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ABSTRACT: The adsorption and diffusion of water in
realistic CMK-1, CMK-3, and CMK-5 carbon models at 300
K has been studied via grand canonical Monte Carlo and
molecular dynamics simulations. The presence of −COOH
and −OH functional groups has been found to be crucial to
describe the adsorption process, while the models without
functional groups are unable to capture the host−guest
interactions. Functional groups were attached in cylindrical
shells on the outer walls of CMK models in 2 and 4 cylindrical
shells to study the effect of their concentration and location
on water adsorption. The adsorption isotherm starts at a lower
chemical potential, with water adsorbed near functional
groups forming small clusters. On increasing chemical
potential the water cluster grows and merges to form bigger clusters and completely fills the pores. We also analyzed the
isosteric heat, radial distribution functions, hydrogen bond, and cluster size of water molecules. It indicates that the adsorption
occurs due to the formation and growth of water clusters. For CMK-1, CMK-3, and CMK-5 models with functional groups, the
pore filling happens at lower chemical potential, when compared to the models without functional groups, owing to the
presence of active sites which favors the nucleation of water molecules. The effect of functional groups is also remarkable in the
diffusion of water inside the pores of CMK-1, CMK-3, and CMK-5 models, lowering the mobility of the adsorbed molecules.
The agreement between the results of the models with functional groups and the experimental observations makes the presence
of these groups necessary to study the adsorption and diffusion of water in CMK-1, CMK-3, and CMK-5 carbon models.
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1. INTRODUCTION

The structure and thermodynamic and dynamic properties of
simple fluids in nanoporous carbons have been investigated
exhaustively.1,2 However, water adsorption inside hydrophobic
carbon materials is still challenging. Water adsorption in
hydrophobic nanopores typically exhibits a complete pore
filling by a capillary-condensation mechanism, where a steeped
isotherm appears after a relatively high pressure. It also shows a
large adsorption/desorption hysteresis loops.3 There are a
number of studies of the water adsorption on carbon surfaces
or in porous carbons using molecular simulations,4,5,14−16,6−13

but there is a lack of investigations on water adsorption in
carbon mesopores. Water adsorption has also been proposed
as a characterizing technique in measuring the amount of
oxygenated functional groups present on the surface of porous
carbons.17−19

It is also well-known that the design and development of
water stable porous nanomaterials is critical for certain
industrial applications such as gas storage, separation, and

catalysis.20,21 Of particular importance for energetic and
environmental applications, water adsorption is often detri-
mental for methane storage and carbon dioxide capture using
hydrophilic materials since water acts as a strong competitor.
Nevertheless, it was demonstrated that controlled water
adsorption can enhance methane storage in activated carbons22

and carbon dioxide capture in metal organic frameworks
(MOFs).23

Water adsorption in carbons is known to be strongly affected
by the presence and density of oxygenated groups on the
carbon surface.24−27 Striolo et al.8 studied the effect of
carbonyl groups attached to the carbon nanotubes. The
carbonyl groups were concentrated in a narrow section along
the carbon nanotube. Their study showed that the presence of
carbonyl groups lowers the pore filling pressure, lowers the
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capillary condensation pressure, and also reduces the width of
the adsorption/desorption hysteresis loops with respect to
those in bare carbon nanotubes. Their results further indicated
that at low pressures a small cluster of hydrogen-bonded water
molecules is formed near the carbonyl groups. As the pressure
increases, the cluster grows until the pore is completely filled
with water molecules.
Do and co-workers28 studied the water adsorption in finite

sized slit pores in the presence of hydroxyl groups. Two
different locations of the functional group, either at the center
or at the corner of the upper pore wall, were used to study the
effects of the position and the concentration of the functional
group on the adsorption isotherm. Their findings can be
summarized in the following points. (a) The adsorption
phenomena started early due to the favorable adsorption of
water molecules around functional groups via hydrogen
bonding. (b) The isotherms for models with functional groups
was higher than those of pristine models. (c) The relative
pressure at which pore filling occurs was lower for the models
with functional groups and was below the saturation pressure
for models with functional groups. This finding was consistent
with what has been observed in experiments.29−32 This is due
to the greater interaction energy between water molecules and
functional groups, and that leads to favorable nucleation of
water clusters. (d) The hysteresis loop was smaller for models
with functional groups as opposed to pristine models.
The authors also reported the effects of the position of

functional groups on adsorption. They found that the
adsorption isotherm for the center topology model is greater
than that for the corner topology model at low relative
pressures. The effect of location of active sites on the
adsorption of water is also observed in the literature.33,34

