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Simulation studies of water adsorption on MIL-
101(Cr) revealing the role of inhomogeneous
potential field composed of open metal sites and
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In response to the increasing demand for desiccant-type dehumidifiers, MIL-101(Cr), a metal-organic
framework, has garnered attention as a promising adsorbent. This is primarily due to its high water capacity
resulting from capillary condensation within its two cage-shaped mesopores, as well as its rapid water
adsorption response. However, the exact origins of these characteristics are still not fully understood. In
this study, we conducted two types of molecular simulations to investigate the water adsorption on MIL-
101(Cr). Firstly, we developed an atomistic model of MIL-101(Cr) that specifically considers the interaction
between open metal sites (OMSs) and water molecules. By performing grand canonical Monte Carlo
simulations using this model, we discovered that capillary condensation occurs due to the formation of a
liquid film that covers the hydrophobic pore surface, driven by the presence of OMSs. Subsequently, we
constructed a simplified model that focuses solely on the potential field inhomogeneity of MIL-101(Cr) and
conducted grand canonical molecular dynamics simulations to examine the progress of water adsorption.
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The simulation results indicated that the rapid water adsorption response of MIL-101(Cr) can be attributed
to the inhomogeneity of the potential field consisting of hydrophilic OMSs distributed at appropriate
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1 Introduction

Controlling the humidity in buildings to a comfortable level
is essential for enhancing the quality of life. Furthermore,
dehumidification is crucial in environments that require high
levels of sanitation, such as medical facilities, as harmful
microorganisms and fungi thrive at high humidity." With the
continued economic development of tropical regions and the
exacerbation of climate change, the demand for
dehumidification equipment is becoming increasingly
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t Electronic supplementary information (ESI) available: Force fields of MIL-
101(Cr) with and without OMS interactions. Comparison of water models
including SPC/E, TIP4PEw, and TIP5PEw. Comparison of adsorption isotherms
of water on MIL-101(Cr) obtained from GCMC simulations using the original and
optimized structures. GCMD simulation results for simplified pore models with
three different seeds for random number sequences. The saturated pressures of
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intervals and hydrophobic organic linkers.

significant. However, the widespread use of traditional
dehumidifiers has resulted in excessive energy consumption
owing to the operation of compressors and the utilization of
ozone-depleting substances or their alternatives, such as
hydrochlorofluorocarbon, which were phased out in the
Montreal Protocol because of their strong greenhouse effect.
As a result, there has been growing interest in the
development of desiccant-type dehumidifiers, where water in
the air is adsorbed by porous materials on a rotary filter.”™
Although heat is required to desorb water and reactivate
porous materials, the required temperature is approximately
70-80 °C® and can be supplied by low-grade waste heat
or solar energy.

A major focus in the development of desiccant
dehumidifiers is the search for porous materials that can
efficiently adsorb and desorb water with low energy
consumption. Over the past two decades, metal-organic
frameworks (MOFs) have gained significant attention as
potential alternatives to commonly used materials such as
zeolites and silica gels.®™ In particular, MIL-101(Cr),"" which
consists of Cr’* ions and terephthalic acid, has emerged as a
leading candidate for next-generation dehumidifying
agents.'> MIL-101(Cr) has a hierarchical porous structure
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comprising a tetrahedral micropore approximately 0.8 nm in
size, as well as two mesopores of 2.9 and 3.4 nm (designated
as small, middle, and large cages, respectively) (see Fig. 1).
One of the most appealing features of MIL-101(Cr) is its
stepwise water adsorption/desorption at a relative pressure
(P/Py) of ~0.5. This behavior is a result of capillary
condensation/evaporation occurring within the middle and
large cages, which leads to the highest adsorption capacity
(~1.4 g ¢") and easy water desorption compared to other
existing adsorbents. Furthermore, Seo et al. demonstrated
that MIL-101(Cr) exhibits higher thermal durability and a
faster rate of water adsorption than silica gel and NaX
zeolite."® Yanagita et al conducted a more detailed
investigation of the water adsorption rate of MIL-101(Cr) and
demonstrated that the amount of adsorbed water increased
almost linearly with time without attenuation."® They also
concluded that water transport inside MIL-101(Cr) was faster
than that in Zr-doped mesoporous silica.’>*®

In spite of the promising results obtained for MIL-
101(Cr),">***7 2% the mechanism of water adsorption in this
material still remains unclear. Specifically, the carboxyl
groups of terephthalic acid are used for coordination with
the metal clusters, leaving only the aromatic rings exposed in
the pore space, which makes the pore surface of MIL-101(Cr)
essentially hydrophobic. Therefore, capillary condensation of
water in MIL-101(Cr) is inherently unlikely because it
requires the formation of a liquid film on the pore surface.
The discrepancy between this expectation and observation
can be attributed to the presence of coordinated unsaturated
Cr ions, known as open metal sites (OMSs).”" However, to the

