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Herein, we report carbon dioxide (CO,) and methane (CH,4) adsorption behavior in MeMOFs, methylated
analogues of FMOFs with —CFs groups replaced with —CHs, utilizing grand canonical Monte Carlo
(GCMC) simulations at 288, 298, and 308 K and P < 40 bar and density functional theory (DFT) compu-
tations of adsorption energies. Isosteric heats of adsorption (Qg), Henry's constants (Ky) and interaction
energies were used to analyze the adsorbate—adsorbent interaction strengths and gas uptake of guest
molecules. The Qg of CO, was found to be 1.29-1.73 times higher in MeMOF-1 than in FMOF-1, vs.
1.30-1.47 times for CH4, hence demonstrating higher guest affinity to MeMOF-1 than to the FMOF-1
polymorph. Simulated isotherms were further fitted with Langmuir, Langmuir—Freundlich, and Toth
models to calculate the isosteric heat of adsorption at infinite dilution (Qgo) using the Clausius—Clapeyron
equation. The data were then compared with those obtained from force-field-based Monte Carlo (MC)
simulations to determine the consistency. The Téth model presented excellent characterization of CO,
and CH, adsorption, implying both FMOF-1 and MeMOF-1 materials have inhomogeneous surfaces. The
order of the Qgo values obtained using the Clausius—Clapeyron equation was consistent with that
obtained from MC simulations and confirmed the higher uptake of CO, and CH,4 in MeMOF-1 as pre-
dicted by GCMC. The presence of H,O vapor, up to 80% relative humidity, did not affect the CO, and
CH, adsorption in MeMOF-1 structures, as was observed in the analogous FMOF-1 parent structure. The
larger pore size and surface area upon substituting —CFz groups with —CHz groups allow for significantly
greater CO, and CH, uptake in MeMOFs compared to FMOFs with no water uptake even at high humidity.
These simulations were applied upon MeMOF analogues of multiple FMOF-1 polymorphs known to date
and are thus expected to hold for MeMOF analogues of other FMOF and MOFF structures reported by the
Omary and Miljani¢ teams, respectively. Experimental data have validated the superhydrophobic nature of
the MeMOF-1 composition via a polymorphic form with a different topology, MeMOF-2, attaining an
~100° increase in water-drop contact angles, from ~74° for a control plastic substrate to ~172° upon dry-
coating it with MeMOF-2. Experimentally synthesized MeMOF-2 possesses the same {Ag(3,5-(CHs),-
1,2,4-triazolate)} empirical formula as that of simulated MeMOF-1 structures, albeit with a different crystal
structure and lower porosity.

1. Introduction

Global warming and climate change are adverse consequences
of CO,, CH,, and other greenhouse gas emissions.' The CO,
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concentration in the atmosphere has been noticeably increas-
ing over time, mainly because of the combustion of fossil
fuels.>™ Natural gas, which is predominantly composed of
CH,, has been proposed as a promising alternative to other
fossil fuels (e.g., gasoline and coal) since its combustion pro-
duces ~50% less CO,. However, this overlooks other environ-
mental impacts of the hydraulic fracturing (ie., fracking)
process including the depletion and contamination of water

Dalton Trans., 2025, 54, 7641-7658 | 7641


http://rsc.li/dalton
http://orcid.org/0000-0003-1637-0615
http://orcid.org/0000-0001-6909-7865
http://orcid.org/0009-0000-5460-8095
http://orcid.org/0000-0002-1592-0139
http://orcid.org/0000-0003-4805-7498
http://orcid.org/0000-0002-3247-3449
https://doi.org/10.1039/d5dt00242g
https://doi.org/10.1039/d5dt00242g
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt00242g&domain=pdf&date_stamp=2025-05-08
https://doi.org/10.1039/d5dt00242g
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054019

Published on 17 March 2025. Downloaded on 3/14/2026 6:36:06 PM.

Paper

resources. Nevertheless, the presence of CO, and N, in natural
gas along with the more desired CH, decreases the energy pro-
duction efficiency and also adds to the challenges of using this
technology.®” Consequently, CO, capture and separation from
CH, represent significant scientific and technological chal-
lenges with both environmental and economic implications.®
Amine scrubbing,”'® membrane separation,’'* and solid
adsorbent separation'®™® are the three most widely used
methods for CO, removal. Metal-organic frameworks (MOFs)
have been garnering significant attention over the traditional
porous materials, such as silica, activated carbons, and zeo-
lites for selective carbon capture, due to their unique geometri-
cal structures and tunable chemical properties.’®™® In order to
enhance CO, adsorption by MOFs, several methods have been
considered, such as creating narrow pores by structural
interpenetration,”>*! adjusting pore chemistry through cation
exchange,®*>* introducing “open” (coordinatively unsaturated)
metal sites,”?® and modifying the pore surface by ligand
functionalization.””** According to Li et al, ligand functionali-
zation is a promising approach to tune the adsorbate-adsorbent
interaction, which could enhance CO, adsorption in MOFs
without significantly altering the overall structure of the parent
MOF. However, pore structure, porosity, and pore surface func-
tionality could be greatly impacted by functionalization and
should be considered when designing MOF functionalization.
Additionally, two more important factors, such as hydrophobicity
of the MOFs’ structure and their selective CO, and CH, adsorp-
tion capacities over water should be accounted in designing
MOFs for enhanced CO, and CH, adsorption, as the presence of
water in humid or aqueous environments can adversely affect
CO, and CH, uptakes in MOFs.>*°

Fluorous metal-organic frameworks, such as the most
heavily-investigated FMOF-1 composition Ag,[Ag,Tzs]|, where
Tz = 3,5-(CF;),-1,2,4-triazolate, are superhydrophobic MOFs
whose CO, uptake is not affected by the presence of water
vapor at all.*’” In this work, the ligand functionalization effect
of -CH; group upon CO, and CH, adsorption in MeMOF ana-
logues of FMOF structures has been investigated using grand
canonical Monte Carlo (GCMC) simulations. FMOF-1 was con-
sidered as the parent structure. To the best of our knowledge,
CO, adsorption in FMOF-1 at 298 K was studied previously,*”
but neither CH, adsorption nor the effect of functionalization
has been investigated before. As such, the aims of this study
are two-fold: (1) to study the effect of functionalization by
-CHj; instead of -CF; groups on CO, and CH, adsorption in
the resultant hypothetical MeMOF-1 structures at three
different temperatures (288, 298, and 308 K) up to 40 bar and
(2) to examine the hydrophobicity and selectivity of CO, and
CH, over water in the resultant MeMOFs vs. their parent FMOF
counterparts. We simulated the CO, and CH, adsorption in
both the parent and methyl-functionalized FMOFs and investi-
gated Henry’s constant (Ky) and the isosteric heat of adsorp-
tion at infinite dilution (Qg) in order to understand the adsor-
bate-adsorbent interactions. These energy parameters,
acquired during the simulation were compared with the Ky
values obtained using the Té6th isotherm model and the Qg
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values derived from the Clausius-Clapeyron equation. By com-
paring the results, we concluded that the substitution of -CHj;
for -CF; can greatly improve the CO, and CH, adsorption
capacity in MeMOF-1, even at wet conditions. The GCMC-pre-
dicted large increase in CO, or CH, adsorption in MeMOF-1 vs
FMOF-1 structures is counteracted by merely subtle compromise
in water rejection, hence resulting in not just similar but indeed
greater CO,/H,0 and CH,/H,0 selectivity in MeMOFs vs. FMOFs.
The selective adsorption of CO, and CH, over water and the
hydrophobicity of the structures were examined under high rela-
tive humidity conditions (RH = 80%). Overall, the computational
findings in this work may pave the way for discovering new
experimental compositions that could be promising alternatives
to fluorinated hydrophobic materials. This predictive work, there-
fore, represents the first step towards the development of a new
chemical composition for fluorine-free adsorbents, coatings, or
additives that may prove promising in the national/international
effort to find alternatives to Teflon, FMOF, ZIF, per- and poly-
fluoroalkyl substances (PFAS), and other hydrophobic materials
without compromising their pertinent desired properties and
uses (indeed, with potential improvement).

