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In this work, we study the cooperative adsorption of fluids in a heterogeneous pore, in which the pore walls
are composed of homogeneous substrates with chemical groups �CGs� decorating them. The adsorption caused
by the homogeneous substrates alone and that by CGs do not add up to the overall adsorption, indicating the
existence of a cooperative effect. The cooperative effect is the source of cooperative adsorption, and is
characterized in this work by the ratio of the overall adsorption to the sum of adsorption by the substrate only
and that by CGs. It is found that the cooperative adsorption does not depend monotonically on the substrate or
the CGs. Two different origins of the cooperative adsorption play different roles depending on which one
dominates the overall adsorption. Our simulations reveal that, when the homogeneous substrate dominates the
overall adsorption, weakening of the attractive fluid-substrate interaction or alternatively strengthening of the
fluid-CGs interaction leads to a stronger cooperative effect and enhances the cooperative adsorption. However,
when CGs dominate the overall adsorption, weakening of the attractive fluid-CG interaction or strengthening
the fluid-substrate interaction results in strong cooperative adsorption. In order to investigate the effects of the
distribution of CGs on cooperative adsorption, a design-test method is generalized and used in this work.
Simulation results show that the overall adsorption can be significantly affected by the CG distribution.
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I. INTRODUCTION

Organically functionalized mesoporous materials have re-
ceived substantial attention in their applications in the field
of catalysis, sensing, and adsorption. Moreover, decoration
of the solid surfaces of porous media to improve the interac-
tion between guest molecules and the pore walls is essential
in the synthesis of ordered mesoporous materials with the
“hard-template” approach �1�. Several routes for the synthe-
sis of organically functionalized mesoporous silica solids
have been proposed in the literature �see, for example, the
works by Wight and Davis �2� and Lim et al. �3�, and refer-
ences therein�. For mesoporous carbon and titanium dioxide
nanomaterials, chemical modifications of the interior sur-
faces are also currently in progress, as recently reviewed by
Liang et al. �4� and Chen and Mao �5�, respectively.

The effects of surface heterogeneities on adsorption be-
haviors are under extensive investigation due to the wide
applications of fluid adsorption in confined spaces. For ex-
ample, silanol located on the pore walls of mesoporous sili-
cates can attract fluid molecules by participating in the for-
mation of hydrogen bonds with the adsorbed molecules.
However, as demonstrated by Jaroniec et al. �6�, the standard
adsorption analysis has limited applicability for characteriza-
tion of chemically modified porous silica, since it does not
account for the energetic and/or geometrical heterogeneity
inherent in real porous surfaces. The authors of �6� also
showed that low-pressure nitrogen adsorption isotherms are
sensitive to the surface changes caused by chemical modifi-
cation of silica. To correctly evaluate the effects of surface
heterogeneities, however, one needs to consider the effects
on not only the low-pressure but also the high-pressure parts,
in particular, the capillary condensation.

There is a sizable body of theoretical research available
devoted to the study of the effects of surface heterogeneity