~3.4 nm

~2.9 nm

Fig. 1 Schematics of the pore structure of MIL-101(Cr). (a) Shows the
framework structure of MIL-101(Cr), while (b)-(d) highlight the small,
middle, and large cages, respectively. In these illustrations, metal
clusters and organic linkers are represented by blue spheres and gray
sticks, respectively.
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best of our knowledge, no simulation studies have explicitly
considered the interactions between OMS and water in MIL-
101(Cr). In other words, although some simulation studies
using a typical atomistic model (e.g., a combination of a
generic force field such as UFF** and DREIDING*® and the
electrostatic potential charges calculated using density
functional theory (DFT)) have been reported,*>® the OMS-
adsorbate interaction is known to be difficult to express
using such a model; thereby a system-specific expression for
the OMS-adsorbate interaction based on quantum
calculations is required.***® Furthermore, research on the
rapid water adsorption response of MIL-101(Cr) is lacking.
Understanding the mechanism of water adsorption on MIL-
101(Cr) and the origin of its rapid adsorption response is
important for the development of more efficient materials for
dehumidification.

In this study, we performed two types of molecular
simulations to investigate the water adsorption on MIL-
101(Cr). Initially, we developed an atomistic model of MIL-
101(Cr), taking by considering the interactions between OMS
and water. We conducted grand canonical Monte Carlo
(GCMC) simulations to examine the influence of OMSs on
the capillary condensation of MIL-101(Cr). Subsequently, we
created a simplified model that focused solely on the non-
uniformity of the potential field of MIL-101(Cr), comprising
hydrophilic OMSs and hydrophobic organic linkers. We
performed grand canonical molecular dynamics (GCMD)
simulations to analyze the impact of the non-uniformity of
the pore surface potential on the rate of water adsorption.

The remainder of this paper is organized as follows. In
section 2.1.1, we introduce the reported atomistic structure
of MIL-101(Cr) based on X-ray structural analysis,®” which
has been used in existing simulation studies,”*>® has non-
negligible atomic distortions, and perform structural
optimization to obtain a more reliable atomistic structure. In
section 2.1.2, we demonstrate that GCMC simulations
without OMS interactions are unable to reproduce the
experimental adsorption isotherm on MIL-101(Cr), which
lead us to model the OMS interaction based on ab initio
calculations for a cluster model of MIL-101(Cr) (section
2.1.3). In section 2.1.4, GCMC simulations with OMS
interactions are conducted to reveal the mechanism of
capillary condensation on MIL-101(Cr). Next, based on the
results from the atomistic model, we construct a simplified
model that extracts only the feature of inhomogeneity of the
potential field from MIL-101(Cr) in section 2.2.1 and conduct
GCMD simulations to examine the progress of water
adsorption in section 2.2.2. Finally, the results are presented
in section 3, and the details of the experimental and
computational methods are provided in section 4.

2 Results and discussion

2.1 Simulation on atomistic model

2.1.1 Structural optimization. The atomic coordinates of
MIL-101(Cr) were first reported by Férey's group.®” However,
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because of the difficulty of structural analysis based on X-ray
diffraction, that is, thermodynamic stability is not considered
in this analysis, the reported structure has non-negligible
atomic distortions. For example, Fig. 2a and b show the
coordinates of terephthalic acid and a Cr cluster extracted
from the reported structure, respectively, indicating that the
atoms composing the benzene ring are not on the same
plane and that the bond distance between the O atom in the
center of the metal cluster and the three Cr atoms is not
uniform. Structures determined by X-ray structural analysis
contain atomic distortions, and when used in molecular
simulations, structural optimization based on quantum
chemical calculations is usually performed. However, the
difficulty underlying the structural optimization of MIL-
101(Cr) lies in its exceptionally large number of atoms. In
other words, the conventional cell of MIL-101(Cr) contains
~15000 atoms. Even in the primitive cell, which is the
smallest unit cell, there are still ~4000 atoms, making
structural optimization using standard DFT calculations
virtually impossible. Therefore, existing simulation studies
have used reported structures without structural
optimization.”***® To overcome this difficulty, we employed
the order-N DFT method, in which the computational cost is
proportional to the system size, owing to the use of localized
basis functions.*® Fig. 2c and d show the coordinates of a
terephthalic acid and a Cr cluster extracted from the
optimized structure, respectively. The benzene ring of
terephthalic acid has a planar structure, and the three Cr-O
bond lengths are almost the same, with smaller distances
than those in the reported structure.

2.1.2 GCMC simulations without OMS interaction. Using
the optimized framework structure, we conducted GCMC

(b) (d)

Fig. 2 Atomic coordinates of (a) a terephthalic acid and (b) a Cr
cluster extracted from the reported structure,®” and those of (c) a
terephthalic acid and (d) a Cr cluster extracted from our optimized
structure.
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simulations to investigate water adsorption on MIL-101(Cr).
First, we assumed only Lennard Jones (LJ) and Coulombic
interactions between the adsorbate and adsorbent, without
specific OMS interactions. In this simulation, the force field
of MIL-101(Cr) was adopted from the previous study by De
Lange et al>* (see Table S1, ESIf), whereas the water
molecules were represented using the TIPSPEw model.*® The
blue lines in Fig. 3 show the adsorption/desorption isotherms
of water on MIL-101(Cr) at 353 K obtained from GCMC
simulations. While an abrupt increase in the amount
adsorbed due to capillary condensation occurs experimentally
at P/P, ~ 0.5 (gray circles), that in the GCMC simulations
occurs at P/P, > 1. This indicates that owing to the
hydrophobic framework, capillary condensation in the pores
of MIL-101(Cr) was less likely to occur than the condensation
of bulk water. In contrast to the experimental results, the
amount adsorbed at pressures lower than the capillary
condensation pressure was almost zero, indicating the
absence of strong hydrophilic sites in the atomistic model
used in these simulations. We also tested other water models,
including SPC/E'™ and TIP4PEw,"" but the results were
similar to those obtained using TIP5PEw (see Fig. S2, ESIf).
These differences highlight the need for modifications to the
force field of MIL-101(Cr), that is, consideration of the OMS
interactions.