The authors also studied the effect of the concentration of
functional groups on adsorption. Their findings can be
summarized as follows: (a) In the low pressure regime, the
amount of water adsorbed increases with increase in the
concentration of functional groups. This is due to the presence
of more active adsorption sites for water to interact with. Their
simulation results agree with the experimental observations of
Morimoto and Miura,35−38 which showed that a reduction in
the amount of functional groups resulted in a drastic decrease
in water adsorption. (b) An increase in concentration of
functional groups leads to marginally early onset of pore filling.
This could be because the pore filling is governed mainly by
the water−water interaction. It has been found that adsorption
of water is appreciable at low pressures, and pore filling occurs
at lower pressures. At low pressures, isolated water molecules
bond to oxygenated surface sites, but this stage is quickly
followed by the buildup of water clusters around those sites.
Where possible, water molecules seek locations where they can
form multiple H-bonds on adsorption, by bonding either to
several preadsorbed water molecules or to a water molecule
and a surface site.25

In a recent work, Sarkisov et al.39 studied water adsorption
in a high surface area activated carbon with carboxylate
functional groups. Their model was able to reproduce
reasonably well the shape of the adsorption and scanning
desorption isotherms. However, the model the authors
considered contained only micropores and did not have
mesopores. So, it will be interesting to compare the results
obtained by the authors with the carbon models containing
mesopores.

In this work, we have carried out molecular simulations to
study the adsorption of water in several mesoporous carbons,
namely, CMK-1, CMK-3, and CMK-5. The aim of this study is
to understand in depth the mechanisms that govern the
adsorption of water in these hydrophobic materials. Thommes
et al.40 investigated water adsorption in CMK-1 and CMK-3,
among other mesoporous carbons, and showed the potential of
this fluid for the physical adsorption characterization of porous
solids as a probe molecule. They suggested that the water
adsorption in hydrophobic mesoporous carbons slightly
deviates from the usual capillary condensation, but it is
consistent with the pore filling of a clustering mechanism.
Weinberger et al.41 carried out water vapor adsorption
experiments in CMK-5 carbon. They performed an oxidative
treatment with acidic perfsulfate solution to chemically modify
the original material. This modification allows the creation of
oxygen-containing functionalities at the pore walls of the
carbon which affects the adsorption of water. Further
investigations are needed to understand the mechanisms that
govern the water adsorption in these mesoporous materials.
Recently, we have developed realistic molecular models for

CMK-1, CMK-3, and CMK-5 carbons.42 Furthermore, we
studied the adsorption of water in pristine CMK-3 and CMK-5
models, without any attached functional groups.43 It was found
that the water adsorption was negligible at low pressure with
sudden pore filling at higher pressures. The representative
snapshots at different pressures showed water clusters form,
and they grow in size as pressure increases, which results in
pore filling. This is contrary to water adsorption in micro-
porous carbons, such as saccharose-based activated carbon
(CS400, CS1000, and CS1000a) molecular models developed
by hybrid reverse Monte Carlo (HRMC).44 The pore size of
CS400 and CS1000 is about 5 Å, which is too narrow to allow
the nucleation of water molecules. CS1000a shows a pore size
of about 10 Å in a pore network in which water molecules can
form large clusters. However, this pore size is much smaller
than those shown in mesoporous carbons, such as CMK-1,
CMK-3, and CMK-5. These structures have pore sizes of about
30−40 Å, which were modeled in our calculations with a pore
size larger than 20 Å of diameter. The difference between the
pores of the microporous activated carbons and the
mesoporous carbons is crucial for the adsorption of water
because the critical diameter for water adsorption is about 20 Å
of diameter. In pores with sizes below this value, water
adsorption is driven by the direct interaction with the internal
surface of the adsorbent and followed by the cluster formation.
On the contrary, in pores large than the critical diameter the
adsorption is due to capillary condensation preceded by cluster
adsorption. In our previous study of water adsorption on
CMK-3 and CMK-5,43 the nucleation of water in the most
hydrophobic structures, i.e., without functional groups, was
investigated. The adsorption isotherm showed a steeped
behavior from nonadsorption to almost saturation without
intermediate steeps. That study described the behavior of
water molecules when adsorbed in hydrophobic materials with
large pores. However, it fails to describe properly the
adsorbate−adsorbent interactions. This led us to investigate
in detail in the present work the role of the adsorbate/
adsorbent in a more realistic material. Apart from the
nucleation of water molecules, we describe the diffusion of
guest molecules in pores with and without functional groups.
Moreover, we compare the adsorption energies with the
experimental measurements. We highlight the importance of
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the addition of functional groups to describe completely the
adsorption and diffusion behavior of water in hydrophobic
carbon materials with large pores.
In this work, we attach oxygen containing functional groups