This work aims to investigate the impact of de-fluorination
of fluorinated metal-organic frameworks, by replacing F atoms
with H atoms (e.g., —CF; — —CHj,) in some known structures, on
the water-rejection ability of the resulting frameworks during CO,
and CH, adsorption. Though the focus herein is on some poly-
morphic forms of FMOF-1 among those known to date to attain
methylated counterparts (MeMOFs), this strategy is expected to
be applicable to other FMOF and MOF structures reported by the
Omary***° and Miljanié¢*®>** research teams, respectively. This
work represents the first predictive step toward the development
of alternatives to other classes of hydrophobic and/or omnipho-
bic materials (ZIFs, COFs, FMOFs, MOFFs, PFAS, etc.) being
investigated for such attributes.

2. Methodologies
2.1 Adsorbent model

Yang et al. first synthesized FMOF-1, which consists of a per-
fluorinated structure.*> FMOF-1c is the first adsorbent in this
study, which was obtained at 290 K and 61 bar under a carbon
dioxide stream, with CO, guest molecules manually
removed.®” FMOF-1c (Fig. 1a) has a tetragonal crystal structure
with the I42d space group and lattice parameters a = b =
14.0733 A, ¢ = 37.675 A, @ = # = y = 90°. Considering FMOF-1c
as the primary structure, MeMOF-1c was constructed by repla-
cing the —CF; groups with -CH; while retaining the parent
FMOF-1c 3D structure. After the replacement, the preliminary
MeMOF-1c structure was optimized using the Forcite module
of Material Studio,*® as shown in Fig. S1 and S2 (ESI{). The
universal force field,"” which describes bonded and non-
bonded interactions between the framework atoms, was con-
sidered during structure optimization. The final MeMOF-1c
(Fig. 1b) structure was obtained after completing the two-step
optimization process. We followed the same procedures for

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Crystal structures of (a) FMOF-1c and (b) MeMOF-1c. Color code — Ag: cyan, F: pink, N: blue, C: gray, and H: white.

Table 1 Geometric properties of the MOF structures studied in this
work

Surface Pore Channel
Density  area Void volume diameter
Structure (gem™) (m?>g™) fraction (cm’g™!) (A
FMOF-1a 1.76“ 817¢ 0.40¢ 0.22¢ 6.20%
MeMOF-1a  1.26“ 1338 0.48¢ 0.39¢ 6.44
FMOF-1b 1.61¢ 903“ 0.44¢ 0.28¢ 6.80%
MeMOF-1b  1.27¢ 1304° 0.46° 0.36° 6.21¢
FMOF-1c 1.66“ 826 0.41¢ 0.25¢ 6.73%
— 782" 0.41” — 6.30°
1.76° 842° 0.40° 0.23¢ —
MeMOF-1c  1.24° 1425 0.53“ 0.42¢ 6.67"

137 1%,

“This work. ” Moghadam et a Babarao et a

the optimization of MeMOF-1a and MeMOF-1b (Fig. S3 and
S47), which represent analogous modifications of FMOF-1a
and FMOF-1b structures that correspond to the structures of
FMOF-1 obtained under vacuum at 100 K and under a nitrogen
stream at 90 K, respectively (with N, molecules manually
removed from the FMOF-1b structure). Material Studio has the
efficiency to generate feasible crystal structures, and many
researchers have used this software to characterize MOF struc-
tures prior to their synthesis.**>° MeMOF-1c has a tetragonal
crystal structure with the I42d space group and lattice para-
meters a = b = 13.1532 A, ¢ = 37.2022 A, a = § = y = 90°. Both
FMOF-1c and MeMOF-1c possess two types of pores: smaller
and larger. Smaller pores are marked by a red circle, whereas
larger pores are denoted by a brown circle (Fig. 1). The geo-
metrical properties of the structures are shown in Table 1 and
Table S2.1 The energy of the initial structure and the opti-
mized MeMOF-1c structure is compared in Table S1.}

2.2 Interaction potential

To study the CO, and CH, adsorption in the pertinent MOFs
herein, we employ theoretical models of the adsorbates and

This journal is © The Royal Society of Chemistry 2025

adsorbent and a force field that illustrates the adsorbate-
adsorbent energetic interactions.”® A combination of short-
range Lennard-Jones (LJ) and long-range Coulomb potentials
was used to describe the non-bonded interactions, as shown

in eqn (1):
Ve ae ] (90) (0] 49 )
v v Ty T Anegrij

where the interacting atoms are indicated by i and j, ry; is
their interatomic distance, g; and g; are the partial atomic
charges of i and j, respectively, ¢; and o; are the L] poten-
tial parameters describing the well depth and repulsion dis-
tance between i and j, and ¢, is the dielectric constant. The
L] parameters for the framework atoms were taken from the
universal force field (UFF).*””**> The Lorentz-Berthelot
mixing rules® were used to calculate the ¢ and ¢ parameters
between different atom types. A cutoff length of 12.8 A was
considered for all L] interactions and the tail corrections
were ignored. Partial atomic charges are responsible for
electrostatic interactions. The long-range electrostatic inter-
actions were calculated using the Ewald summation
method.>® The partial charges of -CF; groups in FMOF
structures were taken from the work of Dalvi et al,”
whereas those for the remaining FMOF atoms were taken
from Moghadam et al.’s work.>” In the functionalized struc-
tures (MeMOF-1a, MeMOF-1b, and MeMOF-1c), the partial
charges of -CH; groups were calculated using the connec-
tivity-based atom contribution method (CBAC) described by
Xu and Zhong.*® CO, was considered as a linear three-site
rigid model with a C-O bond distance of 1.16 A, following
the TraPPE force field.>” CH, was considered as a spherical
single-site model. The L] parameters and the partial charges
of the framework atoms and adsorbates are listed in Tables
S3-S5.7 The Lennard-Jones parameters of CH, guest mole-
cules were taken from the TraPPE model,”® while water was

Dalton Trans., 2025, 54, 7641-7658 | 7643
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described using the TIP4P model.>® The simulation box con-
sisted of a supercell (2 x 2 x 1 unit cell) with periodic
boundary conditions in all three directions for both struc-
tures. The MOFs were considered as rigid, meaning all
framework atoms remained fixed during the GCMC simu-
lation. To explore the effect of framework flexibility on the
adsorption properties, we performed simulations on three
different MeMOF-1 crystal structures.

2.3 Simulation details

Grand canonical Monte Carlo (GCMC)** simulations were
performed using the RASPA2 code® to study CO, and CH,
adsorption isotherms. For each GCMC run, the number of
gas molecules in the adsorbed phase was allowed to fluctu-
ate, while the chemical potential (u), volume (V), and temp-
erature (T) were kept constant. The isotherms were obtained
by changing the pressure (P) and calculating the average
number of adsorbed molecules (n) as an output of the simu-
lations. Each MC simulation included random insertion, del-
etion, rotation, and translation with equal probabilities.
Fugacities and bulk densities of CO, and CH, were calculated
using the Peng-Robinson®' equation of states. Excess adsorp-
tion isotherms were simulated by considering the void frac-
tion of both the structures (details can be found in the ESIf}).
At each pressure point, 1.0 x 10° cycles were used for equili-
bration, followed by another 1.0 x 10° cycles to determine
the adsorption properties of both CO, and CH,. For pure
and mixed water simulations, 5.0 x 10> cycles were used for
equilibration followed by another 5.0 x 10° cycles for pro-
duction runs.