It is worth noting another difference between the
experimental and simulation results is the saturated amount
adsorbed. However, we believe that this difference can be
attributed to experimental factors. The pore volume of MIL-
101(Cr) was calculated to be 1.88 cm® g™ using iRASPA
software,”> and assuming water molecules with the bulk
water density (972 kg m™ at 353 K) filled the pore, the ideal
adsorbed amount was calculated to be 1.83 g g ', which is
closer to the simulation result. In addition, the experimental
pore volume determined from the N, adsorption isotherm
(see Section S1, ESIT) was 1.51 cm® g~*, which is smaller than
the calculated value. The lower pore volume in the
experiments could be due to impurities remaining in the
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Fig. 3 Adsorption isotherms of water on MIL-101(Cr) at 353 K
obtained from GCMC simulations without OMS interaction (blue lines)
and with OMS interaction (red lines). The gray circles represent the
experimental results.
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pores of MIL-101(Cr), such as unreacted terephthalic acid. In
fact, a previous report showed that an extensive purification
process using hot water and NH,F aqueous solution increases
the saturated amount of adsorption.*?

2.1.3 Modeling of OMS interaction. The results of the
GCMC simulations demonstrate a lack of strong hydrophilic
sites in the atomistic model. This issue can be addressed by
adequately modeling the interactions between OMS and
water. Consequently, we performed MP2 calculations on a
cluster model consisting of a Cr metal cluster and water
molecule (Fig. 4a) by varying the Cr-O distance to obtain an
interaction potential energy curve. The resulting curve is
depicted by the gray circles in Fig. 4b, indicating an
adsorption heat of approximately 60 k] mol ™" for water on
the OMS. In contrast, the blue dashed line in Fig. 4b
represents the potential energy curve calculated using the
force field employed in the aforementioned GCMC
simulations, which significantly underestimates the strength
of the interaction between OMS and water and is
approximately three times smaller than the MP2 calculation
result. To account for this OMS-water interaction in the
GCMC simulations, we refined the force field by adjusting
the LJ parameters of the unsaturated Cr atom to reproduce
the results of the MP2 calculations. The red line in Fig. 4b
represents the potential energy curve calculated using the
refined force field listed in Table S2, ESI;} which is in good
agreement with the MP2 calculation results.

(a)
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Fig. 4 (a) Cluster model used in the MP2 calculations. (b) Interaction
potential energy curves between the Cr metal cluster and water
molecule calculated using MP2 (gray circles). The blue dashed line
represents the potential energy curves calculated using the force field
employed in the GCMC simulations without OMS interaction, while the
red line represents that calculated using the refined force field.
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2.1.4 GCMC simulations with OMS interaction. Using the
refined force field, we conducted GCMC simulations to
calculate the adsorption/desorption isotherms of water on
MIL-101(Cr) at 353 K, which are depicted by the red lines in
Fig. 3. In contrast to the results obtained in section 2.1.2
(blue lines in Fig. 3), a certain amount of water molecules
(~0.1 g ¢’") is adsorbed even at low P/P,, and an abrupt
increase in the amount adsorbed owing to -capillary
condensation occurs at P/P, < 1, which is consistent with the
experimental  findings.  Although the condensation/
evaporation hysteresis width in the simulations is larger than
that observed in the experiment, this can be explained by the
difference in the observation timescale, that is, the 10® order
of GCMC steps in the simulation provides a significantly
smaller opportunity to observe capillary condensation/
evaporation compared with the typical 10° s order of waiting
time required for adsorption equilibrium in experiments.**
Notably, the desorption branch of the simulation results
aligned with the experimental findings, indicating that the
capillary evaporation process was closer to equilibrium than
the capillary condensation process.”” The saturated amount
adsorbed in the simulations was still larger than that in the
experiment; however, this difference can be attributed to the
impurities remaining in the pores of MIL-101(Cr), as
discussed in section 2.1.2. In summary, we can conclude that
the GCMC simulations with OMS interactions are sufficiently
accurate to provide atomistic insight into the adsorption
mechanism of MIL-101(Cr).