(−COOH and −OH) to the CMK-1, CMK-3, and CMK-5
pore surfaces and study the influence of these functional
groups on the adsorption of water. We compare the results
obtained with the models with and without functional groups.
We chose to use −COOH and −OH functional groups as
these functional groups are believed to be predominant in
porous carbons and have been used by different researchers in
molecular simulation studies of water in porous carbons. We
also study the effect of the concentration and location of the
functional groups6,11 attached to CMK models on water
adsorption. The separate study of the effect of OH and COOH
functional groups in water adsorption on carbonaceous
systems has been already studied. Moulin et al.45 found that
OH functional groups have insignificant effect on water
adsorption when compared with the effect of COOH
functional groups. This is because the presence of carbonyl
and carboxyl groups strongly increases the polarity of the
adsorbents; hence, the pore surface becomes more hydrophilic.
In this work, we choose the model including both functional
groups, since it emulates the most realistic conditions,41 and
compare them with the structures without functional groups.
The aim of this work is to investigate in detail how the addition
of functional groups affects the adsorption and diffusion
behavior and also the structure of adsorbed water in CMK-1,
CMK-3, and CMK-5 mesoporous carbon models. In addition
to adsorption isotherms, we also present isosteric heat of
adsorption, which can be compared with the experimental
observations, ensuring the validity of the models used in this
work. We describe the structure of confined water, via radial
distribution functions, hydrogen bonds, and cluster analysis.
Finally, we analyze the effect of the functional groups in CMK
models in the diffusion of adsorbed water and in the activation
energy of the diffusion process.

2. SIMULATION METHODOLOGY
2.1. CMK-1, CMK-3, and CMK-5 Models. The structural model

of CMK used here comes from our previous research work.42 By
performing the GCMC simulation of the carbon source adsorption in
the cylindrical pore of MCM-41 zeolite, we can obtain the structures
of carbon rods and carbon pipes under certain thermodynamic
conditions. The carbon rods are further arranged in cubic and
hexagonal lattices to create molecular models for CMK-1 and CMK-3,
respectively. Similarly, the carbon pipes were decorated in a hexagonal
lattice to obtain molecular models for CMK-5. In addition, we added
random interconnections between carbon rods and between carbon
pipes in the CMK models to mimic the experiments that the carbon
rods and carbon pipes in CMK-3 and CMK-5 materials are connected
via small interconnections.
We added different functional groups to the CMK-1, CMK-3, and

CMK-5 models to study the effect of functional groups on water
adsorption. The method of adding functional groups to the CMK
model is similar to our previous works on the HRMC model.44,46 The
general rule is that the atoms on the functional groups grow at a
certain bond length and bond angle and ensure that they do not
overlap with atoms on the carbon model and other functional groups.
For CMK-5, functional groups can be grown both inside and outside
the tube. In this work, two different groups are used, namely, carboxyl
(−COOH) and hydroxyl (−OH) groups. The functional groups are
added in a cylindrical shell on the walls of the CMK-1, CMK-3, and
CMK-5 models. To study the effect of concentration and localization
of functional groups on water adsorption, we added functional groups

in 2 cylindrical shells and 4 cylindrical shells on the walls of CMK-1,
CMK-3, and CMK-5 models. For CMK-5 models, functional groups
were added in the cylindrical shells of the inner wall and outer wall,
respectively. The distances, angles, and potential parameters10 are
tabulated in Table S1 (see Supporting Information). The number of
−OH groups and −COOH groups attached to the CMK-1, CMK-3,
and CMK-5 models are shown in Table 1. We show snapshots of the
CMK-1, CMK-3, and CMK-5 models with attached functional groups
in Figure 1.

2.2. Grand Canonical Monte Carlo (GCMC) Simulation. We
use the standard GCMC algorithm to calculate the adsorption
equilibria of water in the CMK models, where four types of particle
moves including translation, rotation, insertion, and deletion are
attempted to ensure the chemical potential of the pore phase equal to
that of the bulk phase. In the simulations, periodic boundary
conditions are imposed on xyz directions. For each state, we
generated 2 × 109 water configurations and discarded the first 40% of
the moves to guarantee equilibrium. The remaining states were
divided into 20 blocks for a ensemble average. The TIP4P model was
used to describe the water molecule,43,47 and the potential parameter
for the carbon atoms in the CMK matrix was taken from our previous
publication.43 The cutoff radius is set to 12 Å for the LJ and
electrostatic potentials, and the Lorentz−Berthelot mixing rule was
used to obtain cross interaction potential parameters.