The isosteric heat of adsorption at infinite dilution and the
change in the heat of adsorption with pressure were calculated
using eqn (2) and (3), respectively:

Qsto = —AH = (Ung) — (Un) — (Ug) —RT (2)
_(UXN), = Uy(N)

M=, ),

£ (Uy) —RT (3)

where (Ung), (Un), and (Uy) are the average energy of a single
guest molecule inside the host, the average energy of the
host, and the average energy of a single guest molecule in the
gas phase, respectively. N is the number of adsorbates in the
system. Henry’s constants (Ky) for CO, and CH, were deter-
mined using the Widom insertion method®® with 100 000
configurationally biased insertions. Ky values were also
obtained from the slope of the isotherms generated using the
Toth parameters in the low-pressure regime. By applying the
parameters ar, by, and m acquired from the Toth fit, we gener-
ated loading (n)-pressure (p) data in the low-pressure region,
where there is a linear relation between n and p. Energy mini-
mization for a single adsorbate molecule inside FMOF-1c and
MeMOF-1c was performed to investigate the contributions of
van der Waals and coulombic interactions to the adsorption
energy. Baker’s minimization method®*®* was employed for
100 independent minimization attempts, with a stopping cri-
terion of an RMS gradient of 1.0 x 107%. The geometrical pro-
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perties of the MOFs such as density, void fraction, pore
volume, and channel diameter were computed using Zeo++
software.®®> The RASPA2 simulation code®® was used to run all
GCMC simulations.

The selective adsorption of CO, and CH, over water in
FMOF-1c was calculated using Henry’s constant ratio (eqn (4))
and from the GCMC simulations (eqn (5)).

SHenry _ KH,adsorbate (4)
Ky, 1,0
where Ky, adsorbate and Ky, p,0 are Henry's constants of the
adsorbate (CO, or CH,) and water, respectively.

Sceme =

(4co, /Pco,)
(gm,0/PH,0) )

where ¢ is the uptake of component i in mol kg™* and p; is the
partial pressure of component i in Pa.

To validate the force field used in this study, we first simu-
lated the CO, adsorption in FMOF-1c at 298 K and compared it
with previously simulated data (Fig. S5 and S61).>” Our simu-
lated data give rise to intermediate uptake and Qg magnitudes
between previously reported isotherms while exhibiting
similar trends and adsorption profiles. The isosteric heat of
adsorption data showed better agreement with experimental
data at very low loading but started to deviate around
2.305 mol kg™ .

Density functional theory (DFT) utilizing the B97D/CEP-31G
functional/basis set combination was used to calculate the
interaction energies. For self-consistent field (SCF) conver-
gence, we set the convergence criteria to 10™", meaning that
the convergence was achieved when the root-mean-square
(RMS) change in the density matrix was less than 10~ and the
maximum change in the density matrix was less than 107°.
The calculations were performed using the Gaussian 16
code;®® further computational details can be found in section
3.5.

2.4 Experimental details for synthesis and contact angle
measurements

MeMOF-2 is formed by the coordination of the ligand 3,5-
dimethyl-1,2,4-triazolate to silver(1) ions, creating a three-
dimensional coordination polymer network. The pure
MeMOF-2 sample in this study was synthesized by modify-
ing the method reported by Zhai et al. in 2009.%” A mixture
of a 1:1 molar ratio of 3,5-Me,(1,2,4-TzH) and AgNO;
(97.1 mg:169.9 mg) was dissolved in 10 mL of methanol.
To this, 5 mL of NH,OH was added to de-protonate the tri-
azole. The resultant solution was refluxed at 55 °C for 72 h.
The precipitate was filtered, washed with cold ethanol and
allowed to dry in air to obtain a pure sample. Contact
angle measurements were performed for a dry-coated
surface of a 1 cm x 1 cm polyethylene terephthalate (PET)
plastic substrate after sanding it with a 3M pro-grade pre-
cision P220 abrasive, following a procedure described by
Chen et al.®®

This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion
3.1 Adsorption isotherms

Pure component CO, and CH, adsorption isotherms were
simulated for FMOF-1¢ and MeMOF-1c at 288, 298, and 308 K
under pressures up to 40 bar. All simulation results are
reported as excess quantities unless otherwise specified. Fig. 2
shows the CO, and CH, uptake of FMOF-1¢ and MeMOF-1c.
The CO, and CH, uptake was found to be much higher in
MeMOF-1c than in FMOF-1c, with the uptake of CO, exceeding
that of CH, in both materials at all temperatures. The results
show the effect of temperature on CO, and CH, adsorption
capacities of the MOF structures. For both FMOF-1c and
MeMOF-1¢, CO, and CH, uptake decreases with the increase in
temperature, as expected for most porous materials. The CO,
adsorption trend is found to be different from that of CH,, as our
GCMC simulations indicate a gradual increase in CO, uptake up
to 20 bar, followed by a plateau. In contrast, CH, exhibits almost
linear isotherms up to 10 bar and does not saturate at 10 bar (in
the case of MeMOF-1c) or even at 35 bar (in the case of FMOF-1c),
consistent with the excellent experimental compressibility
reported for this material upon extrapolating the experimental
uptake from 0-55 bar to 300 bar using the Téth equation.”

Fig. 3a shows a comparison of CO, and CH, adsorption
isotherms of FMOF-1c and MeMOF-1c at 298 K. A sharp rise
in CO, uptake is observed for MeMOF-1c up to 10 bar,
whereas FMOF-1c exhibits a continuous increase in CO,
uptake up to 20 bar and then gradually saturates. However,
these GCMC simulations suggest a nearly linear increment of
CH, uptake in the low-pressure region for both structures.
The sharp rise in CO, uptake indicates a stronger CO,-
MeMOF-1c interaction than that of CO,~-FMOF-1c. MeMOF-1c
shows higher adsorption capacities for both CO, and CH,
than FMOF-1c at 298 K. Similar trends are observed at the
other two temperatures simulated herein (288 and 308 K), as
shown in Fig. S7 and S8.7

—0—CO, (288K)
—a—CO, (298K)
7 4—9—CO, (308K)
—@— CH, (288K)
—@— CH, (298K)
—— CH, (308K)