We then analyzed the adsorption mechanism based on
the simulation results. Fig. 5 displays snapshots of the
interior of MIL-101(Cr) and the local density distribution of
water molecules within the middle and large cages at
various points on the adsorption isotherm. At very low
pressures (P/P, = 0.01), water molecules were adsorbed onto
the OMSs (Fig. 5b(A)). As the pressure increases, the
adsorbed water molecules are bridged by other water
molecules through hydrogen bonds (Fig. 5b(B)). When the
pressure approaches a value just below the capillary
condensation pressure (P/P, = 0.25), the bridged water
molecules form a liquid film that covers the hydrophobic
pore surface of MIL-101(Cr) (Fig. 5b(C)). The formation of a
liquid film on the pore surfaces of the middle and large
cages was also confirmed by the local density distribution
of the water molecules (Fig. 5c(a)). Similar to the
experimental results (see Fig. 3), the calculated adsorption
isotherm shows an abrupt increase in the amount adsorbed
in two steps, and the local density distributions after the
first and second steps (Fig. 5c¢(B) and (y), respectively)
indicate that these steps correspond to capillary
condensation within the middle and large cages,
respectively. From this atomistic insight, it is evident that
the capillary condensation on MIL-101(Cr) is driven by
OMSs, which function as strong hydrophilic sites. These
serve as anchoring points for the water molecules to form a
liquid film over the hydrophobic framework, enabling
capillary condensation.

RSC Appl. Interfaces, 2024, 1, 268-280 | 271
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Fig. 5 Atomistic insight into the water adsorption mechanism on MIL-101(Cr) obtained from GCMC simulations with OMS interaction. (b)
Snapshots of the interior of MIL-101(Cr) at points A-C on the adsorption isotherm depicted in (a). (c) Local density distribution of water molecules

within the middle and large cages at points a-y in (a).

Finally, we note the discrepancy between our results
and existing simulation results. Specifically, our simulation
required consideration of OMS interactions to reproduce
the experimental adsorption isotherm. 1In contrast,
previous studies achieved successful simulations without
considering specific OMS interactions.**® This can be
attributed to the distorted atomic structure of MIL-101(Cr)
used in the simulations. In fact, even in the absence of
the OMS interaction modeled in section 2.1.3, GCMC
simulations based on the original structure prior to
geometrical optimization resulted in an adsorption
isotherm similar to the experimental results, as shown in
Fig. S3, ESL{ As shown in Fig. 2b and d, Cr atoms in the
original structure were located farther away from the
central O atom than those in the optimized structure.
From the perspective of a water molecule, the Cr atom in
the optimized structure is positioned further back than
the four terephthalic acid O atoms bound to it. In
contrast, the original structure exhibited exposed and
accessible Cr atoms on its pore surface. This distorted
structure, in which the Cr atoms protrude towards the
surface, provides an overestimated Coulombic interaction
between the Cr and O atoms of water (specifically, the L
sites of TIPSPEw). As a result, it could function similarly
to our OMS-water interactions. In other words, the
negative element of the distorted structure had a positive
effect on their studies. This finding highlights the
sensitivity of atomistic simulation results to the structural
model used.

272 | RSC Appl. Interfaces, 2024, 1, 268-280

2.2 Simulation on simplified model

Section 2.1 reveals that OMSs are important for water
adsorption on MIL-101(Cr). Specifically, GCMC simulations
without OMS interactions indicated that MIL-101(Cr) was
primarily hydrophobic. However, GCMC simulations with
OMS interactions demonstrated that the OMSs acted as
strong hydrophilic sites, where water molecules were
adsorbed at low pressure. The OMSs were then connected by
water molecules, resulting in the formation of a liquid film
over the hydrophobic framework, enabling capillary
condensation. Based on the mechanism of water adsorption
on MIL-101(Cr), in which OMSs play a key role, it is also
expected that the rapid water adsorption on MIL-101(Cr) can
be attributed to OMSs. Specifically, we assumed that a
heterogeneous potential field composed of OMSs and
hydrophobic ligands was the source of the rapid response.
This is because strong hydrophilic sites are expected to assist
water molecules in forming a liquid film, functioning as
anchors for the growth of the liquid film and the subsequent
capillary condensation. In this section, we verify this
hypothesis by constructing a simplified model system that
captures only the characteristics of potential field
inhomogeneity in MIL-101(Cr).

2.2.1 Model construction. Fig. 6 shows the simplified
model constructed to investigate the effect of the
inhomogeneous potential field. In this model, the adsorbate
is represented as an L] fluid with potential parameters og = 6
(= 0.341 nm) and &g = & (= 119.8 K). The adsorbent adopts the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of the simplified model constructed to investigate the effect of the inhomogeneous potential field. (b) Cross-sectional view

of the uniform and inhomogeneous pore models. (c) Adsorption isotherms on the uniform and inhomogeneous pore models.

form of a cylindrical structure created by the removal of
atoms from the condensed phase of the LJ fluid. This pore
model has the same potential parameters as the adsorbate
atoms (i.e., oy = 6 and &yq = &) and is referred to as the
uniform pore model (Fig. 6b). To construct a pore model with
an inhomogeneous potential field, we substituted some of
the wall atoms with sites exhibiting strong interactions as
OMSs; namely, the potential parameters for OMSs were set to
ooms = 6 and eoms = k€ (k >1). The OMS atoms were selected
from the inner wall surface to form a square array with
average intervals of 2, 3, 4, 5, and 66, and these
inhomogeneous pore models are referred to as OMS-2, OMS-
3, OMS-4, OMS-5, and OMS-6, respectively (Fig. 6b). However,
constructing an inhomogeneous pore model in this manner
hinders a fair comparison of the adsorption rates between
uniform and inhomogeneous pore models. This is because
capillary condensation occurs at a lower pressure in the
inhomogeneous pore model owing to the inherently stronger
average potential field present in the pores. To address this
disparity, the potential well depth of the wall atoms of the
inhomogeneous pore model was reduced such that the
interaction potential between the adsorbate and wall atoms
was half that in the uniform pore model (gyy = 0.25¢, as the
Lorentz-Berthelot mixing rules were used to calculate the