on fluid adsorption �for a recent review, see �2,3��. This en-
compasses the density functional theory �DFT� �9–20�, Ising
lattice models �17,21,22�, and computer simulation methods
�9,23–42�. The effects of chemical heterogeneity have
been examined for slits �9–11,13,17,21,23–30,32,33,42�, cy-
lindrical pores �9,16,38–41�, and disordered pores
�12,15,18–20,22,31,34,35,37�. For example, there in general
exist two different models for the chemical heterogeneity of
the slit pore �7�. In the first case, the pore surface is divided
into domains of strongly and weakly attractive regions. For a
slit pore with a nanoscopic chemical pattern of a certain sym-
metry, a new kind of thermodynamic phase, i.e., fluid bridges
�8� spanning between the substrates, may appear under suit-
able conditions. In the second case, individual chemical
groups �CGs� are attached to the pore surface. For a surface
with chemically different domains, the adsorption behavior
depends strongly on the ratio of the domain size to the pore
width �7,8�. On the other hand, for a surface decorated by
individual CGs, the behavior depends on the site density.
When the ratio or site density is sufficiently small, the be-
havior is qualitatively similar to that for the homogeneous
walls, because the effects of surface heterogeneity are negli-
gible. In contrast, when they are large the behavior is similar
to that of a collection of independent pores of various sizes
or fluid-adsorbate interactions �7�. As pointed out by Gelb
et al. �7�, intermediate cases between these two extremes are
of particular interest. For example, in most cases of realistic
surfaces, the heterogeneity can be considered as a combina-
tion of the homogeneous substrate �surface homogeneities�
and chemical heterogeneities decorating it, which affect the
adsorption simultaneously and cooperatively. Thus, an im-
portant question emerges: How do the homogeneous sub-
strate and the chemical heterogeneities couple or interplay to
affect the overall adsorption?
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Although there are numerous works on systems with
chemical heterogeneity, most of them concentrate on how the
overall adsorption is affected by heterogeneities, rather than
the interplay between the homogeneous substrate and the
chemical heterogeneities. This is to say, to our best knowl-
edge, the interplay has not been thoroughly investigated. As
is shown below, the adsorption caused by the homogeneous
substrate only and that by the chemical heterogeneity do not
necessarily add up to the overall adsorption, which indicates
the existence of a cooperative effect. It is the cooperative
effect or the interplay that promotes the overall adsorption.
For this reason, as a necessary step to characterize organi-
cally functionalized mesoporous materials, the present work
aims at providing an understanding of the interplay of the
substrate and the chemical heterogeneity in the overall ad-
sorption. This is an indispensable prerequisite for character-
izing the organically functionalized materials in a second
step. The remainder of this paper is organized as follows. In
Sec. II, the model and the simulation methods are intro-
duced. In Sec. III, we discuss the corresponding simulation
results. In the final section, we summarize the main findings
and the relevant conclusions.

II. METHOD AND MODELS

In this work, the grand canonical Monte Carlo �GCMC�
method, in which temperature, pore volume, and chemical
potential are independent variables, was used to generate ad-
sorption isotherms of fluids in cylindrical pores. Three types
of moves were carried out in the GCMC simulation to gen-
erate a Markov chain: moving, creating, and deleting a fluid
molecule. The heterogeneity in this work is represented by a
number of chemical groups on the homogeneous substrate.
When we consider the effects of CG distribution on the over-
all adsorption, the canonical ensemble Monte Carlo �NVT
MC� method was used. In the NVT MC simulations, another
type of move, i.e., moving a CG along the solid surface, was
introduced to optimize the CG distribution.

To separate the effects of different chemical composition
�modeled by the CGs and homogeneous substrate, respec-
tively� on adsorption and then to identify their cooperative
effect, three kinds of surface were introduced in this work
�see Fig. 1�. First, a homogeneous cylindrical pore was
adopted to model ideal adsorption of fluid molecules on a
homogeneous substrate. In our simulations, the interaction
between a fluid molecule and the homogeneous surface is
described by following energy function �43�:

U�R,l� =
7�2�solid�sub−f

32

1

R9�1 − �l/R�2�9

�F�− 9/2;− 7/2;1;� l

R
�2�

−
�2�solid�sub-f

R3�1 − �l/R�2�3F�− 3/2;− 1/2;1;� l

R
�2� , �1�

where U is the interaction energy of a fluid molecule at the
radial distance l from the center of a cylindrical pore of inner
radius R. �solid is the number density of solid sites inside the
pore wall and F represents the hypergeometric function.
Note that the complete analytical potential model for cylin-
drical pores is derived from the pair-additive Lennard-Jones
�LJ� potential interaction between fluid and wall sites. This
kind of surface was called surface I.