Uptake (mol/kg)
H

Pressure (bar)
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When computing gas adsorption isotherms in MOFs,
accounting for electrostatic interactions between gas molecules
and framework atoms is crucial. To account for electrostatic
interactions, we must assign charges to the framework atoms.
We have studied the influence of point charges on CO, adsorp-
tion in FMOF-1c at 298 K (Fig. S5t). CO, was selected for our
study as it possesses a permanent quadrupole moment,
whereas CH, 1is a zero-quadrupole-moment material.
Consequently, CO, adsorption is sensitive to the charges of
framework atoms, unlike CH, adsorption. In this study,
FMOF-1c is considered the reference material, while
MeMOF-1c is its methylated analogue. For CO, adsorption iso-
therms in FMOF-1c, we used the charges from a previous
simulation,?” whereby -CF; charges were taken from Dalvi
et al.>® But for MeMOF-1c, we used charges derived using the
connectivity-based atom contribution (CBAC) method of Xu
and Zhong™® for the ~CHj; group. This method assigns charges
to representative atoms of MOF building blocks with the same
bonding environment. To ensure consistency in our analysis,
we used CBAC charges® for -CF; to simulate CO, adsorption
isotherms in FMOF-1c and compared the results (Fig. S5%)
with our previous simulations. We observed a trend in the CO,
adsorption isotherm of FMOF-1c similar to those in both our
previous simulation and experimental data, indicating that the
CBAC charge method has been validated for simulating the
CO, adsorption isotherm in MeMOF-1c. We then studied the
influence of point charges on CO, adsorption for MeMOF-1c at
298 K (Fig. 3b) using two different charge methods: CBAC>®
and the extended charge equilibration (EQeq) method of
Wilmer et al.”" (by assigning point charges that minimize an
energy function that describes properties such as electronega-
tivities or ionization potentials specifically developed/opti-
mized for MOFs). We observed a similar trend for those iso-
therms with little variation in CO, uptake, which suggests that
both methods are validated. Though different charge methods
might yield different predictions for the amount of gas uptake,

Uptake (mol/kg)
F N

—a—CO, (288K)
—a— CO, (298K)
—a—CO, (308K)
—a— CH, (288K)
—a— CH, (298K)
—a— CH, (308K)
0 T T T T T T T T

0 5 10 15 20 25 30 35 40 45
Pressure (bar)

Fig. 2 CO, and CH4 adsorption isotherms of (a) FMOF-1c and (b) MeMOF-1c at 288, 298, and 308 K.
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—9—CO, (FMOF-1c, 298K)

_|~9—CO, (FMOF-1¢c-CHj,, 298K)
-~ CH, (FMOF-1c, 298K)

|9~ CH, (FMOF-1¢-CH,, 298K)

Uptake (mol/kg)

T T T T T

T
0 5 10 15 20 25 30 35 40 45

Pressure (bar)
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—&— Xu and Zhong (CBAC)
—&— Wilmer et al. (EQeq)

Uptake (mol/kg)

o

T T T T T T T

0 5 10 15 20 25 30 35 40 45
Pressure (bar)

Fig. 3 (a) Comparison of CO, and CH,4 adsorption isotherms of FMOF-1c and MeMOF-1c at 298 K. (b) CO, adsorption isotherms of MeMOF-1c

using two different charge methods at 298 K.

we did not observe any significant differences in the CO,
adsorption isotherms of MeMOF-1c.

In order to achieve a qualitative molecular-level perspective
on the guest molecules’ adsorption behavior in each of the two
MOFs, snapshots of CO, and CH, adsorption obtained from
GCMC simulations at 298 K under different pressures are
shown in Fig. 4 and 5, respectively. According to Fig. 4, at low
pressure, CO, and CH, are preferentially adsorbed in the large
cylindrical channel of FMOF-1c. As the pressure increases, the
guest molecules start to emerge near the small-cavity region.
When the pressure is increased further, both the cylindrical
channel and the small cages become gradually populated, as
per these GCMC simulations. It is worth mentioning that the
small cavities are not accessible in FMOF-1c at 278 K, as per
the simulation by Moghadam et al.>” For MeMOF-1c shown in
Fig. 5, it can be observed that both the guest molecules exhibit
occupancy near the small-cavity area at low pressure, in con-
trast to FMOF-1c. Gradually, as the pressure increases, the
cylindrical channels and the small cages become filled.

We also simulated the CO, and CH, adsorption isotherms
in MeMOF-1a and MeMOF-1b and compared them with the
values obtained for MeMOF-1c at 298 K (Fig. S97). As shown in
Fig. S9,f greater CO, and CH, uptake is observed for
MeMOF-1c (expanded structure under a CO, atmosphere) com-
pared to MeMOF-1a (rigid, guest-free, reference structure) or
MeMOF-1b (expanded structure under a N, atmosphere).
While comparing the adsorption capacities of MeMOF-1b and
MeMOF-1c, we notice that MeMOF-1c exhibits significantly
higher CO, uptake than MeMOF-1b. We speculate that this is
due to the higher surface area of MeMOF-1c (1425 m”> g™ *)
compared to that of MeMOF-1b (1308 m> g™ ).

3.2 Isosteric heats of adsorption, Q

The isosteric heat of adsorption (Qy) values at each pressure
point were directly obtained during the adsorption isotherm
simulations. The adsorption amount could be predicted by the
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magnitude of the isosteric heat of adsorption. The Q values
for CO, and CH, adsorption in FMOF-1c¢ and MeMOF-1c at
298 K are shown in Fig. 6. In particular, Fig. 6a compares Qg
for CO, and CH, adsorption as a function of uptake, whereas
Fig. 6b presents Qg as a function of pressure at 298 K. It is
apparent that, for both structures, the Qg value of CO, is
larger than that of CH,. So, the order of isosteric heat of
adsorption is CO, > CH,, consistent with the order of the
adsorption capacity. The Qg value of CO, for FMOF-1c rises
evenly from ~14 to 23 kJ] mol™" (at 298 K), which slightly
underestimates the reported Qg values of CO, for FMOF-1c
(Fig. S61). The Q. values of CH, also exhibit an increasing
trend from ~11 to 14 k] mol™* for FMOF-1c. This increase is
probably due to the lateral interactions of the guest molecules
with the rise in pressure (or the adsorbate concentration).”>”*
On the other hand, the Qs value of CO, adsorption for
MeMOF-1c first declines from 24 to 22 k] mol™, up to around
2.5 mol kg™' (Fig. 6a) or 1.2 bar (Fig. 6b). After that, it
increases rapidly. This indicates that CO,-MeMOF-1c inter-
actions dominate adsorption at low loading levels, whereas the
contribution of CO,-CO, interactions escalates after preferen-
tial site occupation. The Qg values of CH, adsorption remain
almost unchanged over the entire pressure range due to
adsorption site saturation.”>’® For MeMOF-1c, we observe a
larger number of guest molecules (both CO, and CH,) than for
FMOF-1c, resulting in a higher condensed phase at a particu-
lar pressure compared to FMOF-1c. Subsequently, the isosteric
heats of adsorption of both CO, and CH, for MeMOF-1c are
larger than that for FMOF-1c. Since Q. values are lower than
40 kJ mol™!, CO, and CH, adsorption in the considered MOF
structures is a physisorption process.”” The Q values at the
other two temperatures are depicted in Fig. S10-S12.}

We also studied the Qg of CO, and CH, adsorption for
MeMOF-1a and MeMOF-1b and compared them with
MeMOF-1c data at 298 K (Fig. S1471). Table 2 displays the Qg
values of the CO, and CH, adsorbates at 298 K. For all the
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Fig. 4 Snapshots at 1, 5, and 40 bar, respectively, of FMOF-1c for (a—c) CO, occupancy (red spheres) and (d—f) CH4 occupancy (blue spheres).

adsorbents, the Qg values of CO, adsorption initially exhibit a
decreasing trend up to 1.4 mol kg™ (corresponding to 2 bar)
and then an increasing trend. The Q values of CH, adsorp-
tion remain almost unchanged throughout the entire loading/
pressure range. According to Fig. S14,f MeMOF-1c exhibits
higher Qg values compared to the other two adsorbents, for
both CO, and CH,. Generally, smaller pores of porous
materials display higher Qg values, as smaller pores have
shorter distances between the pore walls that result in stronger
adsorbate-adsorbent interactions.”®”® The highest Qy values
at low loading for MeMOF-1c are due to the strong adsorption
of adsorbates (CO, and CH,) in the small-cavity region (Fig. 5).
While comparing the Qg values for MeMOF-1a and
MeMOF-1b, we observed that MeMOF-1b exhibits higher
values than MeMOF-1a. We speculate that this is due to the
smaller small-pore diameter of MeMOF-1b (6.21 A) than that

This journal is © The Royal Society of Chemistry 2025

of MeMOF-1a (6.44 A), even though the large-channel dia-
meters show the opposite trend.

