose to use a sphere as the yardstick and the size
of this sphere will give us the measure of the pore size. The
problem now is simply to find a way to locate this sphere
and its size. This size is defined as the pore size and since
the sphere is enclosed within the accessible pore space, we
will call this accessible pore size.

2.3 Model pores

Because the aim is to calculate the PSD analytically, we
have used model pores with homogeneous surfaces. This
type of surface is commonly adopted in simulation such as
those using the Steele 10-4-3 potential model (Steele 1973)
or the Crowell potential (Crowell 1954) for flat surfaces, or
the Tjatjopoulos et al. (1988) equation for cylindrical pores.

2.3.1 Infinitely long and homogeneous slit and cylindrical
pores

We start with the simplest pore: an infinitely long slit pore.
Clearly, there is only one accessible pore size as shown in
Fig. 1a, and its associated accessible pore volume is the
space bounded by the dashed line located where the solid-
fluid potential of a spherical probe particle is zero. The
largest sphere (and the only sphere) that fits in this pore is

Fig. 1 (a) Infinitely long, homogeneous slit pore; (b) Infinitely long,
homogeneous cylindrical pore. The dashed line is the boundary of zero
solid-fluid potential energy
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shown in Fig. 1a as the dotted line. A molecular probe placed
anywhere in that sphere will have a non-positive solid-fluid
potential. Indeed, for any point chosen at random in the
accessible volume (i.e. the volume bounded by the dashed
lines) we can find the largest sphere that encloses that point
or has it on its surface. For example, with the point A in
Fig. 1a in the accessible volume, the largest sphere is the
one that passes through that point. Likewise if the point is
chosen on the boundary of the accessible volume (point B)
we also find the largest sphere as shown in Fig. 1a. So, for
this simple geometrical pore, we have only one pore size, as
expected.

Similarly, for an infinitely long structureless cylindrical
pore (Fig. 1b) we have again only one accessible pore size
and its associated pore volume is the space bounded by the
dashed line. The largest sphere that fits in this pore is shown
as a dotted line (superimposed exactly on the dashed line).
A molecular probe placed anywhere in that sphere will have
non-positive solid-fluid potential. Thus, for a homogeneous
long slit or cylinder, the determination of the analytical ac-
cessible pore size and accessible pore volume is simple.

2.3.2 Pores with corners

Real pores are not infinitely long like the ones that we have
discussed in the last section. We now turn to pores with cor-
ners and determine the pore size of corners.

2.3.2.1 Conical pores Consider a cone-typed pore as
shown in Fig. 2 (solid line). The included angle of the cone
is 2α. Let the accessible void volume be the space bounded
by the boundary shown as a dashed line in this figure. The
largest sphere that can access the cone is shown as a dotted
line. It resides at the right side of the cone with its surface
tangential to the boundary of the accessible volume. Let the
diameter of this largest hemi-sphere be D1. We shall define
the pore size as follows: any points residing on the surface
of this D1-hemisphere will have a pore size D1. Any points

Fig. 2 One-dimensional cone-type corner

residing inside the hemisphere will have pore sizes greater
than D1 and any point enclosed by the cone and this hemi-
sphere will have a pore size smaller than D1.

From what has been said, the accessible volume that has
pore sizes smaller than D is simply the volume in the tip of
the cone bounded by the boundary of the accessible volume
and the surface of the D-sphere (shown as shaded sphere in
Fig. 2). Mathematically the cumulative accessible volume
up to size D is:

V (D) = πD3

24

(1 − sinα)2

sinα
(1)

Similarly, the cumulative accessible volume for pores smal-
ler that D′ is also given by (1), with D replaced byD′.
Therefore, the accessible pore volume having sizes falling
between D and D′ is (D′ > D)

V (D < x < D′) = π(D′3 − D3)