2.3. Molecular Dynamics Simulation. To study the dynamical
properties of water in the mesoporous carbons models and the effect
of the functional groups, we carried out molecular dynamics (MD)
simulations in the NVT ensemble at different temperatures. We study
the dynamics of water molecules in the low coverage regime in the
CMK-1, CMK-3, and CMK-5 models with and without functional
groups in a temperature range between 283 and 328 K. To do so, we
load each structure with 100 water molecules to ensure a good
statistical average. We run a total of 2 × 107 cycles with a time step of
0.001 ps after a short equilibration of 2 × 105 cycles to relax the
systems in their equilibrium energy. The trajectories were recorded
every 5 ps during the 20 ns of simulation time for the production runs.
From this trajectory we computed the self-diffusion coefficients using
the Einstein relation in the diffusive regime of the mean squared
displacement as a function of the time plot.

2.4. Structural Properties of Confined Water. To investigate
the structure of adsorbed water, we calculated the radial distribution
function between the oxygen atoms of water molecules goo(r), the
radial distribution function between the oxygen and the hydrogen
atoms goh(r), and the hydrogen bond statistics from geometrical
criteria.48 Using a depth first search algorithm, we also calculated the
water cluster size from the hydrogen bond information. More details
for the algorithms can be found in our previous work.43

Table 1. Number of Functional Groups Present in Different
CMK Models

CMK model
no. of carbon

atoms
no. of −COOH

groups
no. of −OH

groups

CMK-1
2 shells

13006 256 172

CMK-1
4 shells

12784 418 232

CMK-3
2 shells

14364 246 161

CMK-3
4 shells

14158 361 252

CMK-5
2 shells

7793 305 173

CMK-5
4 shells

7622 443 206

ACS Applied Nano Materials Article

DOI: 10.1021/acsanm.9b01633
ACS Appl. Nano Mater. 2019, 2, 7103−7113

7105

http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b01633/suppl_file/an9b01633_si_001.pdf
http://dx.doi.org/10.1021/acsanm.9b01633


3. RESULTS AND DISCUSSION
3.1. Pore Size Distribution (PSD) of the CMK Models.

We used the method of Bhattacharya et al.49 to calculate the
pore size distribution of the CMK models. Figure S1 shows the
pore size distribution of the CMK-1, CMK-3, and CMK-5
models (see Supporting Information). From the figure, it can
be seen that the CMK-1 model has a peak around 13 Å, which
is the distance between carbon rods at the opposite end of the
slit shaped pore. CMK-3 has a somewhat wide pore size
distribution, which shows that we cannot use cylindrical pores
to describe the pores of the CMK-3 materials. Since the carbon
rods in the CMK-3 models are present in a hexagonal lattice,
there is a wide pore size distribution. CMK-5 models also have
a wide pore size distribution, and this is also due to the carbon
pipes arranged in hexagonal lattice. There is a peak at around 9
Å in the PSD of CMK-5, which is due to the inner porosity of
the carbon pipes.
3.2. Adsorption Isotherms of Water in CMK Models.

In Figure 2, we present the adsorption isotherms of water in
CMK models with two and four cylindrical shells of functional
groups. To highlight the effect of the addition of these
functional groups, we included the adsorption isotherms of
water in CMK-3 and CMK-5 with two pore sizes and without
functional groups taken from our previous work.43 Desorption

isotherms were not computed due to the high computational
cost that is entailed to reach equilibrium in simulations of
water nucleation in large pore-based materials. In this context,
we are more interested in the adsorption phenomena of water
and especially what occurs when the first molecules of water
are in contact with the pore walls. We observe that the models
containing functional groups show more distinct behavior for
water adsorption than the pristine models. On the one hand,
the presence of functional groups reduces the chemical
potential where the water molecules start adsorbing. This is
due to the presence of −COOH and −OH functional groups
that provide active sites for water adsorption. As can be seen in
the inset figures, the adsorption starts at lower chemical
potential when increasing the concentration of functional
groups. On the other hand, in the models without functional
groups, the adsorption isotherms show a sudden increase at
certain chemical potential, while in the models with functional
groups we can see a soft start of the adsorption isotherm. This
is due to the adsorption in the functional groups, before the
nucleation of the water molecules. In the models without
functional groups, the adsorption behavior is governed only by
the nucleation of water molecules. These findings are in
concordance with the clustering mechanism suggested by
Thommes et al.40 for water adsorption in CMK-1 and CMK-3.
However, the presence of functional groups not only provides

Figure 1. Front view and side view of (top) CMK-1, (middle) CMK-
3, and (bottom) CMK-5 models. The functional groups are
concentrated in 2 cylindrical shells. Similarly, we have added 4
cylindrical shells to the CMK-1, CMK-3, and CMK-5 models (not
shown here). Color code: blue and orange reflects oxygen atoms of
the −COOH group. Green reflects oxygen atoms of the −OH group,
and white reflects hydrogen atoms of both the −COOH and −OH
groups.