For the second surface model, a pore with a hard cylin-
drical surface decorated by CGs was introduced to investi-
gate adsorption caused solely by the chemical heterogeneity.
In this work the CGs are modeled as LJ particles on the
interior surface of the cylindrical pore. Two cases were con-
sidered here for the arrangement of the CGs. In the first case
the CGs were added and fixed in a certain region of the
cylindrical surface, i.e., the decorating area. The decorating
area here takes the shape of a narrow strip parallel to the axis
of the cylindrical pore. In detail, a total of 2400 CGs were
randomly added on the decorated areas of the cylindrical
pores with a box length of 60� f-f. In the second case, the
CGs were allowed to rearrange their positions by moving
randomly along the interior surfaces of the cylindrical pores
according to the Metropolis method. In our simulations, the
fluid-fluid and fluid-CG interactions are described by the
Lennard-Jones potential between particles i and j:

Uij = 4�ij���ij/rij�12 − ��ij/rij�6� . �2�

Here r is the distance between the centers of two interacting
sites of types i and j. Other than attractive fluid-CG interac-
tion, the wall is purely repulsive. Note that in our simulation
no CG-CG interaction was considered. Instead, a minimum
distance between two neighboring CGs was introduced to
prevent them from strong overlaps. This kind of surfaces was
called surface II in this work.

For the third surface model, a more realistic pore model
with both a homogeneous attractive substrate and CGs was
used. This kind of surface is in fact a superposition of sur-
faces I and II, and was called surface III here. Obviously,

(a) surface I (b) surface II (c) surface III

FIG. 1. �Color online� Sketches for the three pore models. �a� Surface I is an ideal cylindrical pore with an attractive and homogeneous
wall. For this model, the interaction potential between a fluid molecule and the wall is described by an analytical function �41� which is
integrated over the whole wall surface. �b� Surface II is a hard cylindrical pore with energetic heterogeneities. In this model the energetic
heterogeneities are represented by a number of discretely distributed CGs. Except for the fluid-CG interaction represented by the LJ
potential, the wall is purely repulsive. �c� Surface III is a pore model with both a homogeneous surface and a number of CGs.
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adsorption at surfaces I and II is solely caused by the homo-
geneous substrate and the CGs, respectively, and the values
serve as references. While the overall adsorption on surface
III results not only from the homogeneous substrate �repre-
sented by surface I� and the CGs �represented by surface II�,
but also from their interplay. Therefore, the interplay be-
tween the effects of the homogeneous surfaces and those due
to the CGs can be extracted by comparing the three sets of
adsorption data obtained from the three kinds of surface.

The parameters used to describe the fluid-fluid interac-
tions are � f-f and � f-f, which are chosen as the LJ parameters
for nitrogen molecules in this work �0.375 nm and 95.2kB
where kB is the Boltzmann constant�. Fluid-wall interactions
are represented by Eqs. �1� and �2�, respectively, according to
their different origins. Here we fixed �sub-f �the subscript
“sub” denotes the homogeneous substrate� and �CG-f at 0.265
and 0.2765 nm, respectively, while �sub-f and �CG-f were var-
ied to investigate the cooperative effect. The LJ interactions
in this work were cut off at the distance of 4� f-f. In the
following simulations, we set the temperature to 77 K, the
pore diameter to 3.5 nm, the wall thickness of the cylindrical
pore to 0.68 nm, and �solid to 2.1 in reduced units. In this
work, a total of 2400 CGs were added to surfaces II and III
on the inner surfaces of the cylindrical pores with the box
length of 60� f-f. The length of the simulation was longer
than 1�108. When the acceptance of insertion and deletion
moves was very small, the length could reach 5�108 for
reasonable statistics. A detailed description of the GCMC
method is given in our previous work �43�. Note that all the
energy parameters hereafter are reduced by � f-f.

III. RESULTS AND DISCUSSION

A. Cooperative adsorption

First, we set �sub-f =1.72 and �CG-f =0.4 to study the ad-
sorption behavior for the three surfaces. Figure 2�a� shows
the overall adsorption for surface III, where the amounts of
adsorption for surfaces I and II are given as references. The
underlying reasons for the fact that capillary condensation
occurs earlier for surface III than for surface I are twofold.
First, the chemical groups on surface III undoubtedly en-
hance the adsorption of the first layer, which in turn pro-
motes the nucleation of capillary condensation. Second, the
addition of chemical groups on the substrate would result in
a deeper potential well in the pore center, which strongly
favors capillary condensation, as shown in our previous work
�44�.

As shown in Fig. 1, the values of adsorption caused by
surfaces I and II do not add up to the overall adsorption,
indicating the existence of a cooperative effect. The overall
adsorption originates from the homogeneous substrate and
CGs as well as their cooperative effect. It is the cooperative
effect that causes the overall adsorption to exceed the sum of
adsorptions caused by surfaces I and II. Here the correspond-
ing adsorption due to the cooperative effect is called the
cooperative adsorption.