24

(1 − sinα)2

sinα
(2)

where x is the pore size. This is the required formula to de-
termine the accessible pore volume. We denote the relation-
ship between the accessible pore volume and the accessible
pore size as the accessible pore size distribution. The change
of this pore volume with the pore size D is the derivative of
V with respect to D:

dV

dD
= π

8

(1 − sinα)2

sinα
D2 (3)

Figure 3 shows the APSD of the cone. The APSD is pre-
sented as the scaled cumulative accessible volume versus
pore size. The APSD starts from zero accessible pore size
that is simply the size at the tip of the accessible volume
(point A in Fig. 2), then the cumulative volume increases
monotonically with the pore size as the power of three. It

Fig. 3 Cumulative APSD for a cone pore and the intersection of two
flat surfaces
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should be stressed that zero accessible size of a pore is pos-
sible and its corresponding physical pore size is one be-
low which the adsorbate cannot enter. Detailed discussion
of zero accessible pore size has been given in Do et al.
(2008a).

2.3.2.2 Pores formed by two walls Next, we consider a
pore formed by the intersection of two surfaces as shown
in Fig. 4. The figure does not show the physical pore walls,
but rather it shows only the two surfaces of zero potential
that bound the accessible volume. The accessible pore vol-
ume corresponding to pore sizes smaller than D is simply
the volume bounded by the two boundary surfaces and the
surface of a cylinder (which is tangential to the two bound-
ary surfaces) having a diameter D because of the infinite
extent in the z-direction (Fig. 4). This volume is shown as a
dotted region in Fig. 4. Let the length of the pore be W , then
the shaded volume is given by:

V (D) = D2W

4

[
cosα

sinα
−

(
π

2
− α

)]
(4)

Fig. 4 Pore created by the intersection of two flat surfaces

where α is half of the angle between the two surfaces. Equa-
tion (4) is the cumulative volume for pores having sizes less
than D, and we see that cumulative volume increases with
the square of the pore size instead of the power 3 as in the
conical pores. From (4) we can derive a working formula
for the accessible volume having sizes falling between D

and D′ as follows:

V (D < x < D′) = W

4

[
cosα

sinα
−

(
π

2
− α

)]
(D′2 − D2) (5)

The change of the pore volume with respect to the pore size
for this 2D-pore is

dV

dD
= W

2

[
cosα

sinα
−

(
π

2
− α

)]
D (6)

Thus, the change of the pore volume behaves linearly with
pore size, in contrast to the square of D in the conical pore.

A representation of the APSD is shown in Fig. 3. This
APSD has a parabolic behaviour. This trend is a character-
istic of this pore and distinguishes the two dimensional pore
from the cone type pore.

2.3.2.3 Pore formed by three walls Another class of pore
is that formed by the intersection of three surfaces, such as
the cubic pore shown in Fig. 5. The total accessible volume
is the cube shown as solid line. The question now is that
what are the sizes for this pore? The largest pore size is the
size of the sphere (grey colour) that fits this cubic pore (i.e.
this sphere is tangential to six surfaces of the cubic accessi-
ble volume). Let the diameter of this sphere be Dmax. This
sphere is defined as the one for which a molecular probe re-
siding anywhere in this sphere has a non-positive solid-fluid
potential. Of course, we also have the space near the eight
corners to deal with. How do we do this? Let us assume that
we are interested in another pore size, say D (< Dmax). The
sphere of size D touches the three surfaces and is shown in
Fig. 5b as the cross-hatched region. We call this sphere the

Fig. 5 The schematic diagram
of a pore created by the
intersection of three orthogonal
flat surfaces (a) and its front
view (b)
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Fig. 6 Cumulative APSD for a (LHS) cubic pore and a (RHS) rectangular pore. The initial D3 behaviour of the cubic pore is typical for 3D corner,
including the conical pore, while the rectangular pore has an initial part behaving between D2 and D3

D-sphere. The region marked by the horizontal line is the
accessible volume that has sizes smaller than D. This vol-
ume is simply eight times (because we have eight corners
in this cubic pore) the difference between the volume of the
cube having linear dimension of D/2 and the one-eighth of
the D-sphere, that is:

