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1. Introduction

Formation patterns of water clusters in CMK-3
and CMK-5 mesoporous carbons: a computational
recognition study

Xuan Peng, (2 *® Surendra Kumar Jain,” Jayant Kumar Singh, ©2° Anqi Liu“® and

Qibing Jin®

Grand canonical Monte Carlo simulations are performed to study the adsorption of water in realistic
CMK-3 and CMK-5 models at 300 K. The adsorption isotherms are characterized by negligible uptake at
lower chemical potentials and complete pore filling once the threshold chemical potential is increased.
Results for the isosteric heat of adsorption, radial distribution function (O-O and O-H), hydrogen bond
statistics and the cluster size distribution of water molecules are presented. The snapshots of GCMC
simulations in CMK-3 and CMK-5 models show that the adsorption happens via the formation of water
clusters. For the CMK-3 model, it was found that the pore filling occurred via the formation of a single
water cluster and a few very small clusters. The water cluster size increased with an increase in pore
size of the CMK-3 model. For the CMK-5 model, it was found that the adsorption first occurred in the
inner porosity (via cluster formation). There was no adsorption of water in the outer porosity during
the filling of the inner porosity. After the inner porosity was completely filled, the water begins to fill the
outer porosity. Snapshots from GCMC simulations of the CMK-5 model clearly show that the water
adsorption in the outer porosity occurs via the formation and growth of clusters and there was no
formation of layers of water in the porosity as seen for nonpolar fluids like nitrogen.

Evidence from experiments and molecular simulation show
that water adsorption in carbon nanopores follows a different

Porous carbons are largely used in industries for separation,
purification and catalysis purposes,™ owing to their large
surface area. The structure and thermodynamic properties of
simple fluids, confined in carbon nanopores, have been studied
exhaustively.>® However, the mechanism of the adsorption of
water in hydrophobic nanospaces of carbon materials is still
largely unclear. Nevertheless, the structure and the thermo-
dynamic properties of water confined in hydrophobic regions
are of importance in many scientific disciplines such as chem-
istry, geology, nanotechnology, and biology. Water adsorption
in hydrophobic materials is typically characterized by negligible
adsorption at low relative pressures, sudden and complete
pore filling by a capillary-condensation mechanism, and large
adsorption/desorption hysteresis loops.””®
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mechanism from that of simple fluids such as nitrogen. For
nitrogen, adsorption starts at low pressure and progresses as
layers along the pore walls, whereas water adsorption happens
around active sites within the material where water can adsorb
preferentially, followed by further adsorption through the
development of hydrogen bond networks that permeate from
these active sites.” Recent work has highlighted the existence of
long-lived metastable states of adsorbed water clusters as a cause
for hysteresis.'>'" Experiments performed by various techniques
(adsorption, SAXS, SANS) and theoretical work suggest that the
adsorption behavior of water in hydrophobic microporous carbons
is controlled by the formation of water clusters of various sizes,
which adsorb on existing polar sites (e.g., oxygen) on the carbon
walls."** Pore filling of a pore of a given width is correlated with a
critical water cluster size. Based on this, it seems that the pore
condensation of water in the mesopores of CMK is not controlled
by the formation of adsorption layers (i.e., multilayer adsorption
leading to pore condensation), but by a mechanism similar to
water adsorption in purely microporous carbons, which is con-
trolled by the formation of metastable water clusters.

There are a number of reports on the behavior of water
adsorption on carbon surfaces or in porous carbons using
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computer simulation,"*™>® but there are few studies on water
adsorption in carbon mesopores. It is believed that the water
adsorption in hydrophobic mesopores is governed by the
growth of clusters. The cluster size in the mesopore is greater
than that in the micropore, and it is commensurate with
mesopore size. A larger cluster size is required for adsorption
of water in the mesopore because the potential energy of a
larger cluster is lower than that of a smaller cluster,>” and that
is the reason for the adsorption in mesopores occurring over a
higher range of pressure because a higher pressure is required
to form larger clusters. Essentially, the uptake in pores depends
on the number of clusters of certain sizes, and since larger
clusters are required for adsorption in larger pores, this is only
possible with a higher reduced pressure. This is the reason why
adsorption in micropores occurs in a lower reduced pressure
while that in mesopores occurs over a higher reduced pressure.
Once the clusters on the functional group are sufficiently large,
they will enter the pore and the larger the pore, the greater the
cluster size required to give a low enough potential for the
clusters to remain inside the pore.

Ohba et al.*® showed that cluster formation makes the water
molecules less hydrophilic because dipole-dipole interaction
between water molecules reduces the dipole moment of the
cluster as a whole. This reduction of hydrophilicity leads to a
higher affinity of the water cluster to the hydrophobic graphitic
walls and induces further ordering of the water molecules
at filling. The authors have also shown that the clusterization
of water molecules in the graphite nanopores transforms the
chemical affinity of water molecules from hydrophilic to
hydrophobic.® A single water molecule interacts very weakly
with the graphite slit pore. A water molecule can be stabilized
by the molecule-molecule interaction in the cluster on cluster
formation.