Although significant difference is observed between the
adsorption isotherms for the three surface models, it is hard
to recognize the cooperative effect directly from Fig. 2�a�. To

characterize the cooperative effect, in this work we defined a
variable as the ratio of the overall adsorption to the sum of
adsorption uptake by the substrate and that by the CGs. The
variable is given as follows:

Cr��sub-f,�CG-f� =
�III��sub-f,�CG-f�

�I��sub-f� + �II��CG-f�
, �3�

where �III represents the overall adsorption for surface III, in
which both the CGs and homogeneous substrate are present,
while �II represents the adsorption uptake for surface II
which is caused solely by the CGs and �I represents the
adsorption uptake for surface I which is caused solely by the
homogeneous substrate.

To calculate Cr, three sets of data that appear in the right
of Eq. �3� are required. After using Eq. �3�, the three curves
in Fig. 2�a� assemble to one curve of Cr. As is shown in Fig.
2�b�, the curve shows typically three different regions. In the
first region, which corresponds to the range of chemical po-
tentials before the capillary condensation of the overall ad-

-4.7 -4.6 -4.5 -4.4 -4.3
0.0

0.2

0.4

0.6

R
ed
uc
ed

de
ns
ity

Reduced Chemical Potential

surface I
surface II
surface III

a

-4.7 -4.6 -4.5 -4.4 -4.3

1.0

1.5

2.0

2.5

3.0

3.5

C
r

Reduced chemical potential

regime I

regime II

regime III

b

FIG. 2. �a� Adsorption isotherms of nitrogen for three different
pore models. The three models are a pore model in which adsorp-
tion is caused solely by the homogeneous surfaces �surface I�, a
pore model in which adsorption is caused solely by CGs �surface
II�, and a pore model in which both the homogeneous and hetero-
geneous parts exist �surface III�. �b� Cr as a function of the chemical
potential. Here Cr was calculated by using Eq. �3� and the data
in �a�.
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sorption, Cr is larger than 1. This indicates that the overall
adsorption is greater than the sum of the adsorption uptakes
caused separately by homogeneity and by CGs. For the sec-
ond region a significant peak can be found from the curve of
Cr. Comparison of Figs. 2�b� and 2�a� shows that the left side
of region II corresponds to the capillary condensation for
overall adsorption, while its right side corresponds to the
capillary condensation for the homogeneous substrate. In this
region Cr is much larger than 1, and significant fluctuations
were sometimes found. It is the cooperative effects between
CGs and the substrate on the adsorption that leads to capil-
lary condensation of the overall adsorption at much lower
chemical potential, compared with that for the homogeneous
substrate or CGs. In other words, the width of the second
region denotes how early the capillary condensation happens
due to the cooperative effects, and thus represents coopera-
tive adsorption. Therefore, region II provides information
about the cooperative effects between the substrate and CGs
on the overall adsorption, and it generally indicates the mag-
nitude of the cooperative effect. From Fig. 2�b� it is found

that Cr is smaller than 1 in the last region because of space
restrictions. After capillary condensation for the homoge-
neous substrate, the space of the pore is so limited that there
is no accessible space left to adsorb more molecules, even
though CGs are added to promote adsorption. That is to say,
in region III, the cooperative effects are suppressed and the
overall adsorption is smaller than the sum of that on the
homogeneous substrate and that on the CGs.

In order to study the overall adsorption, which originates
from the homogeneous substrate and CGs as well as the co-
operative effect, the energy parameters describing the fluid-
substrate interaction, �sub-f, and fluid-CG interaction, �CG-f,
were varied to study their influence and how they couple.
The results are given below.