V (x < D) =
(

1 − π

6

)
D3 (7)

The contribution from one corner is one-eight of that given
in (7). Therefore, the working formula for the accessible vol-
ume having sizes falling between D and D′ is:

V (D < x < D′) =
(

1 − π

6

)
(D′3 − D3) (8a)

and the accessible volume having size Dmax is:

V (Dmax) = π

6
D3

max (8b)

The agreement of (7) and (8) and the total accessible vol-
ume can be checked by summing the cumulative volume of
the accessible volume having sizes less than Dmax plus the
volume of the Dmax-sphere, which is D3

max.
The rate of change of the accessible volume with pore

size is proportional to the pore size, dV/dD = 3(1 −
π/6)D2. This has the same dependence on D as the con-
ical pore.

A cumulative APSD for this pore is shown in Fig. 6. The
cumulative APSD shows that for pore sizes less than cube’s
size, the cumulative accessible volume increases with pore
size as the power of three. This behaviour is similar to that
observed earlier for the cone shaped pore. When the pore
size is equal to the cube’s size, the cumulative APSD shows

a sudden jump due to the large contribution from the max-
imum pore size. This abrupt change in volume is the main
difference between the APSD of this corner and that of the
cone shaped pore.

An extension of the cubic pore is a rectangular pore as
shown in Fig. 7. The largest sphere is the sphere shown as
dotted line. It is tangential to the four or five surfaces of the
accessible volume (rather than six in the case of cubic pore).
Let the diameter of this sphere be Dmax. The accessible pore
volume associated with this pore size is not just the volume
of this sphere, but rather the grey volume as shown in the
figure. This volume has a central cylindrical part with two
hemi-spheres at the two ends, and its volume is the acces-
sible pore volume associated with the pore size Dmax. The
pore sizes for the eight corners are determined in the same
manner as for the cubic pore, while the pore sizes along the
four long edges are obtained in the same manner as the pore
created by the intersection of two walls in the previous sec-
tion. The working formula for the accessible pore size dis-
tribution in a pore of length L having size Dmax is:

V (Dmax) = π

6
D3

max + πD2
max

4
(L − Dmax) (9a)

and the accessible volume having sizes falling between D

and D′ is given by:

V (D < x < D′)

=
(

1 − π

6

)
(D′3 − D3)

+
(

1 − π

4

)
(L − Dmax)(D

′2 − D2) (9b)

The first term on the RHS of the above equation is con-
tributed by the eight corners (Fig. 7b) while the second term
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Fig. 7 A rectangular pore. 3D representation (a), side view (b) and front view (c)

comes from the four edges (Fig. 7c) along the pore. To check
these equations, we take the sum of all accessible volumes
which should equal the total accessible volume, LD2

max. The
accessible volume contributed by all corners is

V (0 < D < Dmax) =
(

1 − π

6

)
D3

max

+
(

1 − π

4

)
(L − Dmax)D

2
max

and the sum of this volume plus the volume associated with
Dmax (see (9a)) is indeed equal to the total accessible vol-
ume.

The cumulative volume in (9b) has a pore size depen-
dence of D2 and D3, typical for the 2D-corner and the 3D-
corner, respectively. The APSD of the rectangular pore is
shown in Fig. 6. This behaviour is similar to the cubic pore.
The differences are; the greater contribution of the volume
associated with the maximum pore size Dmax, and the be-
haviour of the volume versus pore size (D < Dmax) has two
contributions. One is due to the eight corners at the two ends
of the pore (increase with D according to D3), and the four
edges along the pore length (increase with D according to
D2).