The adsorbate-adsorbent interaction strength can also be
characterized by studying the heat of adsorption at infinite
dilution, Qgo. A stronger interaction between the gas adsorbate
molecule and the host MOF material is reflected by a greater
Qsto0.%° Likewise, Henry’s constant, Ky, can indicate the adsor-
bate affinity to the adsorbent. A larger Ky value represents a
greater affinity of the adsorbate. Both Ky and Qg were esti-
mated using the Widom insertion method, and the results are
presented in Fig. 7a and b, respectively.

The Henry’s constant of CO, in the studied MOFs was
found to be about 1.5-fold larger than that of CH,, whereas the
isosteric heats of adsorption at infinite dilution for CO, was
around 1.2-fold larger compared to CH,. According to this
finding, the order of the affinity is CO, > CH,4, which could be
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Fig. 5 Snapshots at 1, 5, and 40 bar, respectively, of MeMOF-1c for (a—c) CO, occupancy (red spheres) and (d—f) CH4 occupancy (blue spheres).

due to the permanent quadrupole moment of the CO, mole-
cule that generates an electrostatic force.®’ The Ky values for
CO, adsorption in MeMOF-1c were found to be more sensitive
to temperature changes in comparison with FMOF-1c, decreas-
ing slowly with increasing temperature. At 298 K, the Ky and
Qsto values for CO, adsorption in FMOF-1c are 1.81 x 10~° mol
kg™' Pa~! and 13.71 k] mol ™", respectively. The corresponding
values obtained for CO, adsorption in MeMOF-1c are 1.56 X
107> mol kg™" Pa~" and 24.51 k] mol ™', respectively. Likewise,
our MC simulations (Widom insertion) predict larger Ky and
Qsto values for CH, adsorption in MeMOF-1c than in FMOF-1c.
Hence, it can be concluded that CO, and CH, exhibit
greater affinity and stronger interaction strength in MeMOF-1c
than in FMOF-1c, which can be attributed to the methyl group
ligand functionalization.

7648 | Dalton Trans., 2025, 54, 7641-7658

Fig. S157 displays the percentage increase of both CO, and
CH, uptake and the isosteric heat of adsorption at infinite
dilution as a result of -CH; functionalization in MeMOF-1c.
The (Nmemor-1c — Nemor-1c)/Nemor-1c ratio was used to calculate
the percentage increase in adsorption. Here, Nyemor-1c and
Nemor-1c denote the amounts of adsorbates adsorbed in func-
tionalized (MeMOF-1c) and parent (FMOF-1c) MOFs, res-
pectively, at 1 bar and 298 K. For the isosteric heat of
adsorption at infinite dilution, the comparison was made via
the (Qswomemoric — Qstormoric)/Qswrmoric Tatio, where
Qsto-memor-1c and Qgro-rmor-1c represent the isosteric heat for
the methyl-functionalized MeMOF and the parent FMOF,
respectively.

The larger uptake of CO, in MeMOF-1b compared to
MeMOF-1a at the low-pressure region (Fig. S91) could be

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5dt00242g

Published on 17 March 2025. Downloaded on 3/14/2026 6:36:06 PM.

Dalton Transactions

a. 32
@ CO, (FMOF-1c, 298K)
304 @ CO,(MeMOF-1c, 298K)
@ CH, (FMOF-1c, 298K) 3
284 @ CH, (MeMOF-1¢,298K) °
26 - 0?
o
244 @ 0 °
3 .1° o
£ 22- o0 f
S )
X< 204 Y
3 o
C 18 o o 009
929 g9 909 ©
16 o
o
14
o
12
10 L} T T T T T T T
0 1 2 3 4 5 6 7 8
Uptake (mol/kg)

View Article Online

Paper

30 1 )
°
) ° o
28 1 @ @ CO, (FMOF-1c), 298K
26 °® @ CO, (MeMOF-1c, 298K)
T ° @ CH, (FMOF-1c, 298K)

24 i @ CH, (MeMOF-1c, 208K)
° s%oo ° °
£ 22- o ©
2 o
= 204 )

Id
C 18 4 e 9 9 ) ° °
0989 °° @
16 o
)
14 o o o o
° ° °
12 0000 @
10 T T T T T T T

T T
0 5 10 15 20 25 30 35 40 45
Pressure (bar)

Fig. 6 Simulated isosteric heats of adsorption, Qg, for CO, and CH4 of FMOF-1c and MeMOF-1c: (a) as a function of uptake and (b) as a function of

pressure at 298 K.

Table 2 Qg values for CO, and CH,4 adsorption in methyl-functiona-
lized MeMOFs, structural analogues of FMOF structures

Qsto (kJ mol ™)

Adsorbent CO, CH,

MeMOF-1a 20.20 14.16
MeMOF-1b 21.36 15.08
MeMOF-1c¢ 24.51 17.02

explained by the Ky values for CO, at 298 K (Fig. S167). Since
Ky characterizes adsorbate-adsorbent interactions while ignor-
ing adsorbate-adsorbate interactions, the larger Ky for CO, in
MeMOF-1b indicates stronger CO,-MeMOF-1b interaction
compared to CO,-MeMOF-1a interaction, resulting in higher
CO, uptake in MeMOF-1b up to around 5 bar, where adsor-

a. -100 b. %
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bate-adsorbent interactions play the dominant role in CO,
adsorption.

3.3 Interaction energy effects

The interaction energy contributions to the adsorption mecha-
nism of CO, and CH, in FMOF-1c and MeMOF-1c at 298 K, as
presented in Fig. 8 and S17-S26,T are consistent with the dis-
cussion in section 3.2. The percentage contribution of the
guest-guest and host-guest interaction energies to the total
energy shows that the host-guest interaction energy decreases
with increasing pressure up to 40 bar. In contrast, the guest-
guest interaction energy increases during CO, and CH, adsorp-
tion for both structures, up to a pressure of 40 bar.

Fig. S271 shows the relative contributions of van der Waals
(vdw) and coulombic interactions to the total adsorption
energy of CO, and CH, in FMOF-1c and MeMOF-1c. The inter-

Temperature (K)

Fig. 7 (a) Henry's constant, Ky, and (b) isosteric heat of adsorption at infinite dilution, Qgo, for CO, and CH,4 at various temperatures in MeOF-1c

and FMOF-1c structures, obtained from the Widom insertion method.
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Fig. 8 The breakdown of (a) total potential energy and (b) percentage of total potential energy into host—guest and guest—guest contributions for
CO, and CH,4 adsorptions in FMOF-1c, obtained from GCMC simulations at 298 K.

action of CO, is significantly stronger than that of CH, in ana-
logous FMOF and MeMOF structures. Additionally, MeMOF-1c
exhibits stronger interactions than FMOF-1c for both CO, and
CH, adsorptions. The CH, model used in our simulations has
no charges. Therefore, no electrostatic interactions are present
among the CH, molecules and MOF atoms. Consequently, the
adsorption energy for CH, arises purely from van der Waals
interactions. For CO,, on the other hand, the collective inter-
action consists of both vdW and coulombic interactions, with
the coulombic interaction contribution being relatively small
compared to the vdW interaction (20% vs. 80%, respectively).
All these data confirm that the functionalization/de-fluorina-
tion of FMOF-1c to MeMOF-1c (i.e., replacing -CF; with -CHj;
groups) leads to increased adsorption energy.