© 2024 The Author(s). Published by the Royal Society of Chemistry

cross parameters). We then used a trial-and-error approach to
determine the potential well depth of OMSs (ie., the
coefficient k), such that the capillary condensation pressure
obtained from the GCMC simulations matched that of the
uniform pore model because the capillary condensation
pressure reflects the average strength of the potential field in
the pore.

Fig. 6¢ and Table 1 show the adsorption isotherms of the
uniform and inhomogeneous pore models and the resulting
potential parameters, respectively. As the intervals between

Table 1 Average separation between OMSs and potential depth
parameters for OMS and wall atoms

Model doms EoMms Ewall

Uniform pore — — &)

OMS-2 2.026 5.765 (2.4) 0.25¢ (0.5)
OMS-3 3.036 30.25¢ (5.5) 0.25¢ (0.5)
OMS-4 4.056 196¢ (14) 0.25¢ (0.5)
OMS-5 5.206 1089¢ (33) 0.25¢ (0.5)
OMS-6 6.076 23047 (48) 0.255 (0.5)

The numbers in parentheses indicate the multiplier of the fluid-OMS
or fluid-wall interaction potential relative to the fluid-fluid
interaction potential after applying the Lorenz-Berthelot mixing
rules.
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OMSs increased, that is, as the density of OMSs decreased,
the potential well depth of OMSs increased to maintain the
same average potential field in the pores. Moreover, OMSs
with higher potential well depths exhibit an increase in the
amount of adsorption at low pressures while maintaining the
capillary condensation pressure. This behavior, which
involves an almost constant amount of adsorption from very
low pressure to the capillary condensation pressure, is
similar to the behavior observed for MIL-101(Cr), as shown in
Fig. 3. This indicated that the simplified model successfully
captured the features of MIL-101(Cr). It should be noted that
the adsorption isotherm on OMS-2 does not differ
significantly from that on the uniform pore model. This can
be attributed to the fact that in OMS-2, OMSs with less
significant potential depths are widely distributed, resulting
in a nearly uniform potential field within the pore, which is
not considerably different from that of the uniform pore
model. Therefore, we excluded OMS-2 from the subsequent

analysis.
2.2.2 GCMD  simulation. Using uniform and
inhomogeneous pore models, we conducted GCMD

simulations to investigate the adsorption processes in the
pore models. In this simulation, a supercell of the pore
model with a length of ~506 was placed at the center of the
simulation box with GCMC regions to control the gas
pressure and buffer regions located at both ends of the pore
model, as shown in Fig. 7. While GCMD simulations are
usually conducted to investigate molecular diffusion in a
porous material by setting a high chemical potential to one
GCMC field and a low chemical potential to the other,*® we
set the same chemical potential to both GCMC fields to
investigate the process of reaching adsorption equilibrium in
the pore model. To eliminate the effect of the edge of the
pore model, we counted the number of atoms within the
region 106 from the center of the pore model to evaluate the
time evolution of the amount adsorbed.

The red line in Fig. 8a shows the time evolution of the
number of atoms in the monitoring zone for the uniform
pore model. Snapshots of the model at 10, 30, 50, and 60 ns
after the start of the simulation (points depicted as orange
circles) are shown in Fig. 8b. Until 50 ns, the number of
atoms in the monitoring zone increased almost linearly with
time, corresponding to liquid film formation and growth, as
depicted by the snapshots. The amount adsorbed then
increases abruptly at 50-60 ns and becomes saturated with

r Gas molecule Monitoring zone

Buffering field
Pore model
Buffering field

GCMC field

Fig. 7 Schematic of the simulation box used in the GCMD simulations.
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~840 atoms after 60 ns. The snapshots at 50 and 60 ns
clearly showed that the abrupt increase in the adsorbed
amount was caused by capillary condensation. The blue and
green lines in Fig. 8a represent the results obtained under
the same conditions as the red line, but with a different seed
for the random number sequence, demonstrating that
capillary condensation occurred at a different time for each
simulation. This suggests that the capillary condensation is a
complex and unpredictable process that cannot be accurately
evaluated using a single simulation. One potential solution
to handle this stochasticity is to conduct numerous
simulations and analyze the results statistically. However,
this approach is not feasible for GCMD simulations owing to
its high computational cost. Therefore, a different approach
was adopted to assess the timing of capillary condensation,
as described below. As shown in Fig. 8a, although capillary
condensation occurred randomly, the temporal evolution of
the amount adsorbed before capillary condensation was
nearly identical in the three simulations. This suggests that
the formation and growth of the liquid film followed
deterministic ~ processes.  Considering that capillary
condensation is a stochastic event that occurs once the liquid
film has fully formed, the timing of capillary condensation
can be evaluated by examining the time required for the
liquid film to grow. Consequently, we analyzed the temporal
evolution of the amount adsorbed, specifically focusing on
values below 500 atoms, which represent the completion of
liquid film growth, to compare the uniform and
inhomogeneous pore models.