2.3.2.4 Carbon nanotube bundles We consider two con-
figurations of carbon nanotube bundles: Triangular (Fig. 8a)
and square (Fig. 8b). The gray region this figure is the total
accessible volume for these configurations. Let D0 be the
size of the carbon nanotube and 2� be the distance between

the centres of the adjacent nanotubes. The maximum pore
size (Dmax) for these two configurations are given by

Dmax =
{ 4�√

3
− D0 for a triangular bundle

2
√

2� − D0 for a square bundle
(10a)

and the pore volume corresponding to this pore size is

V (Dmax) = πD2
maxW

4
(10b)

where W is the length of the carbon nanotube.
If the distance between the two cylinders is greater than

the diameter of the cylinder, the minimum pore size is

Dmin = 2(� − D0/2) (10c)

For the space between the carbon nanotubes, we have the
following equation for the accessible pore volume as a func-
tion of accessible pore size:

V

W
=

{
A + B for Dmin ≤ D < D∗

A for D∗ < D < Dmax
(10d)

where the parameter D∗ is the critical diameter of the
sphere which is tangent to two adjacent nanotubes and the
plane passing through the central lines of these nanotubes
(Fig. 8c). The parameters A and B are given by

A = 2γ�R

R + R0
− πR2

0

2
+ (R2

0 − R)(sinβ cosβ + β)

(10e)

B = πR2

2
− γ

√
R2 − γ 2 − R2 sin−1

(
γ

R

)
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Fig. 8 The void space formed
between carbon
nanotubes (a) triangular and
(b) square bundle.
Representation of the parameter
D* (c)

Fig. 9 Cumulative APSD for a tube bundle

and

D = 2R; D∗ = (�2 − R2
0)

R0
;

(10f)
γ =

√
(R + R0)2 − �2; sinβ = �/(R + R0).

The main features of the APSD for a tube bundle are shown
in Fig. 9. The APSD shows an increasing cumulative ac-
cessible volume with pore size for pores smaller than Dmax

and then a sudden jump of the volume for a pore size equal
to Dmax. This sudden jump is again due to the contribution
of this maximum pore size. The APSD of the tube bundle

can be distinguished from the one of the cube or rectangu-
lar pores because of the convex concavity in the APSD for
small pores while the other two show a concave shape.

2.3.3 Cubic framework (idealized metal organic
framework)

Finally, we consider an idealized model for metal organic
framework. This idealized model is a hollow cube con-
structed with 12 lines of equal length 2� (Fig. 10a). The
sphere of maximum size that can fit in that hollow cubic
structure has a diameter of 2�

√
2. This sphere protrudes

from the six sides of the cube as shown in Fig. 10b.
The volume of the sphere confined within the cubic struc-

ture is the difference between the volume of the sphere and
6 times the volume of the portion of the sphere protruding
beyond the surface. It is

V (Dmax) = 2π

(
5 − 8

√
2

3

)
�3 (11)

where Dmax = 2�
√

2. Now we consider a sphere of radius
D smaller than Dmax that fits into one of the corners of the
cubic framework. This sphere touches the three lines and
the centre of this sphere is at a distance of D/2

√
2 from the

surfaces xy, xz and yz and protrudes from these surfaces.
The volume that has pore sizes less than D(= 2R) is the
difference between the volume bounded by the cube that has



332 Adsorption (2011) 17: 325–335

Fig. 10 3D representation of an idealized hollow cubic structure (a). The largest sphere shows the largest pore size Dmax while the other shows a
pore size of D. Front view of the idealized hollow cubic structure (b)

the origin and the center of the R-sphere as two of the eight
vertices and the portion of the D-sphere that overlaps with
the cube. This volume is

V (x < D) = 8

(
π

3
+ 1

2
√

2
− 5π

8
√

2

)
R3 (12)

for D less than Dmax. Thus, the cumulative volume for pore
sizes up to D follows a D3-dependence. The factor 8 in the
RHS of the above equation is because we have eight such
corners in the framework. To prove that we have derived the
correct equation for the cumulative volume we show that
the cumulative volume for the corners at Dmax plus the vol-
ume at Dmax (see (11)) must yield the cubic volume of the
framework. Substituting R by Rmax = �

√
2 into (12) and

adding the result to (11) indeed gives the correct volume of
the framework, which is 8�3. Thus the working formula for
the pore size distribution is

V (x < D′) − V (x < D)

the accessible pore volume having pore sizes falling be-
tween D and D′.