Fig. 9 depicts the adsorbate positions in FMOFs after
Baker’'s minimization.>®* The nearest distances between
CO,---F_CF; and CH,---F_CF; are 3.88 and 4.45 A, respectively,
in FMOF-1c. On the other hand, the nearest distances between
CO,---H_CHj; and CH,---H_CHj; are 3.18 and 3.82 A, respect-
ively, in MeMOF-1c after minimization. Apparently, CO, and
CH, molecules are much closer to H_CH; in MeMOF-1c than
to F_CF, in FMOF-1c, with the values of 0.70 and 0.63 A,
respectively. It should be noted that the covalent radii of F and
H are 0.71 and 0.37 A, respectively.®! Given that the differences
between the guest---H and guest.--F distances (0.70 and 0.63 A)
are higher than the difference between the covalent radii of F
and H (0.34 A), these results suggest genuinely stronger inter-
actions of both adsorbates with MeMOF than with FMOF
adsorbents.

3.4 Isotherm models

The adsorption isotherms obtained from molecular simu-
lations were fitted using three different models: Langmuir,
Langmuir-Freundlich (L-F), and T6th models. The goodness-
of-fit for each model with respect to the adsorption isotherms
was assessed using the residual root-mean-square error

7650 | Dalton Trans., 2025, 54, 7641-7658

(RMSE) and the chi-square test (y°). Further details can be
found in the ESI.} Fig. S28-S30t depict the fitting curves of
adsorbates for FMOF-1c at 288, 298, and 308 K. The fitting
parameters and goodness-of-fit parameters are presented in
Tables S6 (Langmuir), S7 (Freundlich-Langmuir), and S8
(T6th) for FMOF-1c. 1

As summarized in Table S8,7 the comparison of the ar para-
meter at all temperatures suggests ar (CO,) > ar (CH,), indicat-
ing that CO, reaches saturation and exhibits a higher
maximum uptake than CH,. The pressure required by the gas
to attain a stable point follows the order CH, > CO,, as indi-
cated by by, which is inversely proportional to the pressure
needed for saturation. As a result, CO, adsorption is higher
than CH, adsorption in the low-pressure region.

The smallest RMSE and y” values for the Téth model indi-
cate the best fitting for CO, and CH, isotherms in FMOF-1c
compared to the other models. For CO,, the Langmuir model
underestimates the uptake between 1.0 x 10° Pa and 3.0 x 10°
Pa while it overpredicts at very low and high-pressure regions.
All models show better fitting for CH, than for CO,. From the
To6th model for FMOF-1c¢, we observe a deviation of the hetero-
geneity parameter from unity, suggesting that FMOF-1c acts as
a heterogenous surface during adsorption for both adsorbates.
The same conclusion can be drawn while comparing the
models for MeMOF-1c, as shown in Fig. S49-S51, and from the
fitting parameters given in Tables S9 (Langmuir), S10
(Langmuir-Freundlich), and S11 (Té6th).T

The isosteric heats of adsorption at infinite dilution (Qsy)
were calculated using the Clausius-Clapeyron equation®
(ESIT) based on the pure component CO, and CH, adsorption
isotherms at 288, 298, and 308 K obtained by GCMC simu-
lation. Since the T6th model provided the best characterization
of CO, and CH, adsorption in MOFs, we used the T6th model
parameters to generate pressure (p)/loading (n) pairs to esti-
mate the Qg values. We compared the values of isosteric
heats of adsorption at infinite dilution (Qg) obtained from
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Fig. 9 Adsorption sites of (a) CO, and (b) CH4 in FMOF-1c and (c) CO, and (d) CH4 in MeMOF-1c. Initial and final (after minimization) positions of
CO, are represented by orange and dark-red spheres, respectively, while analogous symbols for CH, are shown as cyan and dark-blue spheres,
respectively; gray spheres represent different positions of molecules during minimization, with some points omitted for clarity purposes.

the Clausius-Clapeyron equation to those acquired from MC
simulation (using the Widom insertion method) at different
temperatures (Table 3). The results are comparable for CH,,
while for CO,, the Qg values obtained from the Clausius-
Clapeyron method are higher. It is worth mentioning that our
calculated Qg value for CO, at 298 K in FMOF-1c¢ (16.95 kJ
mol ") using the Clausius-Clapeyron equation is comparable
to the reported value (16.49 kJ mol ") found in the literature.

We also compared Henry’s constants of CO, and CH,
obtained from the Widom insertion method®® using RASPA2
(Kw, raspa) With the values (Ky, tom) calculated from the slope
of the isotherms generated using the T6th parameters in the

Table 3 Qo (kJ mol™) for CO, and CH, adsorption in FMOF-1c and
MeMOF-1c

low-pressure regime. Fig. S70-S7371 depict the pressure range
used for Ky calculations in MOFs, and the results are summar-
ized in Table S12,7 showing a satisfactory agreement between
the two sets of values.

3.5 Interaction energies from DFT calculations

Density functional theory (DFT)-based calculations were used
to obtain the interaction energy (IE) of the adsorbates (CO,
and CH,) with -CF; in FMOF-1c¢ and -CH; in MeMOF-1c
(Table 4 and Fig. 10a-d). The density functional B97D and the
CEP-31G basis set were used in this study with the Gaussian16
code.®® Only the triazole bearing two —~CF; or two ~CH; substi-
tuents at the 3,5-positions was used in the molecular model

Table 4 DFT-based (B97D/CEP-31G) interaction energy of CO, and
CHy, in small molecular models of FMOF and MeMOF

QstO
(Clausius- Qo Qsto Qsto Interaction
Guest Adsorbent Clapeyron) (MC/288K) (MC/298 K) (MC/308K)  Adsorbate Substituent energy (kJ mol™)
CO, FMOF-1c 16.95 13.85+2.56 13.71+£2.49 13.69+2.41 CO, -CF; (FMOF-1c) —-18.20
MeMOF-1c¢ 30.58 25.15 +2.67 24.51+£2.61 23.95=*2.50 -CH; (MeMOF-1c) —22.46
CH, FMOF-1c 11.28 11.60 +2.56 11.54 +2.48 11.48+2.40 CH, -CF; (FMOF-1c) —6.00
MeMOF-1c¢ 18.24 17.28 +2.64 17.02 +£2.57 16.82 +2.47 -CH; (MeMOF-1c) -11.33

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 DFT-optimized structures of the parent CFz-substituted linker with (a) CO, and (b) CH,4 and the methyl-functionalized linker with (c) CO,

and (d) CH,. Color code — O: red, F: pink, N: blue, C: gray, and H: white.

for interaction with CO, or CH, (see Fig. 10), in order to make
high-accuracy DFT computations that account for dispersion
(physisorption/van der Waals interactions) feasible. For the
convergence of the optimized structures, we examined the
“Maximum Force” and “RMS Force” values within the optimiz-
ation output, to make sure they fell below the predefined
threshold values. In Gaussian 16, the default threshold values
and “RMS Force” during geometry
optimization are typically set to 0.000450 Hartree Bohr™" and
0.000300 Hartree Bohr™', respectively. The lower values of
“Maximum Force” and “RMS Force” than these threshold
values ensured the convergence of the optimized structures, as
shown in Fig. 10.