Kaneko et al. showed the cluster formation of water mole-
cules using in situ X-ray diffraction and in situ small-angle X-ray
scattering data.”*' Kaneko et al. proposed that water vapor
can be adsorbed in hydrophobic carbon nanopores free of
surface functional groups through cluster formation; namely,
once water molecules form the cluster, then the water molecules
can be stabilized even in the hydrophobic graphitic nanospace.
Thus, water molecules can be accepted by hydrophobic sur-
roundings and the clusters can be accepted by hydrophobic
nanoenvironments.

Recently, we have developed realistic molecular models for
CMK-3 and CMK-5 carbons.*> We start with a MCM-41 silica
pore and perform carbon adsorption (using GCMC simula-
tions), from the vapor phase, in the porosity of the MCM-41
pore. Depending on the thermodynamic conditions, we obtain
carbon rods (by complete filling of the porosity of the MCM-41
pore with carbon atoms) or carbon pipes (by wetting the MCM-41
pore with a film of carbon atoms). We arrange the carbon
rods in a hexagonal lattice to obtain molecular models for
CMK-3 carbons. Similarly, we arrange the carbon pipes in a
hexagonal lattice to obtain molecular models for CMK-5
carbons. It is known from experiments that the carbon rods
and carbon pipes in CMK-3 and CMK-5 materials are connected
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Fig. 1 (left) CMK-3 model and (right) CMK-5 model.

via small interconnections. However, these interconnections
are not well characterized from experiments. Thus, we added
random interconnections between carbon rods and between
carbon pipes to obtain our final CMK-3 and CMK-5 models.
More information on the model preparation can be found in our
previous report.*> A snapshot of our CMK-3 and CMK-5 models is
shown in Fig. 1.

To the best of our knowledge, there has not been any simula-
tion study of water adsorption in CMK-3 and CMK-5 meso-
porous carbons.**7* The goal of this work is to understand the
mechanism of water adsorption and also the structure of con-
fined water in CMK-3 and CMK-5 mesoporous carbon models.
In addition to adsorption isotherms, we also present the iso-
steric heat of adsorption. Since we are interested in the structure
of adsorbed water, we also present the g,,(r) and gon(r) hydrogen
bond statistics, cluster size and order parameter (applicable
only for the inner porosity of carbon tubes in CMK-5 models).
We have not studied the effect of functional groups in this
work; however, the effect of functional groups, on the walls of
the CMK-3 and CMK-5 models, on water adsorption will be the
subject of a forthcoming publication.

2. Simulation methodology

The models of CMK-3 and CMK-5 differ in the inter rod and
inter tube distance. This means that the carbon rods and carbon
pipes have the same dimension, but the distance between the
carbon rods and carbon pipes differ. We used two different inter-
rod and inter-pipe distances, i.e., 10A and 14A. Thus, from now
on, we will use the nomenclature of CMK3-10A and CMK3-14A
for the CMK-3 models with 10A and 14A pore widths and the
nomenclature of CMK5-10A and CMK5-14A for the CMK-5
models with 10A and 14A pore widths.

We developed a specific GCMC program to study the adsorp-
tion of water at 300 K in our CMK-3 and CMK-5 models. This is
because the computational cost of the simulated system is
extremely expensive. The number of water molecules at satu-
rated adsorption can reach as high as up to 9000 and 12 000 for
CMK3-14A and CMK5-14A, respectively, and the CMK models
also contain several thousands of carbon atoms. This shows
that our program behaves highly efficiently for simulating such
a large size system. As pointed out in our previous work,*® the
water models with more than three sites give a more correct
orientation that is in better agreement with the one obtained
from density functional theory (DFT) calculations. Hence, the
TIP4AP model for water was used in our work. The carbon
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Table 1 Parameters for the TIP4P model of water and CMK adsorbents

b (A) gi(e) q2(e) O ®°

Water 3.154 78.02 0.957 0.15 +0.52 —1.04 104.52 52.26
CMK 3.36 28.0

Model o (&) &(K) 4 (A)

Note: [; and [, are the bond length of OH (namely, the distance between
the oxygen atom and the positively charged site ¢,) and the distance
between the oxygen atom and the negatively charged site g,, respec-
tively. Two positively charged sites are located at hydrogen atoms and
one negatively charged site is located at g,. 0 is the angle of / HOH and
¢ is the angle of / q,OH.

interaction parameters were taken from our previous work.>?
The Lorentz-Berthelot rule was used to obtain cross interaction
terms. The potential parameters are given in Table 1. In the
GCMC method, the chemical potential, box volume and tem-
perature are fixed in the simulation. The GCMC procedure
includes particle translation and particle rotation with the
usual Metropolis scheme, particle destruction and creation to
ensure the chemical potential equilibrium between bulk and
pore phases. For all the simulations, the periodic boundary
conditions are imposed in three directions. The cut-off radius is
12 Angstrom for the LJ and electrostatic potentials. For each
state, a total number of 2 x 10° configurations were generated,
where the first 40% of moves were discarded to guarantee the
equilibrium and the others were divided into 20 blocks for the
ensemble average. We calculated the isosteric heat according to
the equation given below,**3*

(U){N) — (UxN)
(N2) = (N)(N)

(Un)(N) — (Un )
-y W

qse = kT +

where the broken brackets denote the ensemble average
obtained from simulation, N is the number of adsorbed fluid
particles, and U is the configuration energy of the system. In the
right-hand side of eqn (1), the second and third terms are the
contributions from the fluid-fluid and fluid-wall interactions,
respectively.