B. Effects of the homogeneous substrate on cooperative
adsorption

To consider the effects of the homogeneous substrate on
cooperative adsorption, we decreased �sub-f from 1.72 to 1.14
gradually while �CG-f was kept fixed at 1.32. The values of
Cr obtained are shown in Fig. 3 as a function of chemical
potential. Similar to the curve for Cr in Fig. 2�b�, three re-
gions are found for each set of energy parameters. At lower
chemical potential �region I� before capillary condensation of
the overall adsorption, Cr is larger than but not far from 1. At
much higher chemical potentials �region III� after capillary
condensation for surface I, Cr is smaller than 1 due to space
restrictions, similar to the results in Fig. 2�b�. As for region
II, it is found from Fig. 3�a� that, as �sub-f decreases, the
location of the second region moves to higher chemical po-
tential. This is because when �sub-f decreases capillary con-
densation for both surfaces I and III at much higher chemical
potentials �44–46�, as is shown in Fig. 3�b�.

Next, we fixed �CG-f at 0.4, which represents much
weaker fluid-CG interaction than that in the case of �CG-f
=1.32. The calculated values of Cr as a function of the
chemical potential are shown in Fig. 4. Similarly to the re-
sults in Fig. 3�a�, region II moves to much higher chemical
potential as �sub-f decreases. Moreover, Fig. 4 clearly shows a
trend for the width of the region to become larger as the
energy parameter for the fluid-substrate interaction de-
creases. In fact, the same trend is also observed in Fig. 3,
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FIG. 3. �Color online� �a� Effects of the fluid-substrate interac-
tion on the cooperative adsorption when �CG-f is set to 1.32. �b�
Adsorption isotherms for adsorption caused solely by homogeneous
surfaces, that caused solely by CGs, and that for overall adsorption,
respectively. �CG-f is set to 1.32, and �sub-f to 1.72 and 1.33.
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FIG. 4. Effects of the fluid-substrate interaction on the coopera-
tive adsorption when �CG-f is set to 0.4
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although it is not so pronounced. Adsorption isotherms �for
example, see Fig. 3�b�� show that for all the cases studied in
this section adsorption caused by the homogeneous substrate
significantly exceeds that by CGs. This means that for all the
cases we studied in this section the overall adsorption is
dominated by �sub-f, while the effects of CGs are less impor-
tant. Therefore, it is concluded that when the homogeneous
substrate dominates the overall adsorption, the increase of
�sub-f leads to a narrower region II, indicating a weaker co-
operative effect. It is expected that, if the substrate is attrac-
tive enough, all the values of Cr will be close to 1. In this
extreme condition, the effects of �CG-f are negligible, and no
cooperative adsorption occurs.

In general, when �sub-f dominates overall adsorption, the
decrease of the parameter causes capillary condensation of
overall adsorption to happen at higher chemical potential,
and results in a larger width of region II at the same time.

C. Effects of chemical groups on cooperative adsorption

In this section, we fixed �sub-f at 1.72 and 1.14, and gradu-
ally decreased �CG-f from 1.32 to 0.3 to study the effects of
the CGs on the overall adsorption and to justify the coopera-
tive effect. The corresponding results are shown in Figs. 5
and 6, respectively. Note that, for all the cases studied here,
the homogeneous substrates again dominate the overall ad-

sorption �see, for example, Fig. 5�b��. The figure also shows
that as �CG-f increases from 0.3 to 1.32, capillary condensa-
tion for overall adsorption occurs at a lower chemical poten-
tial. Hence, the left side of region II moves to a lower chemi-
cal potential. And, because �sub-f is fixed, capillary
condensation for the homogenous substrate occurs at the
same chemical potential; thus the right side of the region is
fixed. This is why the width of region II increases with �CG-f.
Although they represent different �sub-f, Figs. 5 and 6 show
the same trend. The trend is that the increase of �CG-f, like
the decrease of �sub-f discussed in the previous section, re-
sults in a wider region II; on the other hand, the capillary
condensation for the overall adsorption happens at a lower
chemical potential.

In summary, when �sub-f dominates overall adsorption, the
decrease of the parameter leads capillary condensation to
happen at a higher chemical potential, and at the same time
results in a larger width of region II, which indicates a strong
cooperative effect. Alternatively, the increase of �CG-f also
results in a wider region II, but the capillary condensation for
the overall adsorption happens at a lower chemical potential.