Figure 2. Water adsorption isotherms in CMK-1, CMK-3, and CMK-
5 models with functional groups and without functional groups.
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active sites for adsorption but also facilitates the nucleation
process. The shape of the adsorption isotherms of water in the
CMK models with functional groups is in good agreement with
the experimental results for these adsorbents. Figure S2 shows
the experimental adsorption isotherms in CMK-1 and CMK-3
reported by Thommes et al.40 and in CMK-5 reported by
Weinberger et al.41 Figure S2 (top) represents the adsorption
isotherms in terms of fractional filling, while the Figure S2
(bottom) shows the gravimetric loading in mg/g to highlight
the differences between the three materials. Due to the
differences between the size of the real structures and the
models used in this work, we cannot make a direct comparison
of the adsorption isotherms. A more direct comparison can be
done for the energies of adsorption that will be discussed in the
following sections. However, there are some similarities
between the simulations and the experimental results, which
make realistic the CMK models used in this work. Apart from
the smooth start in the adsorption isotherms, we can see in
Figure S2 that the water adsorption occurs at the same partial
pressure for the three CMK models, while the simulated results
of Figure 2 indicates that the water adsorption takes place at
the same chemical potential. On the one hand, the models
without functional groups provide an approximate idea about
the adsorption mechanism in the CMK-1, CMK-3, and CMK-
5 models. On the other hand, the agreement in the shape of
the computed adsorption isotherms in the CMK models with
functional groups and the experimental values indicates that
the addition of these functional groups is necessary for a
correct description of the process.
3.3. Configuration of Confined Water in the Pores of

the CMK Models. Figure 3 and Figures S3−S6 illustrate the
snapshots of the pore filling of CMK models. It can be seen
clearly from the snapshots that water adsorption occurs around
functional groups at low chemical potential, where they act as
nucleation sites for other water molecules to adsorb by forming
hydrogen bonds. Our results show a formation of small water
clusters around the functional groups, and the water clusters
grow with increasing chemical potential and merge to form
bigger water clusters to completely fill the pores. This
mechanism differs from that obtained for the CMK-3 and
CMK-5 models without functional groups.43 In CMK-3
without functional groups the pores are filled drastically,
while in CMK-5 without functional groups the pore filling
occurs in two steps. First water molecules completely fill the
inner porosity and then water starts adsorbing in the outer
porosity. In this case, the three CMK models with functional
groups show a similar pore filling mechanism, where it occurs
at lower chemical potential for models with 4 cylindrical shells
compared with those with 2 cylindrical shells. Once the
nucleation starts around the functional groups, water clusters
form bridges between two carbon rods in CMK-1 and CMK-3
before the complete pore filling. In the case of CMK-5 models,
the water clusters form bridges between the radially opposite
sides of functional groups present in inner and outer porosity.
The inner pores of the CMK-5 models are filled first due to the
smaller size of these cavities.
3.4. Isosteric Heat of Adsorption. In order to investigate

the accuracy of the CMK models used in this work to describe
the adsorption of water, we investigate the energetic
interactions involved in the process. Figure 4 shows the
comparison of the computed and experimental isosteric heats
of adsorption of water in CMK-1, CMK-3, and CMK-5
models. We included the isosteric heat of adsorption predicted

from the experimental isotherms40,41 (see Figure S2) by using
the Dubinin−Polanyi theory.50 With this theory, one can
reduce the two-dimensional description of the adsorption
equilibrium of a water/adsorbent pair (P, T) to the
temperature independent characteristic curve. The character-
istic curve is a relation of the adsorption potential as a function
of the adsorbed specific volume.51 Then, the isosteric heat of
adsorption can be calculated as the heat released during the
adsorption process concerning the enthalpy of evaporation, the
adsorption potential, and an entropic term related to the slope
of the characteristic curve.51

In Figure 4, there is good agreement between the computed
isosteric heats of adsorption and experimental observations
when the models with functional groups are used. However,