Since we are interested in the structure of adsorbed water,
we calculated the radial distribution function, g,.(7), between
the oxygen atoms of water molecules. We also calculated the
radial distribution function, g,u(r), between the oxygen and
hydrogen atoms. Moreover since, hydrogen bonding (HB) plays
a vital role in determining the structural and dynamic proper-
ties of water, we calculated the hydrogen bond statistics for the
water configurations, obtained from GCMC simulations at
different chemical potentials, using the geometrical criteria as
described by Swiatla-Wojcik.?” Fig. 2 depicts how we calculate
the distances of O-O and O-H between two water molecules
separated by one or two hydrogen bonded networks. As pre-
viously reported,*®?° shortened bond-lengths and red/blue shifts
in the IR frequencies are often observed due to the confinement
of water. Consequently, it is also interesting to get these hydro-
gen bond statistics using a full flexible water model. This topic
will be addressed in our future work.

It should be noted that in Fig. 2, red circles are oxygen atoms
and white circles are hydrogen atoms of water molecules. Thus,
A, B, C, D, E, and F depict oxygen atoms and the numbers 1-12

This journal is © the Owner Societies 2018

View Article Online

Paper

12

Fig. 2 1st shell and 2nd shell of hydrogen bonded network for water
molecule A. The red circles are oxygen atoms and white circles are
hydrogen atoms.

depict hydrogen atoms. From Fig. 2, we can see that water
molecule A is hydrogen bonded with water molecules B and C.
Thus, B and C form the first hydrogen bond shell of water
molecule A. Similarly, water molecules D and E form a hydro-
gen bond with water molecule B and water molecule F forms a
hydrogen bond with water molecule C. Thus, the water mole-
cules D, E and F form the 2nd shell of the hydrogen bonded
network for water molecule A. Similarly, hydrogen atoms 3, 4,
5, and 6 form the 1st shell of hydrogen bonded atoms for
molecule A and hydrogen atoms 7, 8, 9, 10, 11, and 12 form the
2nd shell of hydrogen bonded atoms for molecule A.

We also calculated the cluster size of the adsorbed water
molecules from the hydrogen bond information, using a depth
first search algorithm. The algorithm is as follows: (a) For each
water molecule A, we calculate and store those water molecules
B that are hydrogen bonded with A. We do this for all the water
molecules. (b) Next, we start with water molecule A and loop
over the water molecules that are hydrogen bonded to molecule A.
Let us say water molecule B is hydrogen bonded to A. We then
loop over the water molecules that are hydrogen bonded to B.
Let us call it water molecule C. Similarly, we do this for water
molecule C until all the water molecules that are hydrogen
bonded together are taken into account. We describe this
ensemble of water molecules as belonging to a cluster. (c)
In this way, we assign each water molecule as belonging to a
cluster. Fig. 3 shows how we determine the clusters of water
molecules.

In Fig. 3, there are seven water molecules. The lines con-
necting the circles are the hydrogen bonds between the two
water molecules. Thus, in our cluster algorithm, we count all

1
@)
/
N\
49/
/O/O i
e 5

Fig. 3 Cluster of water molecules (the blue circles are water molecules).
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the seven water molecules as one water cluster. We do not count
water molecules that are cyclic (1-2-3-4) as a separate cluster,. We
found that if we count the cyclic water molecule clusters, there are
very large numbers and sizes of clusters in our CMK models. Also,
in counting cyclic water molecules, only two hydrogen bonds of a
water molecule are taken into account. Thus, water molecules that
have one hydrogen bond will not be calculated as part of a cluster.
For example, water molecules 6 and 7 in Fig. 2 will then not be
counted as part of a cluster. Thus, we do not consider only cyclic
water molecules as a separate cluster.

It should be noted that for the CMK-5 models, we calculate
the hydrogen bond statistics and cluster statistics separately for
the fluids confined in the inner and outer porosity. We also
calculate the orientational order parameter for the water mole-
cules, for the CMK-5 models only, confined in the inner poro-
sity of carbon pipes. The interactions in a hydrogen bonding
mixture determine the relative molecular orientations. Hence,
the orientation of the molecules near a surface is of interest
to us. When the water dipoles are parallel to the pore axis,
S equals 1; S equals 0 if the molecules are randomly oriented.
It should be noted here that we can calculate the order para-
meter for the inner porosity of CMK-5 models only, as the inner
porosity is similar to the carbon nanotube, but with undula-
tions in the nanopipe walls. The order parameter was calcu-
lated according to the equation given below:

_ 3(cos?y) — 1

s - )

where 1/ is the angle between the water dipole and the pore axis.