The APSD of the idealized metal organic framework
shows an increasing accessible pore volume with pore size
according to the power of three, for small pores. Then, there
is a sudden jump due to the contribution of the largest pore
size (Dmax). This is similar to the APSD of the cubic pore.

3 Implications of the analytical APSD

As stated initially, the main reason to calculate the analyti-
cal solutions of the APSD for some ideal pores is to estab-

lish a reference point to improve the Monte Carlo integra-
tion (MCI) method proposed by Do and co-workers (Do et
al. 2008a). In this section, we present the main implications
of the analytical APSDs for developing a MCI method.

3.1 Method to sample the accessible volume

In the literature, there are different methods to calculate the
PSD by using a sphere as a yardstick. Some methods cal-
culate the volume by gridding it and then selecting differ-
ent points in the grid at which to place the sphere (Gelb
and Gubbins 1999; Kendall and Gubbins 2000; Pikunic et
al. 2003). As the APSD is based on the accessible volume,
it is desirable that the volume calculated follows the same
procedure as the accessible volume (Do and Do 2006). The
method does not require a grid and all the coordinate points
(x, y, z) have the same probability of being selected in a MC
integration method. The procedure is as follows.

A single particle is inserted at a random position in the
simulation box, and then its potential energy with the solid
is calculated by summing all pairwise potential energies be-
tween this test particle and all solid atoms. If the solid–
fluid potential is either zero or negative, that insertion is a
success, otherwise is a failure. This insertion process is re-
peated many times with uniform random distribution (i.e.
every point within the simulation box has an equal chance
of being used for the particle insertion. This means that we
sample the space of the simulation box with equal probabil-
ity), and if the fraction of success is f then the accessible
volume is simply f times the volume of the simulation box,
Vacc = f Vbox. This method can also be used for polyatomic
molecules (Do et al. 2008a).
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3.2 Surface area

From the analytical APSD, it is seen that the surfaces of
the solid is defined as the boundary of zero solid-fluid po-
tential energy between the test sphere (at zero loading) and
the solid (see Fig. 1 as an example). This surface is consis-
tent with the accessible volume and can also be calculated
with MCI by using the method proposed by Do and co-
workers (Herrera et al. 2010). This is called the accessible
surface and differs from other PSD methods (Gelb and Gub-
bins 1999; Kendall and Gubbins 2000; Pikunic et al. 2003;
Bhattacharya and Gubbins 2006) that use the Connolly sur-
face (Connolly 1983).

3.3 Calculating the pore size

This is done in the same manner as in the determination of
the total accessible pore volume, but this time we need to
determine the local accessible pore size for each particular
successful insertion.

When a successful insertion has been located (at point A

say), the next step is to re-locate the centre of a sphere un-
til a position is found for which the largest sphere that can
be accommodated in the pore, encloses the point A. Any
points selected in this sphere, including its surface, have
non-positive solid-fluid potential energy. We use the solid
atoms positions to calculate the path to the final position
where the sphere defining the pore size is located. That is
the center of the sphere is moved away from the two or three
closest solid atoms (the selection of the two or three solid
atoms depends on the complexity of the solid configuration
and it is part of the MCI method).

We now give examples of the trajectory of the sphere for
some of the ideal models presented previously.

3.3.1 Infinite long and homogeneous slit and cylindrical
pores

The first pore to be considered is the slit pore. After an in-
sertion point with a non-positive potential A is chosen, we
search for the two closest points on the solid surface from
this insertion point. Let these points be S(I) and S(II), with
the first point being the closest one to the insertion point
A. We shall present an iterative procedure to search for the
largest sphere such that the following two criteria are satis-
fied:

(C1) This sphere encloses the insertion point A

(C2) Any point in this sphere has a non-positive solid-fluid
potential.