D. Effects of distribution of chemical groups

To investigate the effects of the CG distribution on the
overall adsorption, and to obtain the distribution of CGs,
where the CGs dominate the overall adsorption, a design-test
method �see, for example, Refs. �47–49�� is generalized and
used in this work. This method is often used to design opti-
mum surfaces for recognizing specific monomer sequences
in copolymers or proteins. A simulation with this method is
split into two steps: a design step and a test step. In the
design step, the heterogeneous surface is trained to recognize
the monomer sequence by adsorption of a bulk polymer �pro-
tein�. In the test step, the designed surface is tested by ob-
serving whether the surface recognizes and selectively ad-
sorbs the copolymers or proteins with the right sequence.
Inspired by those works, we used this method to optimize the
distribution of CGs, rather than monomer sequences as in its
conventional applications. In this work, the distribution of
CGs on a homogeneous substrate was first trained in the
design step to make the adsorption better, and then the de-
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FIG. 5. �Color online� �a� Effects of the fluid-CG interaction on
the cooperative adsorption when �sub-f is set to 1.72. �b� Adsorption
isotherms for adsorption caused by the homogeneous substrate, that
caused by CGs, and the overall adsorption, respectively. �sub-f is set
to 1.72, and �CG-f to 1.32 and 0.3, respectively.
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adsorption when �sub-f is set to 1.14.
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signed distribution of CGs was checked by the test step.
The design step aims at designing an ensemble of CG

distributions to give optimized adsorption. Therefore, a het-
erogeneous surface is designed in target configurations, for
which a low-energy state is expected. Different from the
cases where the CGs were fixed on the pore surface during
GCMC simulations, in the designed step an NVT MC
method was used and the CGs were allowed to move ran-
domly along the surface. Therefore, in addition to the type of
moves that move fluid molecules randomly, the movement of
CGs along the surface was also performed to rearrange their
position, according to the Metropolis method. No CG-CG
interaction was considered in the work. However, a minimal
distance of 0.5 for the neighboring CGs was adopted to pre-
vent them from strong overlaps. At the end of the step, an
ensemble of target configurations was obtained. A typical
snapshot is shown in Fig. 7�b�. In order to quantify the dis-
tribution of CGs on the designed surfaces, we use an order
parameter �OP� defined as

	
Npair

�rij�2/Npair �4�

where Npair is the total number of pairs of CGs and rij is the
distance between two CGs. Figure 8 shows the evolution of
the order parameter during the design step. In general, the
order parameter is a good description of the aggregation of
CGs, and the design method to optimize the distribution of
CGs is feasible and effective.

The test step proceeds in the following manner. After the
design step, one of the obtained distributions of CGs �see
Fig. 7�b�� was used as the input of the test step. Then, in this
step, the GCMC method with that CG distribution was ap-
plied to calculate adsorption isotherms. First we set �CG-f
=0.4 and then increase �CG-f to 0.8, 1.2, and 1.6, while �sub-f
was fixed at 1.14. We compared the values of Cr for the
unoptimized heterogeneous surface �in which CGs were
fixed on certain regions of the pore wall� with those for the
designed heterogeneous surface in Fig. 9�a� at �CG-f =0.4.
Obviously, in the case where the distribution of CGs was
optimized, region II of Cr is much wider. Because both the

shape and the position of region II for the optimized surface
are different from those without optimization, a different
mechanism for the cooperative adsorption is expected for the
optimized surface. Adsorption isotherms �see Fig. 9�b�� show
that the capillary condensation for the designed surface oc-
curred in a position with a substantially lower chemical po-
tential. This indicates that the distribution of CGs affects the
cooperative adsorption significantly.

Moreover, for the designed surface the variation of Cr
with different �CG-f �see Fig. 10� shows a different trend
from that for surfaces without optimization. When no opti-

(a) (b)