3. Results and discussion

3.1. Adsorption isotherms and structure of water in CMK-3
models

In Fig. 4, we present the adsorption isotherms for both the
CMK-3 models (CMK3-10A and CMK3-14A). As is well known,

o
o

—@&— CMK3-10A
—&A— CMK3-14A

N
»

0.2

fractional filling
o
(=]
———

0 b P
-12 -1 -10 -9 -8 7 6 -5
chemical potential (kcal/mol)

Fig. 4 Adsorption isotherms of water for the CMK3-10A and CMK3-14A
models.

17096 | Phys. Chem. Chem. Phys., 2018, 20, 17093-17104

View Article Online

PCCP

at least 46 distinct molecular water models have been devel-
oped for reproducing a few specific properties of water.*® These
water models show different saturated vapor pressures. For
instance, at 300 K, the saturated pressure P, = 0.93 kPa for the
SPCE model and P, = 4.7 kPa for the TIP4P model, respectively,
as compared to the experimental P, = 3.54 kPa. Furthermore,
some researchers™ reported the adsorption isotherms of
PP, < 1, while others®* presented the data of P/P, > 1. This
situation often results in a misleading result when comparing
the simulations with the experimental results. Therefore, in
this work, we reported the data in chemical potential, instead of
relative pressure P/P,. The loading is expressed in the unit of
fractional filling, which is defined as the ratio of the number
of adsorbed molecules normalized by the number of confined
molecules corresponding to a completely filled pore with the
chemical potential « = —6.0 kcal mol . As can be seen from the
isotherms, there is negligible uptake of water at low chemical
potentials and sudden and complete pore filling occurs once a
threshold chemical potential is reached. We can see that the
sudden jump in adsorption moves to higher chemical poten-
tials as the pore size increases. It should be noted that the only
difference between the CMK3-10A and CMK3-14A models is the
distance between two carbon rods and the carbon rods are the
same for both the models. In Fig. 5, we present the isosteric
heat of adsorption for the CMK3-10A model. The isosteric heat
follows the same trend for the CMK3-14A model. The total,
fluid-fluid and fluid-wall contributions are also shown in
Fig. 5. As can be seen, the fluid-wall contribution dominates
at low chemical potentials (owing to the presence of defects in
the CMK-3 carbon walls). As the chemical potential increases,
there is a sudden filling of the pore owing to the sudden
formation of water clusters, due to the hydrogen bonding
between water molecules. At this point, the fluid—fluid contri-
bution dominates. We want to point out that we did not see the
formation of small water clusters at lower chemical potentials
that leads to formation of a large cluster via merging at
increased chemical potentials; rather, we see one full large

60 r
50
[ —@— total
% - —&— fluid-fluid
g 40 —W¥— fluid-wall
g [
S0 f
29U
Q [
S
q) -
@ 20 -
8T
2 I
10|
ol A
-12.5 -12 -11.5 -1 -10.5 -10 -9.5

chemical potential (kcal/mol)
Fig. 5 Isosteric heats of water adsorption for the CMK3-10 model.
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Fig. 6 Snapshot of water molecules in the CMK3-10A model at
u =—-9.9 kcal mol™2.

cluster in the CMK-3 pores. This phenomenon was also
observed by Striolo et al.'® in their work on water adsorption
in carbon nanotubes. Also, in our CMK-3 models, we do not
have any unconnected pores. There are no micropores in the
CMK-3 models and the porosity between the carbon rods in the
CMK-3 models is totally connected. We show snapshots of
the CMK-3 models at pore filling in Fig. 6.

We calculated the O-O distance (between the oxygen atom of
a water molecule and oxygen atoms of the water molecules
present in the 1st and 2nd hydrogen bonded shells) and the
O-H distance (between the oxygen atom of a water molecule
and the hydrogen atoms of the water molecules present in the
1st and 2nd hydrogen bonded shells). See the simulation
methodology for more details. We show these distances in
Tables 2 and 3, for the CMK3-10A model, for two chemical
potentials. From Table 2, it can be seen that the O-O and O-H
distances decrease as the chemical potential is increased.
Specifically, the O-O maximum distance decreases more as
the chemical potential is increased, owing to the increase in
density of the water molecules. We see this same trend for the
O-H distance (Table 3), but to a lesser extent.