As per Table 4, the interaction energy of CO, is higher than
that of CH, for both FMOF-1c and MeMOF-1c. It is also
observed that -CH; functionalization affords stronger inter-
actions with CO, and CH,; compared to the parent —CF;
functionalization. These results are consistent with the Qg
values obtained either from MC simulations or via the
Clausius-Clapeyron equation. The interaction energy between
CO, and —CHj; groups is —22.46 k] mol™*, which is comparable
to the value reported by Gu et al®® The larger interaction
energy of CO, compared to CH, can be ascribed, at least in
part, to the quadrupole moment of CO,.>* We observe a
smaller distance between O_CO, and H_CH; in comparison
with O_CO, and F_CF;, which also supports the aforemen-
tioned contention of stronger CO, interaction in MeMOFs
than in FMOFs. The same analogy applies to CH, interaction,
as suggested upon comparing the distances between H_CH,
and F_CF; vs. H_CH, and H_CHg;, even after considering the
covalent radius difference between F and H.

Given that the DFT calculations suggest a stronger inter-
action energy of CH, with the -CH; group in MeMOF-1 com-
pared to the -CF; group in FMOF-1c, one may ascribe this to
stronger interactions of CH, molecules with the —-CF; groups
due to the presence of a partial negative charge on the rather

for “Maximum Force”
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electronegative F atoms. In contrast, the H atoms in the -CH;
group possess partial positive charges, and one might expect
repulsive forces among the H atoms of the CH, molecule and
those of the -CH; group. However, the calculations indicate an
attractive C-H---H-C interaction (even stronger than the C-
F---H-C interaction), which is not surprising. This could be
explained by the dispersion stabilization of CH, molecules
based on the valence bond (VB) model, as studied by Danovich
et al.® The VB analysis revealed that the stabilization of C*-
H™---H'-C” interaction arises due to the alternation of atomic
charges (i.e., C"H'---H C" and C-H---H-C), thereby leading to
an electrostatic interaction. This phenomenon is consistent
with the classical mechanism of oscillating dipoles as the
source of dispersion interactions. The presence of attractive C—
H---H-C interactions was further confirmed by other research-
ers based on theoretical calculations using “quantum theory of
atoms in molecules” (QTAIM) in planar aromatic systems.*®™*°

3.6 Selectivity and hydrophobicity of the MOFs

We investigated MeMOFs and FMOFs for their selective
adsorption of CO, and CH, over water. As shown in Fig. S74,7
the CO, and CH, adsorption selectivity values over water were
comparable, obtained using two different methods (discussed
in section 2.3; vide supra) for FMOF-1c at 298 K. The selectivity
of CO, over water in FMOF-1c is 6.4, derived from GCMC simu-
lations, whereas the value acquired from Henry’s constant
ratio is 6.5. The selectivity of CH, over water in FMOF-1c is 4.3
and 3.9 obtained from GCMC simulations and Henry’s con-
stant ratio, respectively. The CO,/H,O selectivity using GCMC
simulations was examined for a binary mixture of CO, and
H,0 (CO,: H,0 = 7:2 at 80% RH, corresponding to 3280 Pa) at
0.15 bar and 298 K. For CH,/H,O selectivity, we modeled a
binary mixture of CH, and H,O at 95% RH, 1 bar and 298 K.
The CO,/H,0 and CH4/H,O selectivity for a set of MOFs
was calculated using their Henry’s constant ratios, as shown in
Fig. 11. We compared the results of different FMOF and

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 (a) Henry's constant (Ky) for H,O, CO,, and CH, at 298 K; (b) adsorption selectivity of CO, and CH,4 over water for various MOFs at 298 K.

MeMOF structures with those of a prototypical hydrophobic
MOF, ZIF-8. The Ky values of CO,, CH,, and H,O in ZIF-8 from
our simulations are 2.01 x 10™> mmol ¢"* Pa™", 1.09 x 107>
mmol g~ Pa~" and 2.61 x 107° mmol g~" Pa~", respectively.
These values are comparable to those obtained by Moghadam
et al.®’ - namely 1.50 x 10> mmol g~* Pa™" for CH, and 2.60 x
107® mmol g~' Pa~" for H,O - suggesting good validation for
our methodology. Overall, the results suggest that ZIF-8 has
the largest Ky values for “dry” CO, and CH,, as expected for
such a high-surface-area standard hydrophobic framework.

The highest selectivity for CO, over H,O was obtained for
MeMOF-1c with a value of 11.9. ZIF-8 shows the largest Ky; for
H,0 among all the hydrophobic structures investigated. The
higher CO,/H,O0 selectivity of MeMOF-1c compared to ZIF-8 is
due to the relatively lower Ky value for H,O adsorption in
MeMOF-1c compared to that in ZIF-8. On the other hand,
FMOF-1a shows the highest selectivity for CH, over H,O -
likely due to its lowest Ky value for H,O adsorption. The CH,/
H,O selectivity was 5.7 for FMOF-1a, which is higher compared
to ZIF-8, whereas all other structures showed comparatively
lower values.

The simulated pure component water adsorption isotherms
are presented in Fig. 12 for both the parent ~CF; and the -CHj;
functionalized MOFs at 298 K. As water interaction is highly
sensitive to the charges of framework atoms, we used two
different charge methods, CBAC>® and EQeq,”" to predict the
water adsorption isotherms of the adsorbents. A Type V water
adsorption profile was observed for MeMOF-1c, indicating the
presence of weak interactions between the adsorbate and the
adsorbent, using the CBAC method. The water condensation
pressure, P., for MeMOF-1c was found to be 4500 Pa, close to
saturation. In contrast, these simulations do not predict any
water condensation in MeMOF-1c based on the EQeq method.
Likewise, no water condensation pressure was found for
FMOF-1c. Fig. S751 shows the number of water molecules
adsorbed in FMOF-1c at 298 K and 4500 Pa as a function of
the number of MC cycles. This graph confirms the water con-
vergence in hydrophobic FMOF structures, and thus, we con-

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 Water uptake for FMOF-1c and MeMOF-1c at 298 K.

clude that the water adsorption isotherms shown in Fig. 12 are
reliable.

Lastly, we used GCMC simulations to model a binary
mixture of CH, and water at 80% relative humidity to examine
the influence of water/high humidity on CH, uptake in
FMOF-1c (Fig. 13) and MeMOF-1c (Fig. 14). The isotherms
show similar CH, uptake under both dry and wet conditions,
demonstrating negligible loss of CH, uptake at 80% relative
humidity in FMOF-1c. The impact of humidity on CO, and
CH, adsorption in MeMOF-1c was also considered to study the
effect of -CH; functionalization on CO, and CH, uptake under
humid conditions (Fig. 14). Thus, GCMC simulations were per-
formed to obtain excess adsorption isotherms for pure-com-
ponent CO, and CH, as well as binary mixtures of CO,/H,O
and CH,/H,O at 80% RH and 298 K in MeMOF-1c (Fig. 14).
MeMOF-1c exhibits a much higher uptake of CO, and CH,
than H,O. Although the interaction of H,O with the methyl-
functionalized MOF, MeMOF-1c, is higher than that with the
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Fig. 13 Adsorption isotherms of pure component CH,; and a binary
mixture of CH,4 and H,O at 80% relative humidity in FMOF-1c at 298 K.

parent MOF, FMOF-1c, this higher H,O interaction did not sig-
nificantly affect the CO, and CH, uptake in MeMOF-1c at 80%
RH (Fig. 14). We speculate that this nominal influence on CO,
and CH, uptake in MeMOF-1c is due to the lower partial
pressure of water (3280 Pa) than the observed water conden-
sation pressure (4500 Pa). We simulated the 80% RH by fixing
the partial pressure of water at 3280 Pa throughout the iso-
therm, based on the vapor pressure (4100 Pa) predicted by the
TIP4P water model. As shown in Fig. 12, water condensation
occurs at 4500 Pa, which is higher than the partial pressure of
water (3280 Pa) in the binary mixture.