Figure 3. Snapshot of water adsorption in CMK models with
functional groups in 2 cylindrical shells, (a) CMK-1 and (b) CMK-3
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the models which do not contain functional groups fail to
describe the host−guest interactions, especially at very low
coverage. The results predicted by the Dubinin−Polanyi
theory and the computed heats in this work show a high
interaction between the adsorbents and water molecules at
very low loading. In this region, the isosteric heat values are
very high (∼80 kJ/mol). This is due to the interaction of the
first adsorbed water molecules with the −OH and −COOH
groups of the structures. Models without the functional groups
are extremely hydrophobic and predict a very low host−guest
interaction. This interaction of the water molecules with the
functional groups allows for the nucleation of the molecules via
hydrogen bonds as described before. Once the nucleation
starts, the isosteric heats converge to an almost constant value
in a wide range of loadings and independently of the structure.
This value is about 45 kJ/mol which corresponds with the
condensation enthalpy of bulk water. This means that the
adsorbed water behaves like it is in the liquid phase when it is
confined in the pores. This fact confirms the validity of the
CMK models used here to analyze the molecular mechanisms
that take place during the water vapor adsorption process.
Figure 4 does not contain error bars; however, the agreement
with the experiments gives confidence to the computed results.
Error bars of the heat of adsorption, especially at high
coverage, are difficult to estimate, due to the clustering of water
molecules making the insertion/deletion of molecules in the
MC scheme difficult. This fact cannot be solved even with
much longer simulations. However, we provided the average
number of adsorbed molecules and the corresponding energy

at a chemical potential of −11 kcal/mol in Table S2. The table
also contains their error values, which suggest that the
fluctuations of the heat of adsorption are in an acceptable
range.
To gain insights into the origin of the behavior of the

isosteric heat of adsorption in CMK models with functional
groups, we computed the fluid−fluid and the fluid−wall
contributions which are shown in Figure 5. Here, the fluid−

wall contributions are more important at low chemical
potentials (owing to the presence of functional groups in the
internal surface of carbon walls). Increasing the chemical
potential, the active sites of functional groups are saturated,
and further water adsorption occurs due to the hydrogen
bonding with already adsorbed water molecules, thus
decreasing the fluid−wall interactions. For the same reason,
fluid−fluid interactions are negligible at very low chemical
potentials; i.e., water molecules only interact with the
functional groups. Increasing the chemical potential, fluid−
fluid interactions gain importance reaching the value of the
condensation enthalpy of bulk water (∼45 kJ/mol) at the
chemical potential when the pore filling occurs. The fluid−

Figure 4. Isosteric heats of adsorption of water in CMK-1, CMK-3,
and CMK-5 models as a function of the fractional occupancy.
Experimental values were taken from references 40 and 41.

Figure 5. Isosteric heats of water adsorption in CMK-1, CMK-3, and
CMK-5 models contributed by fluid−fluid and fluid−wall inter-
actions.
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fluid interactions of water in the CMK-3 and CMK-5 models
without functional groups are very similar to those for the
models with functional groups.43 This is because the pore
filling also occurs through hydrogen bonds. However, the
fluid−wall interactions are lower than 10 kJ/mol in the entire
range of chemical potentials. This means that the models
without functional groups are extremely hydrophobic and they
are not able to describe properly the host−guest interactions.
3.5. Structure of Confined Water and Hydrogen Bond

Statistics. We calculated the O−O and the O−H distances
corresponding to the first two coordination shells.43,44 Tables
S3−S10 show these distances for three chemical potentials. We
can see that, when the chemical potential increases, the O−O
and O−H distance decreases. Particularly, a greater decrease of
the O−O minimum distance for the first and second hydrogen
bond shell is observed due to the increase of water density.
The same trend can be seen for the O−H distance, but to a
lesser extent.
The structure of adsorbed water molecules is described by

the g(r) for O−O and O−H atoms in the CMK models with
functional groups in Figures S7−S9. In the case of the g(r) for
O−O, we can see that there is a peak at ∼3 Å for all three
chemical potential values. However, the height of the peak
decreases with increasing chemical potential. This is not
surprising since, at low chemical potential, there are fewer
water molecules, and these are located a small distance from
each other, which is consistent with the start of the nucleation
process. In addition, a shoulder about 4 Å is shown at low
chemical potentials, and the corresponding height decreases up
to a small minimum at the chemical potential μ = −8.0 kcal/
mol. Moreover, a small peak appears at ∼6 Å for chemical
potential μ = −8.0 kcal/mol, which is absent at lower chemical
potentials, demonstrating that the structure of water is more
ordered at high chemical potentials. The g(r) for O−H shows
similar shapes for all three chemical potentials. We see two
peaks at 2 Å and 3.5 Å. Again, the height of the peak decreases
with increasing chemical potential.
We present hydrogen bond statistics for the CMK models