To study the structure of water molecules, we present the g(7)
for O-O and O-H atoms in our CMK3-10A model in Fig. 7 and 8.
From Fig. 7 (for O-0), we can see that there is a peak at
~ 3 Angstrom for all the three chemical potential values. However,
we see a shoulder at ~4 Angstrom at low chemical potentials
and the height of the shoulder decreases and becomes a small
minimum at the chemical potential u = —6.0 kcal mol™". Also,
there is a small peak at ~6 Angstrom for u = —6.0 kecal mol ™

Table 2 O-0O minimum and maximum distances for the 1st and 2nd
hydrogen bonded shells for water molecules for the CMK3-10A model

0-0 (max) O-O (min) O-O (max) 0-0 (min)
u 1st hydrogen 1st hydrogen 2nd hydrogen 2nd hydrogen
(kcal mol™") shell shell shell shell
—10.0 3.44 2.504 6.44 2.518
—8.0 3.43 2.48 6.39 2.51

Table 3 O-H minimum and maximum distances for the 1st and 2nd
hydrogen bonded shells for water molecules for the CMK3-10A model

O-H (max) O-H (min) O-H (max) O-H (min)
u 1st hydrogen 1st hydrogen 2nd hydrogen 2nd hydrogen
(keal mol™") shell shell shell shell
—10.0 1.855 1.258 2.537 1.259
—-8.0 1.85 1.255 2.528 1.259
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Fig. 7 Pair correlation function for O-O in the CMK3-10A model at
different chemical potentials.

0.8

o
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Fig. 8 Pair correlation function for O-H in the CMK3-10A model at
different chemical potentials.

that is absent at lower chemical potentials. Thus, the confined
water is more structured at high chemical potentials. The shape
of g(r) [0-O] is similar for the CMK3-14A model with the first
peak slightly smaller than that of the CMK3-10A model. From
Fig. 8 (for O-H), we see that the shape of g(r) is almost the same
for all the three chemical potentials. At 2 Angstrom, the peak
decreases marginally at increasing chemical potential. At
~3.2 Angstrom, the peak increases marginally at increasing
chemical potential. At ~4.2 Angstrom, the height of the curve
decreases marginally with increasing chemical potential.

We present the hydrogen bond statistics for the CMK3-14A
model in Fig. 9. As can be seen, the fraction of water molecules
with 3 and 4 hydrogen bonds dominates in the structure of
confined water. We can also see that there is a slight decrease
in the fraction of water molecules having HB = 4 at a higher
chemical potential « = —6.0 kcal mol ' compared with that at a

Phys. Chem. Chem. Phys., 2018, 20, 17093-17104 | 17097
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Fig. 9 Hydrogen bond statistics for the CMK3-14A model.

lower chemical potential u = —9.9 kcal mol ™. There is also a
slight increase in the fraction of water molecules having HB = 5
for the higher chemical potential as compared to that at lower
chemical potential. We also present the hydrogen bond statis-
tics for bulk water at 1 atm for comparison in Fig. 9. It can be
seen that the fraction of water molecules having two hydrogen
bonds is large in the bulk as compared to confined water. The
fraction of water molecules having three hydrogen bonds is
similar in the bulk and in the pore. However, the fraction of
water molecules having four hydrogen bonds is lower in the
bulk as compared to water confined in the pore. The above
observations suggest that water molecules tend to form hydro-
gen bonds more in confinement as compared to bulk water.
To quantify the water clusters formed via hydrogen bonds,
we calculated the clusters having different quantities of water
molecules (see simulation methodology for the clustering
calculation method). The cluster statistics is shown in Table 4
for CMK3-10A. We can see from Table 4 that there are 335 water
molecules (for u = —9.9 kcal mol™') and 340 water molecules
(for u = —6.0 kcal mol ™) that are present as single entities
and are not hydrogen bonded to any other water molecule.

Table 4 Cluster statistics for the CMK3-10A model

Size of No. of clusters No. of clusters
cluster (u = —9.9 kcal mol™) (u = —6.0 keal mol ™)
1 335 340

2 78 81

3 44 20

4 12 13

5 10 4

6 6 2

7 6 3

8 3 0

9 3 1

10 3 1

11 3 0

14 0 1

4850 1 0

6267 0 1
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This might be due to the distance and angle criteria that we
used to calculate hydrogen bonds between two water mole-
cules. Nevertheless, there are water clusters of different sizes
(e.g 2-10) present in the CMK3-10A model. It should be noted
that there is a single large cluster present in the CMK3-10A model
(4850 for u = —9.9 kecal mol™*) and (6267 for u = —6.0 keal mol ).
This shows that the propensity to form hydrogen bonds
increases with increasing chemical potential. Similar results
were found for cluster statistics in the CMK3-14A model. Since,
the pores of CMK3-14A are bigger, larger clusters were formed
in that model.