We proceed our iteration process by assigning the insertion
point A and its associated two closest points on the surface
as A1, S

(I)
1 and S

(II)
1 , with the subscript to denote the itera-

tion number. We use the convention that the first point on the

solid surface, S
(I)
1 , is the closest point to A1. The algorithm

is described below.

Algorithm:

1. Once A1 has been chosen and its two associated closest
points on the solid surface are found, the next point in the
iteration process depends on the distances |A1S

(I)
1 | and

|A1S
(II)
1 |. If one is shorter, we will choose a new point A2

along the direction of the shorter vector
−−−−→
S

(I)
1 A1 by an in-

crement δ; otherwise if these two distances are equal we

then move along the combined vector
−−−−→
S

(I)
1 A1 + −−−−→

S
(II)
1 A1

again with an increment δ. If this combined vector is
zero, we move along the direction normal to the vector−−−−→
S

(I)
1 A1 to the new point A2.

2. Once A2 has been found, we again find the two clos-
est points on the surface, denoted them as S

(I)
2 and S

(II)
2 .

A sphere whose centre at A2 is found such that the two
criteria C1 and C2 are met.

3. We repeat the steps 1 and 2 until the criterion C1 is vio-
lated.

4. The size of the largest sphere in the whole iteration
process is then taken to be the accessible pore size as-
sociated with the insertion point A.

Applying the above algorithm to the case of infinitely
long and homogeneous slit pore, we insert a point A into
the pore space. This point A has non-positive solid-fluid po-
tential energy. This is the iteration 1 (Fig. 11a). Carrying
the step 1 of the algorithm a number of times we will find
the point An, at which the distances between this point and
the two closest points on the surface are equal (Fig. 11b).
Repeating the same step, we move along the direction nor-

mal to the vector
−−−−→
AnS

(I)
n . This is done until we find the

point Am such that sphere whose centre at this point will
have the insertion point A on its surface, and the size of this
sphere is the accessible pore size associated with that inser-
tion point A.

If the insertion is carried out several times (M) and since
the simulation box is sampled with a uniform distribution
(i.e. each point in the sampling volume has an equal chance
of being selected), the volume associated for each insertion
is V/M , where V is the volume of the simulation box. For
this infinitely long homogeneous slit pore every successful
insertion gives the same pore size, and therefore the volume
associated with this pore size is simply f × V/M , where f

is the fraction of successful insertion.

3.3.2 Conical pores

The most complex pore needed to demonstrate the path that
the sphere follows to find the pore size is the conical pore.
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Fig. 11 Monte Carlo iteration scheme for a slit pore

Fig. 12 Monte Carlo iteration scheme for a conical pore

This is because it is the most straightforward configuration
to understand and because the method is repeated exactly in
the same way for more complex configurations.

Consider the conical pore shown in Fig. 2. The algorithm
that was presented earlier for the slit pore works equally well
for any pores, including this conical pore. We illustrate the
iterations graphically in Fig. 12 for the conical pore.

To calculate the APSD, the method suggested above is
followed for several successful insertion points. Then acces-
sible volume associated with the accessible pore size Rj is
calculated by Vacc,j = fj × Vbox, where fj is the fraction
of successful insertions of pore size j . The total accessible
volume can be calculate by Vacc = ∑

Vacc,j . The plot of the
differential volume Vacc,j versus Rj is the accessible pore
size distribution.

4 Conclusions

We have presented in this paper a definition of pore size
for pores whose shapes do not conform to the well-defined
geometries such as slit, cylinder or sphere. Using this defin-
ition, we derive analytical solutions of the APSD for a num-
ber of pore structures. This is the first time that analytical so-
lutions of pore size distributions, calculated in this manner,

have been presented in the literature. The different config-
urations of pore structures yield different fingerprints, that
could be used to distinguish one configuration from another.
The significant outcome of this work is that the accessible
pore size and accessible volume are defined in an unam-
biguous manner. Additionally, the analytical pore size dis-
tributions presented here is used to outline a modified MCI
method to calculate the APSD. The results of the modified
MCI method for complex solids will be presented in a future
publication.
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