with functional groups in Figure 6. For comparison, the figure
also contains the hydrogen bond statistics for bulk water at 1
atm. At low chemical potential the fractions of water molecules
with 1, 2, and 3 hydrogen bonds dominate in all the cases. This
means that there are no clusters with the typical tetrahedral
conformation of water molecules. On increasing chemical
potential, the fraction of water molecules with 3 and 4
hydrogen bonds dominate in the structure of confined water.
In general, the number of water molecules having 3, 4, and 5
hydrogen bonds is larger in the pore as compared to the bulk.
This suggests that the confinement facilitates the hydrogen
bond formation of water molecules as compared to bulk water.
This is due to the confinement into hydrophobic walls which
causes a repulsion of the water molecules closer to the pore
surface. Then, water molecules correlate strongly between
them. It is worth mentioning that the confinement of water in
CMK-5 differs slightly from the inner and outer porosity. The
hydrogen bond statistics for water confined in the outer
porosity of CMK-5 with functional groups is similar that for
CMK-1 and CMK-3 models. However, in the inner porosity,
we see a decrease of the fraction of water molecules having 3
and 4 hydrogen bonds compared with the molecules in the
outer porosity. Specially, there is a reduction of the fraction of
molecules forming 4 hydrogen bonds with respect to the bulk,
which means a loss of the tetrahedral structure of water. This is

expected as the strong confinement of water molecules in the
inside porosity prohibits them from forming 3-dimensional
water clusters.
We calculated the clusters containing different amounts of

water molecules (see the Simulation Methodology section for
more information about the cluster calculation). Table 2 and

Figure 6. Hydrogen bond statistics for CMK-1, CMK-3, and CMK-5
models.

Table 2. Cluster Statistics for the CMK-1 Model (2 Shells
and 4 Shells)

CMK-1
μ

(kcal/mol)
size of #1
cluster

size of #2
cluster

size of #3
cluster

2 shells −11.0 274 186 67
−10.7 963 828 42
−8.0 5291 13 11

4 shells −11.0 232 111 86
−10.7 3244 30 15
−8.0 5092 12 11
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Tables S11−S13 show the cluster statistics for the CMK
models with functional groups. In general, we can see that in all
the structures containing 2 and 4 shells there are 2 large water
clusters at the lowest chemical potential (∼−11.0 kcal/mol).
At the intermediate chemical potential (∼−10.6 kcal/mol), we
see an increase of the size of the 2 water clusters in the
structures with 2 cylindrical shells. However, at the same
chemical potential we only see one large cluster in the CMK
models with 4 cylindrical shells. This is due to the fact that the
neighboring water clusters, at 4 different cylindrical shells,
merge together to make one large water cluster. This is also
confirmed in the snapshots. Increasing the chemical potential
(−8.0 kcal/mol), we only observe one large cluster completely
filling the pores of CMK-1, CMK-3, and the outer porosity of
CMK-5 models. However, we see three different clusters of
similar size in the inner porosity. We think this is due to the
pore undulation present in the inner porosity that separates
water clusters.
3.6. Self-Diffusion Coefficients and Activation En-

ergies. We studied the dynamical properties of the confined
water in the CMK models. We choose to compare the effect of
the functional groups (models with 2 cylindrical shells) in the
mobility of the water molecules in the low coverage regime
since the adsorption isotherms and energies of adsorption
show the largest differences. We fixed a loading between 1%
and 2% of the total occupancy, i.e., before the drastic steep of
the adsorption isotherm. In this regime, the host−guest
interactions are crucial to describe properly the adsorption
process. Figure 7 shows the Arrhenius plot of the natural
logarithm of the self-diffusion coefficients vs the inverse of the
temperature. The figure also shows the activation energies
obtained from the slope of the Arrhenius plot of water in the
CMK-1, CMK-3 and CMK-5 models with and without
functional groups. Figure S10 depicts the temperature
dependence on the self-diffusion coefficients of water at low

coverage in CMK models. We observe that the presence of the
functional groups lowers the self-diffusion coefficients almost
two magnitude orders, which is in concordance with the strong
interaction mentioned in the energetic analysis. The temper-
ature dependence of the self-diffusion coefficients follows the
Arrhenius law, which allows calculating the activation energy of
the dynamic process. Figure 7 (bottom) indicates that CMK-1
and CMK-3 models without functional groups exhibit larger
activation energies compared with the models with functional
groups. This is due to the fact that, at low coverage, the
interaction between water molecules is more important than
the interaction with the structure in the models without
functional groups. Thus, the water molecules start to form
clusters at low coverage. This early nucleation increases the
barrier energy for the diffusion process. On the contrary, in
models with functional groups, water molecules are attracted
by these groups which limit the diffusion of water but decrease
the activation energy. However, the activation energy of water
in CMK-5 is similar for the models with and without functional
groups and similar to the values for the CMK-1 and CMK-3
models without functional groups. This can be due to the
presence of two independent cavities formed by the inner and
the outer porosity of the CMK-5 model.