Fig. 9a shows the comparison of the time development of
the liquid film growth for the uniform pore model and OMS-
4. We also conducted GCMD simulations for OMS-4 with
three different seeds for the random number sequence and
confirmed that the time progress of liquid film growth was
almost the same for the three simulations (see Fig. S4, ESI{).
While the growth of the liquid film in the uniform pore
model exhibited almost linear behavior, the growth in OMS-4
followed a distinct curve with three stages, as shown in
Fig. 9a. That is, the liquid film growth in OMS-4 initially
progressed slowly (stage I), then accelerated (stage II), and
finally reached a magnitude similar to that of the uniform
pore model (stage III). These processes can be explained by
examining snapshots of OMS-4 shown in Fig. 9b. In the
snapshots taken at 5 and 10 ns, clustering of the adsorbate
atoms around the OMSs was observed. However, if focusing
only on the monitoring zone, clustering has not yet occurred
at 5 ns. This indicated that the adsorbate atoms, under the
influence of strong interactions with OMSs, became trapped
and formed clusters around the OMSs. However, this process
primarily occurred near the entrance of the pore, leading to a
delay in cluster formation in the monitoring zone.
Consequently, the adsorbed amount gradually increased
during stage I. In the snapshot at 20 ns, a liquid film was
observed on the pore surface, indicating that stage II involved
the formation of a liquid film by bridging the clusters around
the OMSs. Interestingly, the rate of increase in the amount

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Time evolution of the number of atoms in the monitoring zone and (b) snapshots at 10, 30, 50, and 60 ns after the start of the

simulation for the uniform pore model. The red, blue, and green lines in (a) represent the results obtained under the same condition but with
different seeds for the random number sequence. The orange circles in (a) represent the point at which the snapshots in (b) were taken.

adsorbed in stage II of OMS-4 was approximately twice that
in the uniform pore model. This fact makes the completion
of film formation in OMS-4 faster than that in the uniform
pore model, even when considering the delay in stage I. This
acceleration can be attributed to the anchoring effect of
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60

OMSs, as hypothesized. Finally, a comparison of the
snapshots at 20 and 45 ns reveals an increase in the liquid
film thickness, demonstrating that stage III corresponds to
the liquid film growth process. Because OMSs do not
influence the growth of the liquid film because their
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(a) Time evolution of the number of atoms in the monitoring zone and (b) snapshots at 5, 10, 20, and 45 ns after the start of the simulation
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Fig. 10 (a) Time evolution of the number of atoms in the monitoring
zone for OMS-3, OMS-4, OMS-5, and OMS-6. (b) Snapshot of OMS-6
at 50 ns. (c) Distribution of OMSs in MIL-101(Cr).

potential field does not reach the center of the pore, the rate
of increase in the amount adsorbed in stage III is almost the
same as that of the uniform pore model.

Fig. 10a compares the results for OMS-3, OMS-4, OMS-
5, and OMS-6. Whereas the temporal developments of the
liquid film growth for OMS-3 and OMS-5 are similar to
those of OMS-4, showing a curve consisting of three
stages, noticeable differences are observed in OMS-6.
Specifically, the increase in the number of atoms was
slower than that of the other models, and the number of
particles remained steady at ~350. Fig. 10b shows the
snapshot of OMS-6 at 50 ns, revealing the presence of
large clusters around the OMSs that are independent of
each other. In OMS-6, OMSs with significant potential
depths were sparsely distributed. These stronger OMSs
exerted a higher trapping force on the adsorbate atoms,
resulting in a further delay in diffusion towards the center
of the pore. In addition, because of the larger intervals
between OMSs in OMS-6 compared to the other models,
the clusters around the OMSs cannot be bridged, thereby
preventing the formation of a continuous liquid film.
These results indicate that an inhomogeneous potential
field is just a sufficient condition for rapid capillary
condensation. In other words, it is crucial for strongly
interacting sites to be distributed at appropriate intervals,
preferably within 3-5 times the size of the adsorbate
molecule, as determined from the simulation results.
Here, the OMS distance of MIL-101(Cr) is measured to be

276 | RSC Appl. Interfaces, 2024, 1, 268-280

View Article Online

RSC Applied Interfaces

1.08 nm as shown in Fig. 10c, which is 3.5 times larger
than the size of a water molecule based on the LJ
parameter of TIP5PEw. This measurement satisfied the
conditions for rapid capillary condensation, indicating that
the presence of an inhomogeneous potential field created
by the OMSs and hydrophobic ligands contributed to the
fast adsorption response observed in MIL-101(Cr).