3.2. Adsorption isotherms and structure of water in CMK-5
models

In Fig. 10, we present the adsorption isotherms for both the
CMK-5 models (CMK5-10A and CMK5-14A). As can be seen from
the isotherms, there is negligible uptake of water at low chemical

potentials. There is a small jump from u = —9.9 kcal mol™" to
u = —9.8 kcal mol™* and also from u = —9.8 kcal mol * to
u = —9.7 kcal mol™'. In the CMK-5 models, there are carbon

pipes arranged in a hexagonal lattice (see Fig. 1). Thus, there
are two kinds of porosities: inner porosity (inside the tubes) and
outer porosity (between the tubes). Thus, the two small jumps
relate to the filling of the inner porosity of the central pipe and
the filling of the inner pores of the four corner pipes. As the
chemical potential is increased, the water clusters are formed in
different parts of the pores (as shown in the snapshots below)
and at u = —9.7 kecal mol™', complete pore filling (porosity
between carbon pipes) occurs. It should be noted that the only
difference between CMK5-10A and CMKS5-14A models is the
distance between two carbon pipes and the carbon pipes are the
same for both the CMK-5 models. We present the isosteric heat
of adsorption for the CMK5-10A model in Fig. 11. As can be
seen, the fluid-wall interaction dominates at very low chemical
potentials and the fluid-fluid contribution dominates at higher
chemical potentials when large water clusters are formed due to
hydrogen bonding. By comparing the CMK5-10A isosteric heat

o
©

—@— CMK5-10A
—A— CMK5-14A

fractional filling
o
(]

I
»

0.2

PRI PRI EFRE SR BN
-12 -1 -10 -9 -8 -7 -6 -5
chemical potential (kcal/mol)

Fig. 10 Adsorption isotherms for the CMK5-10A and CMK5-14A models.
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Fig. 11 Isosteric heats of water adsorption for the CMK5-10A model.

with the CMK3-10A isosteric heat, we can see that the fluid-wall
contribution is very small in the CMK5-10A model as compared
to that of the CMK3-10A model. This is to be expected as there
are more water molecules (owing to both the inner and outer
porosities) in the CMK5-10A model as compared to the CMK3-10A
model (only the outer porosity). Also, it should be noted that in
our CMK-5 models, we have unconnected pores (pores in the
inner porosity of the central pipe and four corner pipes are not
connected) in the inner porosity. The outer porosity, between
carbon pipes, forms one large connected pore, which is not
connected with the inner porosity.

We show snapshots of the pore filling mechanism in the
CMK5-14A model in Fig. 12. From Fig. 12a, we see that at
u = —10.0 kcal mol ™", the inner porosity of the central pore is
completely filled. It should be stressed that there was negligible
adsorption at a chemical potential less than « = —10.0 kecal mol .
Moreover, the central inner pipe and the four corner pipes have
the same characteristics and thus they exert the same interaction
energy towards the water molecules. Initially, very few water
molecules get adsorbed in the central pipe and gradually, water
clusters grow to fill the complete inner pore. Thus, the pore filling
mechanism is through the growth of clusters and not through
uniform adsorption. If there were uniform adsorption, the central
and four corner pipes would adsorb through layers of water
molecules, which was not found in our case. If, in the beginning,
water molecules get adsorbed in the corner pipes, then we would
have seen the filling of the corner pipes first and then the central
pipe, as the central inner pipe and the four corner pipes have the
same characteristics. This mechanism was seen for the CMK5-10A
model (see Fig. 12f).

In Fig. 12b, it can be seen that the four corner pipes are also
filled with water molecules. From Fig. 12c to e, it can be seen
that the pores of the CMK5-14A model are filled via growth of
water clusters and not through layering or uniform adsorption.
This is because in Fig. 12c, it can be seen that one portion of the
pore is completely filled and there are very few water molecules
in the other parts of the pores. So, one part of the pore gets
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Fig. 12 Snapshot of water molecules in the CMK5-14A model at different
chemical potentials, in kcal mol™2. (a) u = —10.0; (b) u = =9.9; (c) u = —9.8;
(d) u=-97; (e) u = —9.0; (f) snapshot of water adsorption in the CMK5-10A
model at u = —10.0. In (d), we show water molecules as bonds to show the
CMK5-14A structure also.

filled and then the water molecules fill other parts of the pores
via the formation of water clusters.

We calculated the O-O distance (between the oxygen atom of
a water molecule and the oxygen atoms of the water molecules
present in the 1st and 2nd hydrogen bonded shells) and the
O-H distance (between the oxygen atom of a water molecule and
the hydrogen atoms of the water molecules present in the 1st
and 2nd hydrogen bonded shells) (see simulation methodology
for more details). We calculated the distances separately for the
inner and outer porosities of the CMK5-10A model. We show
these distances in Tables 5 and 6, for the CMK5-10A model, for
two chemical potentials.

Table 5 O-0O minimum and maximum distance for 1st and 2nd hydrogen
bonded shells for water molecules for the CMK5-10A model (inner and
outer porosity). There are only two water molecules in the outer porosity
and thus we have N/A there

0-O (max) O-O (min) O-O (max) O-O (min)

u (keal 1st hydro- 1st hydro- 2nd hydro- 2nd hydro-
Porosity mol ') gen shell gen shell  gen shell gen shell
Inner —10.0 3.44 2.48 6.68 2.57
Outer —10.0 N/A N/A N/A N/A
Inner —-9.7 3.43 2.49 6.31 2.53
Outer —9.7 3.44 2.42 6.51 2.51
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Table 6 O-H minimum and maximum distance for 1st and 2nd hydrogen
bonded shells for water molecules for the CMK5-10A model (inner and
outer porosity). There are only two water molecules in the outer porosity
and thus we have N/A there