3.7. Average Occupation Profiles (AvOPs). We
analyzed the effect of the functional groups in the microscopic
organization of water inside the pores in the dynamic process
at low coverage. Figure 8 shows the average occupation profiles

of water in all models with and without functional groups. The
average occupation profiles represent the most probable
positions in which water molecules will be found within the
cavities of the structures. The representation of the profiles is
the projection over a given plane of the atomic coordinates of
the water molecules. The positions of the atoms were recorded
during the whole MD simulation and averaged over 4 × 103

configurations. The figure shows how, in the models without
functional groups, water molecules move like clusters around
the pores. However, in CMK models with functional groups,
water molecules locate in the contact surface which contains
the −OH and the −COOH groups. The functional groups are
attached horizontally in the side ZX view (see Figure 1). The
movement of water molecules is restricted to the area closed to
these functional groups in the three carbon models. However,
in the models without functional groups, water molecules
diffuse through the cores of the channels.

Figure 7. Arrhenius plot of the logarithm of the self-diffusion
coefficients as a function of the inverse of the temperature (top) and
activation energies of CMK-1, CMK-3, and CMK-5 models (bottom)

Figure 8. Average occupation profiles of water in CMK-1, CMK-3,
and CMK-5 models without functional groups (top) and with
functional groups (bottom) from MD simulations at low coverage.
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4. CONCLUSIONS

We conducted Grand canonical Monte Carlo and molecular
dynamics simulations to study the water adsorption and
diffusion in realistic CMK-1, CMK-3, and CMK-5 carbon
models. The effect of the attached functional groups in the
pore walls on the adsorption and diffusion of water has been
analyzed. The −COOH and −OH functional groups were
attached in cylindrical shells in the pore walls of the three
CMK models. For the CMK-5 models, there are two types of
porosities: inner (intra tube) and outer (inter tube).
Functional groups were attached to both inner and outer
pore walls of the CMK-5 models. The functional groups were
added in two ways to study the effect of concentration and
location of functional groups on water adsorption: (a)
functional groups attached in 2 cylindrical shells and (b)
functional groups attached in 4 cylindrical shells. It was found
that the adsorption phenomena start at lower chemical
potential in the carbon models with functional groups, where
the water molecules are adsorbed forming small clusters. On
increasing chemical potential, these adsorbed water molecules
act as nuclei for other water molecules to adsorb via hydrogen
bonding, resulting in the growth of clusters. The clusters grow
near each cylindrical shell of the functional groups and finally
merge to completely fill the pore. The shapes of the computed
adsorption isotherms in the CMK models with functional
groups are similar to the experimental findings. However, the
models without functional groups show a steeped isotherm
with a drastic increase of the adsorption amount at certain
chemical potentials. In addition to the adsorption isotherms,
the results of the computed isosteric heat of adsorption as a
function of the adsorbed amount are in good agreement with
the experimental results. On the other hand, the models
without functional groups fail in reproducing the experimental
observations, in particular in the low coverage regime where
the host−guest interactions are more important.
The analysis of the hydrogen bond statistics of confined

water shows slight variations with the behavior in the bulk. The
fraction of water molecules with 3 and 4 hydrogen bonds is
larger in pores as compared to the bulk. This confirms that the
water molecules confined in the pore walls exhibit a stronger
hydrogen bond network than that found in the bulk. We also
found different behaviors in the hydrogen bonds of water
molecules in the inner and outer porosities of the CMK-5
model.
The cluster size distributions for all the three CMK models

show that water molecules form small clusters around
functional groups at low chemical potential, and these clusters
grow, merge, and result in complete pore filling at higher
chemical potential. For all the CMK models with 4 cylindrical
shells, there are 4 water clusters observed, and 2 water clusters
were observed for CMK models with 2 cylindrical shells at
lower chemical potential. It was found that the pore filling
occurs at lower chemical potential for all the CMK models
with 4 cylindrical shells as compared to CMK models with 2
cylindrical shells.
The effect of the addition of functional groups is also

remarkable in the diffusion of water in the three CMK carbon
models. In concordance with the stronger host−guest
interactions found in the energetic analysis, the presence of
functional groups lowers the self-diffusion of water molecules
about two magnitude orders compared to the models without
functional groups. The consequences of the lower mobility of

the water molecules in CMK models with functional groups is
also evidenced in the average occupation profiles of the
molecules during the MD simulations.
The results from this work highlight the importance of the

addition of functional groups in the pores of the CMK-1,
CMK-3, and CMK-5 carbon models in order to describe
properly the adsorption of water in these hydrophobic
mesoporous materials.
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