3 Conclusions

In this study, we investigated the adsorption mechanism of
water on MIL-101(Cr) using GCMC simulations with an
atomistic model consisting of an optimized structure based
on order-N DFT calculations and a refined force field that
considers OMS interactions. The simulation results revealed
that the OMSs acted as strong hydrophilic sites, where
water molecules were adsorbed at low pressures. The OMSs
then connect to each other via water molecules through
hydrogen bonds, resulting in the formation of a liquid film
over the hydrophobic framework and enabling two-stage
capillary condensation within the middle and large cages.
This atomistic insight into the adsorption mechanism
provided a new perspective on the rapid adsorption
response for water of MIL-101(Cr). Specifically, we
hypothesized that a heterogeneous potential field composed
of OMSs and hydrophobic ligands was the source of this
rapid response. To verify this hypothesis, we constructed a
simplified model system that captured only the
characteristics of the potential field inhomogeneity in MIL-
101(Cr). GCMD simulations using the simplified model
revealed that the diffusion of adsorbate atoms inside the
pores was first delayed owing to the clustering formed
around the OMSs. However, the anchoring effect of the
OMSs accelerates the formation of a liquid film if the
OMSs are distributed at appropriate intervals, resulting in
faster capillary condensation than in a pore with a uniform
potential field. The appropriate interval between OMSs was
found to be 3-5 times the size of the adsorbate, which was
satisfied by the OMS distance of MIL-101(Cr). Therefore, we
conclude that the presence of an inhomogeneous potential
field created by the OMSs and hydrophobic ligands is one
of the factors contributing to the fast adsorption response
observed for MIL-101(Cr). The findings of this study
indicate that using a longer organic linker as the building
block of MOFs is not necessarily an effective strategy for
improving the water adsorption performance of MOFs
because the interval between OMSs is expected to increase,
which should be a useful guideline for the design of MOFs
for dehumidifiers.

4 Experimental and computational
methods
4.1 Materials

MIL-101(Cr) was synthesized according to the method
reported by Akiyama et al.'® Terephthalic acid (1.32 g, 8.00

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mmol), Cr(NO;);-9H,0 (3.20 g, 8.00 mmol), 1 mol L™
aqueous solution of HCI (4 g, 3.95 mmol), and additional
water (38 g) were combined in a Teflon-lined stainless-steel
autoclave. The resulting mixture was heated at 493 K for 8 h
and cooled to room temperature (approximately 298 K). To
remove any residual terephthalic acid, the precipitate was
filtered through a glass filter (100-200 pm). The filtrate
suspension was centrifuged, and the resulting solids were
washed multiple times with methanol and water. Finally, the
solid microcrystalline MIL-101(Cr) was vacuum-dried. The
material characterization, incorporating X-ray powder
diffraction, scanning electron microscopy, thermogravimetric
analysis, and N, adsorption isotherm measurements, is
detailed in Section S1, ESL{

4.2 Water adsorption isotherm measurement

Water adsorption on MIL-101(Cr) was measured at 353 K
using a BELSORP-maxHT instrument (MicrotracBEL Corp.).
Before the adsorption measurements, MIL-101(Cr) was
heated to 373 K for 6 h under a vacuum.

4.3 Atomistic structure and geometry optimization

The atomic coordinates of MIL-101(Cr) were obtained from a
report by Férey's group.’” After some modifications, including
adding hydrogen atoms, converting to the primitive cell, and
placing a OH™ group per metal cluster consisting of three Cr
ions, structural relaxation was conducted by order-N DFT
calculations with the Open MX software®® to remove atomic
distortion stemming from errors in the X-ray structural
analysis. In the order-N DFT calculations, the PBE
pseudopotential, Cr6.0s3p2d1, 06.0-s2p2d1, H6.0-s2p1, and
C6.0-s2p2d1 basis sets, and DFT-D3(BJ) dispersion correction
were used. A cutoff energy was set to 600 Ry. The convergence
condition for energy calculations was set to less than 107*
hartree, and the structural optimization was continued until
the maximum force on the atoms was less than 0.005 hartree
bohr™.

4.4 GCMC simulation

The adsorption isotherms of water on MIL-101(Cr) were
obtained using laboratory-made GCMC code.”” ™ The
framework atoms were fixed during the simulations, and
four trials for water (displacement, rotation, creation, and
deletion) were performed with the same probabilities.
Typically, the system is equilibrated with 1 x 10’ steps,
after which the data are sampled for the other 1 x 10’
steps. However, for the conditions around capillary
condensation/evaporation, the system was equilibrated with
5 x 10® steps and the data were sampled for another 1 x
108 step.

The guest-guest and guest-host interaction potentials U
were assumed to be the sum of the Coulombic and L]
potentials:

U= UCoulornbic + ULJ (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where ¢; is the atomic charge, g, (= 8.8542 x 107> C*> N*
m ) is the vacuum permittivity, r; is the interatomic
distance, and o; and e; are LJ parameters. The Ewald
summation method was used to correct the long-range
Coulombic interactions with a charge screening constant of
2.0 nm ™" and the reciprocal space sum for k vectors of L,/2r|
k|, Ly/2n|k|, and L,/2n|k| < 10, where L; is the length of the
simulation box in ¢ axis. Short-range interactions were
calculated using the cross-interaction parameters obtained
from the Lorentz-Berthelot mixing rules, and were truncated
at a cut-off distance of 1.5485 nm. The atomic charges and LJ
parameters for MIL-101(Cr) were adopted from De Lange
et al.** except for one modification: the L] parameter for the
oxygen atom of OH  connecting Cr’" was set to the same
value as the other oxygen atoms, whereas they were originally
set to zero. This is because the original settings cause an
overlap of OH and water molecules (see Table S1, ESIf).
Water molecules were represented using the TIP5PEw
model.*® The chemical potentials were converted to pressures
based on the ideal gas approximation, and the saturated
pressure of TIPSPEw water was determined using the Antoine
equation fitted to the results obtained from the Gibbs
ensemble simulations reported by Lisal et al.>' (see Fig. S5,
ESIf). To obtain the adsorption branch, the simulations at
each chemical potential were started from the conditions
with no water molecules in the simulation box. In contrast,
the desorption branch was obtained by starting the
simulations from the condition with a fully adsorbed state,
the final configuration of the highest chemical potential in
the adsorption branch.

U coulombic

4.5 Ab initio calculations for OMS-water interaction

Quantum chemical calculations performed by
constructing a metal cluster structure containing OMSs and
placing a water molecule in close proximity, as shown in
Fig. 4a. Initially, the metal cluster was extracted from the
atomic coordinates of MIL-101(Cr),”” and to achieve an
electroneutrality condition, the connecting portion of
terephthalic acid was capped with a hydrogen atom, as
illustrated in Fig. 4a. The structure of this metal cluster was
optimized using Gaussian 09 (ref. 52) under DFT (PBE,
6-31g(d,p)) level. A water molecule was then placed at a
certain distance from an OMS of the optimized metal cluster
in such a way that all water atoms (O, H1, and H2) and the
OMS were on the same plane and the distance between the
atom i and the OMS, D;, satisfies the condition Dy < Dyy =
Dy, (see Fig. 4a). Using this model, the MP2 method
(6-31g(d,p)) in Gaussian16 (ref. 53) was employed to calculate
the OMS-water interaction, and the basis set superposition
error was corrected using the counterpoise method.”* This

were
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calculation was performed for OMS-water intermolecular
distances (Do) ranging from 0.15 to 0.5 nm in increments of
0.01 nm. In each point of the calculations, the atomic
positions of the metal cluster and water molecule were fixed.
Due to the high computational cost, the OMS-water
interaction potential was modeled based on data for the
water molecule in a fixed orientation. The accuracy of this
model is discussed in Section S2, ESL{

4.6 Construction of simplified model

In the simplified model prepared for GCMD simulations, the
adsorbate was represented by L] Argon fluid with potential
parameters of o = 6 = 0.341 nm and & = § = 119.8 K, and
the pore model was constructed based on the condensed
phase of Ar. To construct the pore model, we first prepared a
5.66 nm x 5.66 nm X 5.37 nm of condensed phase of Ar with
a molar density of 1.49 kg cm ™. Subsequently, we removed a
cylindrical pore with a diameter of 3.95 nm from the
condensed phase along the z-axis. In this system, all the wall
atoms have the same potential parameters as Ar (gy.y = & and
owan = 6), which is referred to as a uniform pore model.
Subsequently, we constructed inhomogeneous pore models
by introducing strongly adsorbing sites (i.e., OMSs) with
potentials different from those of other wall atoms. Following
a similar procedure to the uniform pore model, we created
condensed phases with a cylindrical pore and selected atoms
on the inner wall surface in a square shape at average
intervals of 2, 3, 4, 5, and 66, where a strong potential (eopms
= k& and ooms = 6) (k > 1) was assigned, while the other wall
atoms were assigned a weak potential (eyay = 0.258 and oyay =
6). The z-directional lengths of the inhomogeneous pore
models were almost the same as those of the uniform pore
model; however, each was adjusted such that the OMSs were
regularly aligned under periodic boundary conditions. To
align the average potential fields of the inhomogeneous pore
models, we conducted GCMC simulations to determine the
values of k where the computed condensation pressure for Ar
matched that of the uniform pore model. These GCMC
simulations were performed at 87.3 K with periodic boundary
conditions in all directions. The cross-interaction parameters
were evaluated using the Lorentz-Berthelot mixing rules.

4.7 GCMD simulation

We conducted GCMD simulations for the uniform and
inhomogeneous pore models using the Lammps®® software.
A 1 x 1 x 3 supercell of the pore model constructed in section
4.6 was placed at the center of the simulation box, where a
50 nm GCMC field (gas phase region) and a 1.9 nm of buffer
region were placed at both ends of the pore model (see
Fig. 7). In the simulations, GCMC simulations were initially
conducted to insert Ar atoms into the gas-phase region.
Subsequently, NVI-MD simulations were performed for the
entire cell, where the wall atoms were fixed. This series of
simulations was repeated. The time step for NVT-MD was set
to 1 fs. The GCMC simulation included 1600 transfer trials
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and 2400 insertion-deletion trials every 1000 MD steps. The
temperature was set to 87.3 K, and the chemical potential at
the GCMC fields was set to a value corresponding to a
relative pressure of 0.9, which is sufficiently higher than the
condensation pressure, as shown in Fig. 6c. Periodic
boundary conditions were applied in all directions during the
simulations.
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