O-H (max) O-H (min) O-H (max) O-H (min)
u (kcal 1st hydro- 1st hydro- 2nd hydro- 2nd hydro-
Porosity mol ') gen shell  gen shell  gen shell gen shell
Inner —-10.0 1.855 1.255 2.58 1.26
Outer —10.0 N/A N/A N/A N/A
Inner -9.7 1.85 1.25 2.51 1.26
Outer -9.7 1.85 1.24 2.55 1.258

From Table 5, we see that the O-O maximum distance for
the 2nd hydrogen bonded shell for the inner porosity decreases
with increasing chemical potential. This might be because of
the increased density of water molecules upon increasing
chemical potential. Again, for the same chemical potential
u = —9.7 keal mol™?, the O-O maximum distance for the 2nd
hydrogen bonded shell for the outer porosity is larger than that
for the inner porosity. This shows that the density of water
molecules in the inner porosity is larger than that in the outer
porosity. This same trend for the O-H maximum distance for
the 2nd hydrogen bonded shell is seen for inner and outer
porosity (Table 6).

To study the structure of water molecules, we present the g(r)
for O-O and O-H atoms in our CMK5-10A model in Fig. 13 and
14. From Fig. 13 (left), we see that the peak at ~3 Angstrom
decreases as the chemical potential increases. This is presum-
ably because the total number of water molecules increases
with a rise in chemical potential. It should be noted at
u = —10.0 kcal mol ™, the inner porosity is filled and there are
only a few water molecules in the outer porosity. So, the main
contribution to g(r), at this chemical potential, is from the inner
porosity of the CMK5-10A model. Again, from Fig. 13 (right), we
see that the structure of confined water becomes more ordered
with increasing chemical potential. There is a hint of a peak

25

20

9(r) [0-0]

=k
o

radius (Angstrom)
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at ~6 Angstrom for # = —6.0 kcal mol~". Upon comparing
Fig. 13 (right) with the g(r) [0-O] of the CMK3-10A model, we
find that the shape of the g(r) is similar, but the peaks are
higher for the CMK3-10A model. From Fig. 14 (left), we see that
the shapes of the three curves are similar but they are of different
heights. The heights of the peaks decrease with the increase in
chemical potential, as is seen from the g(r) [O-O] plot in Fig. 13.
From Fig. 14 (right), we see the same trend for the CMK3-10A
model. However, the peak for the CMK3-10A model is slightly
higher than that for the CMK5-10A model.

We present the hydrogen bond statistics in Fig. 15, separately,
for water molecules in the inner and outer porosities. As can be
seen in Fig. 15 (left), the fraction of water molecules with two
hydrogen bonds decrease with the increase in chemical potential.
However, the fraction of water molecules with three, four and five
hydrogen bonds increases with increasing chemical potential.
Interestingly, the fraction of water molecules with four hydro-
gen bonds decreases for « = —6.0 kcal mol " as compared to
u=—9.8 kcal mol ", From Fig. 15 (right), for the hydrogen bond
statistics for the outer porosity, we see that the fraction of water
molecules with three and four hydrogen bonds increases with
increasing chemical potential. There is a significant increase in
the fraction of water molecules with three and four hydrogen
bonds from u = —9.8 keal mol " to u = —9.7 keal mol .
However, thereafter, there is not much difference with increas-
ing chemical potential, as can be seen for u = —6.0 kcal mol ™.
Upon comparing the hydrogen bond statistics for the inner and
outer porosities of the CMK5-10A model, we find that the frac-
tion of water molecules with four hydrogen bonds is markedly
higher in the case of outer porosity as compared to that of the
inner porosity, whereas the fraction of water molecules with two
and one hydrogen bonds is higher in the case of inner porosity
as compared to that of the outer porosity. The hydrogen bond
statistics are similar for the CMK5-10A and CMK5-14A models.
The hydrogen bond statistics for CMK5-10A (outer porosity) and
CMK3-10A (Fig. 9) are similar. This shows that the overall
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Fig. 13 (left) g(r) [O-O] for three lower chemical potentials and (right) g(r) for higher chemical potentials.
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Fig. 14 (left) g(r) [O—H] for three lower chemical potentials and (right) g(r) for higher chemical potentials.
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Fig. 15 Hydrogen bond statistics for the CMK5-10A model. (left) For the inner porosity, including the porosity of the central pipe and four truncated pipes
and (right) for the outer porosity, the porosity between the carbon nanopipes.

structure of water molecules is similar in both CMK-3 and
CMK-5 (outer porosity) models.