FIG. 7. Comparison of the snapshots of CG distribution for �a�
the case where CGs were added and fixed on certain areas of the
cylindrical surface and �b� the case that the distribution of CGs is
trained by the design step.
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FIG. 9. �Color online� �a� Comparison of Cr for the trained
surface and the untrained surface. �sub-f is set to 1.14, and �CG-f is
set to 0.4. �b� The corresponding adsorption isotherms for the two
different surfaces.
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mization of the distribution of CGs was performed as is done
in the section above, the width of region II becomes larger as
�CG-f increases. But for the optimized surface, the trend is
just the opposite: the width of region II becomes smaller as
�CG-f increases from 0.4 to 0.8, 1.2, and 1.6. The reason for
this difference can be interpreted from Fig. 11. Figure 11�a�
and 11�b� show the adsorption isotherms for �CG-f =1.6 and
0.8, respectively. First, after the CG distribution is optimized,
adsorption caused solely by the CGs is substantially en-
hanced, and the corresponding chemical potential for capil-
lary condensation occurs nearby �see Fig. 11�a��, or even

lower than that caused by the homogeneous surface �see Fig.
11�b��. Therefore, the overall adsorption in this case is no
longer dominated just by �sub-f, as in the previous sections,
but by �CG-f instead �for example, in the cases �CG-f =1.2 and
1.6�, or at least the two factors are roughly of the same im-
portance �in the cases �CG-f =0.4 and 0.8�. Figure 10 shows
that as �CG-f increases from 0.8 to 1.6, the maximal value of
Cr in the region II decreases from 12 to 2. Thus, it is con-
cluded that, if �CG-f dominates the overall adsorption, the
increase of �CG-f or alternatively the decrease of �sub-f will
make the cooperative effect weaker.

IV. CONCLUSIONS

The effects of the surface heterogeneity of pore media on
the adsorption behavior is of both fundamental and practical
importance. In most cases, the heterogeneity of realistic sur-
faces can reasonably be modeled as a combination of a ho-
mogeneous substrate and chemical heterogeneities decorat-
ing it. In this work we studied the interplay of physical
adsorption due to a homogeneous substrate and its heteroge-
neity. Heterogeneity here is represented by the number of
chemical groups decorating the homogeneous substrate. The
adsorption caused by the homogeneous substrate only and
that by CGs do not add up to the overall adsorption, indicat-
ing the existence of a cooperative effect. The cooperative
effect is the source of cooperative adsorption. In this work
the cooperative effect is characterized by the ratio of the
overall adsorption to the sum of that by the substrate and that
by CGs.

We show here that the cooperative adsorption does not
monotonically depend on the substrate or the CGs. The dif-
ferent origins play different roles depending on which one
dominates the overall adsorption. In general, when the fluid-
substrate interaction �sub-f dominates the overall adsorption,
the decrease of the parameter leads the capillary condensa-
tion to happen at higher chemical potential, and results in a
wider region II at the same time. Therefore, the cooperative
effect becomes stronger and cooperative adsorption is en-
hanced. On the other hand, the increase of the fluid-CG in-
teraction �CG-f also results in a wider region II and enhances
the cooperative effect, but causes capillary condensation to
happen at a lower chemical potential. In contrast, if the ef-
fects of �CG-f dominate the overall adsorption, the decrease
of �CG-f, or alternatively the increase of �sub-f, leads to a
stronger cooperative effect and enhances the cooperative ad-
sorption. The strongest cooperative adsorption occurs when
the two factors are roughly of the same importance.

To investigate the effects of the distribution of CGs on the
cooperative adsorption, a design-test method was generalized
and used in this work. A simulation with this method was
split into two steps: a design step and a test step. In this
work, the distribution of CGs on a substrate was first trained
in the design step to make adsorption better. In order to give
optimized adsorption, in the design step the CGs were al-
lowed to move randomly along the surface to design an en-
semble of heterogeneous surfaces. Then, the designed distri-
bution of CGs was checked by the test step. The simulation
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FIG. 10. Effects of the fluid-CG interaction on the cooperative
adsorption when �sub-f is set to 1.14.
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FIG. 11. �Color online� �a� Adsorption isotherms for the de-
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to 0.8 and �b� �sub-f is set to 1.14 and �CG-f is set to 1.6.
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results show that the effect of the distribution of CGs on the
cooperative adsorption is significant. For example, in some
cases, such as �CG-f =1.2 and 1.6 when �sub-f is fixed at 1.14,
the overall adsorption is dominated by �sub-f before the sur-
faces were trained. However, after the heterogeneous sur-
faces were trained, the overall adsorption is dominated by
�CG-f instead.
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