3.7 Experimental validation of the PXRD pattern and
superhydrophobicity of MeMOFs

The successful synthesis of a MeMOF-2 composition, corres-
ponding to the {Ag(3,5-(CH;),-1,2,4-triazolate)} empirical

-9~ Pure CO,
—#-CO, at 80% RH
>~ H,0 at 80% RH

Uptake (mol/kg)

0= T T T T T

0 5 10 15 20 25 30 35
Pressure (bar)
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formula of the simulated structures, was confirmed by powder
X-ray diffraction (PXRD). The PXRD pattern for this syn-
thesized material, however, corresponded to a different crystal
structure pattern published by Zhai et al.®” The two patterns
show excellent agreement, as shown in Fig. 15a.

It should be noted that the structure of the simulated
MeMOF-1 and the synthesized MeMOF-2 are dissimilar, as
revealed by the PXRD pattern in Fig. 15b, but more similar to
the analogous FMOF-1 structure even after the -CF; — —CHj;
replacement. This underscores the complexity of predicting
the structure of the actual polymorph upon synthesis guided
by such simulations. Despite this, the retention of the pre-
dicted hydrophobic properties in the synthesized compound,
based on contact angle measurements (Fig. 16), suggests that
the underlying design principles are still valuable. A crystal
structure or PXRD pattern with the same Ag,[Ag,Tzs] unit cell
formula and topology as the simulated hypothetical structures
for MeMOF-1a/1b/1c, which correspond to the analogous
FMOF-1a/1b/1c experimental structures, has not yet been iso-
lated. Also, GCMC simulations of CH,/CO,/H,0 adsorption for
the experimental structure of MeMOF-2 that we have syn-
thesized, which corresponds to that reported by Zhai et al.,%”
are not feasible because of the very low porosity of this experi-
mental structure compared to MeMOF-1a/1b/1c hypothetical
structures. Nevertheless, the simulations for the hypothetical
structures are still valuable, not only in anticipation of the cul-
mination of our ongoing efforts to isolate these or other
porous structures experimentally, but also for the experimental
and other possible low-porosity MeMOF-2 compositions
corresponding to the same {Ag(3,5-(CHj),-1,2,4-triazolate)}
empirical formula. This is because the guest adsorption and
water repulsion attributes are generally a function of the
surface interaction energy between a given guest molecule and
the surface functional group of the MOF, which is minimally
dependent on porosity. This is validated by the general agree-
ment between the DFT simulations for CH,/CO, with the 3,5-

b. s

-@-Pure CH,
—#—CH, at 80% RH
9-H,0 at 80% RH

Uptake (mol/kg)

0 ‘I} - 7 T T T T
0 5 10 15 20 25 30 35
Pressure (bar)

Fig. 14 Adsorption isotherms of (a) pure component CO, and a binary mixture of CO, and H,O at 80% relative humidity and (b) pure component
CH, and a binary mixture of CH,4 and H,O at 80% relative humidity in MeMOF-1c at 298 K.
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Fig. 15 (a) PXRD pattern of the synthesized MeMOF-2 in this work (blue) overlaid with the published PXRD pattern by Zhai et al. (red)®” and (b)
experimental PXRD pattern of the MeMOF-2 sample experimentally prepared herein (blue) overlaid with the simulated PXRD patterns corresponding
to the experimental crystal structure of FMOF-14° (green) and its hypothetical MeMOF-1c analogue (black).

180

—&—171.97

160
140
—$—131.25
120
100

80 1 —I— 77.87
—$—73.80

60

Contact angle (degree)

T T T T
PET Only PET Control Treated PET_1 Treated PET_2

J ! '
- A
Vo
131.25. o
174,92,

Fig. 16 Water-drop contact angle data for PET only, PET control
(sanded), treated PET_1 (FMOF-1@PET), and treated PET_2
(MeMOF-2@PET) from left-to-right, respectively. Contact angle values
are shown as average + standard deviation from triplicate (n = 3)
measurements.

a0 e

(CH3),-1,2,4-TzH ligand in Table 4 and the GCMC-derived Qs
values in Tables 2 and 3 (with analogous comparisons for
FMOF-1%, further validated by experimental Qg values).
Furthermore, Galli et al.>® reported that another water repul-
sion metric, low-x (dielectric constant) at high humidity, was
sustained and even slightly enhanced for FMOF-1 samples
when pressed at very high pressure, rendering them amor-
phous instead of crystalline (hence greatly reducing their

porosity).

This journal is © The Royal Society of Chemistry 2025

We have sought experimental validation of the GCMC-pre-
dicted hydrophobicity of the MeMOF-2 composition, [Ag
(Me,Tz)].. As shown in Fig. 16, the PET plastic substrate exhi-
bits an increase in water-drop contact angle by ~100°, from
~74° (merely hydrophobic) to ~172° (superhydrophobic). This
contact angle for MeMOF-2@PET is similar to, and indeed
slightly higher than, that (~160°) we reported for a neat pellet
of FMOF-1 formed spontaneously after the high-pressure CO,
adsorption experiment®” and significantly higher than that for
the FMOF-1@PET sample (~131°) tested herein under the
same conditions for comparison.

4. Conclusions

GCMC simulations were performed to study the CO, and CH,
adsorption isotherms at three different temperatures (288,
298, and 308 K) in the parent, FMOF-1, and analogous methyl-
functionalized MeMOF-1 structures, where -CF; groups in
FMOF-1 were replaced by -CHj;, using a force field that has
been validated. The thermodynamic parameters (Henry’s con-
stants and isosteric heat of adsorption at infinite dilution)
were obtained directly from MC simulations (using the Widom
insertion method). The adsorption isotherms generated by
molecular simulations were fitted to the Langmuir,
Freundlich-Langmuir, and Téth models. The To6th model
showed the best fit for both CO, and CH, in FMOF-1 and
MeMOF-1 at all three aforementioned temperatures, as indi-
cated by the lower residual root-mean-square error and chi-
square values. Our results for Henry’s constants (Ky;) and isos-
teric heat of adsorption at infinite dilution (Qgy), obtained
either during the simulation or by using the Téth isotherm
model, are highly consistent and demonstrate that CO, and
CH,4 have a greater affinity for MeMOF-1 than for FMOF-1, and
for the same MOF, the order is CO, > CHy, as indicated by the
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higher Ky and Qg values. The larger uptake of CO, and CH,
in MeMOF-1 predicted by GCMC simulations is attributed to
the effect of -CH; functionalization of FMOF-1. The selectivity
and hydrophobicity were also investigated. The findings
showed that water either does not condense at all, in one
model, or condenses near saturation at 4500 Pa in another
model, in MeMOF-1, similar to the FMOF-1¢ behavior, which
exhibited no water condensation in either model. Most impor-
tantly, no loss of CO, or CH, uptake was observed at 80% RH
in the methyl-functionalized MOFs. Hence, MeMOF-1 is a
promising candidate for CO, and CH, capture under humid
conditions, suggesting that MeMOFs are potential fluorine-
free superhydrophobic alternatives to FMOF, ZIF, Teflon, and
PFAS materials. Finally, proof-of-concept experimental data
validated the superhydrophobic nature of the MeMOF-2 com-
position, which increased the water-drop contact angle from
~74° to ~172° upon dry-coating a plastic substrate with
MeMOF-2.
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