We also show the hydrogen bond statistics for bulk water at
1 atm in Fig. 15. Upon comparing the bulk water hydrogen
statistics with fluids confined in the inner porosity (Fig. 15,
left), it can be seen that the fraction of water molecules having
two hydrogen bonds is slightly higher in the pore than in bulk
water. The fraction of water molecules having three hydrogen
bonds is similar in the bulk and pore. However, the fraction of
water molecules having four hydrogen bonds is higher in the
bulk as compared to water in the pore. Upon comparing the
bulk water hydrogen statistics with water confined in the outer
porosity (Fig. 15, right) for higher chemical potentials, it can be
seen that the fraction of water molecules having two hydrogen
bonds is large in the bulk as compared to confined water. The
fraction of water molecules having three hydrogen bonds is

This journal is © the Owner Societies 2018

similar in the bulk and in the pore. However, the fraction of
water molecules having four hydrogen bonds is lower in the
bulk as compared to water confined in the pore. This observa-
tion of the outer porosity, of the CMK-5 models, is similar to
that found for the CMK-3 models.

To quantify the water clusters formed via hydrogen bonds,
we calculated the clusters having different quantities of water
molecules (see simulation methodology for the clustering
calculation method) for the CMK5-10A model. We found that
the inner porosity has many small to medium clusters. The
largest cluster found consisted of 684 water molecules. The
cluster statistics for the outer porosity is shown in Table 7 for
CMK5-10A. From Table 7, we found that there are many water
molecules that are not part of any hydrogen bonded network.
This was also found for the CMK3-10A model. Nevertheless,
there are water clusters of different sizes (e.g. 2-10) present in
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Table 7 Cluster statistics for the CMK5-10A model

Size of No. of clusters No. of clusters
cluster (u = —9.7 keal mol™") (u = —6.0 keal mol ™)
1 370 308

2 101 83

3 41 22

4 20 10

5 7 5

6 9 1

7 2 4

8 6 2

9 1 2

10 0 2

12 0 1

14 0 1

19 1 0

20 0 1

39 1 0

5927 1 0

7356 0 1

the CMK5-10A model. It should be noted that there is a single
large cluster present in the CMK5-10A model at the chemical
potential u = —9.7 kcal mol ™" (5927) and u = —6.0 kcal mol ™"
(7356). This shows that the propensity to form hydrogen bonds
increases with increasing chemical potential. Similar results
were found for cluster statistics in the CMK5-14A model. Since
the outer porosity of the CMK5-14A model is greater than that
of the CMK5-10A model, larger clusters were formed in the
CMK5-14A model.

We also show the radial dependence of the orientational
order parameter for water molecules confined in the inner
porosity of the CMK5-10A model (at u = —6.0 kcal mol™') in
Fig. 16. As can be seen from Fig. 16, the dipole moments of
water molecules are randomly oriented (S(r) ~ 0), and these
water molecules are farther away from the carbon nanopipe
wall and near to the center of the inner pore. At the distance of
~9 Angstrom from the center of the inner pore, we see that the

0.4

0.3

0.2

0.1

S(r) order parameter

r (Angstrom)

Fig. 16 Order parameter, S(r), along the pore radii for water molecules
confined in the inner porosity, of the central carbon nanopipe, of the
CMK5-10A model, at u = —6.0 kcal mol™%.
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order parameter, S(r), takes a value of 0.11, which suggest that
dipoles of some water molecules are oriented along the pore axis.
There are 131 water molecules at a distance of ~9 Angstrom from
the center of the nanopipe at u = —6.0 kcal mol . In a study of
water adsorption in carbon nanotubes, Striolo et al.'® found
that the water molecules near the carbon nanotube wall have
their dipoles oriented along the pore axis and randomly
oriented for the water molecules farther away from the nano-
tube wall. We want to emphasize the point that our carbon
nanopipes (of the CMK-5 models) have a surface roughness and
appreciable corrugation as opposed to carbon nanotubes,
which have smooth walls. This is the reason that we do not
see many water molecules with dipoles oriented along the pore
axis direction.

4. Conclusions

Grand canonical Monte Carlo simulations were used to study
water adsorption in realistic CMK-3 and CMK-5 mesoporous
carbon models. The 300 K adsorption isotherms show that
the water uptake is negligible at low chemical potentials; the
pores suddenly and completely fill once a threshold chemical
potential is reached. The pore filling for the CMK-3 model
occurred via formation of a large stable cluster as there is a
single connected pore (porosity between carbon rods). The pore
filling for CMK-5 occurred by a two-step mechanism. First, the
inner porosity (of carbon pipes) is filled with water via the
formation of the cluster and then the outer porosity is filled.
The inner and outer porosities of the CMK-5 models are
unconnected. We found that there was no adsorption of water
molecules in the outer porosity during the filling of the inner
porosity, which was in sharp contrast with the results obtained
for argon adsorption in the CMK-5 models. It was found that,
for the outer porosity, water adsorption occurs at one part of
the pore, via the formation of a stable cluster, and the adsorp-
tion progresses to other parts of the pore via the growth of the
cluster. Our results suggest that the underlying pore-filling
mechanism of water into hydrophobic carbon mesopores
deviates from conventional capillary condensation (for wetting
adsorbates such as nitrogen and argon) but is consistent with
the assumption of a clustering mechanism (which had been
identified as the underlying mechanism for water adsorption
into microporous carbons).
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