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ABSTRACT: Metal—organic frameworks (MOFs) are promising
adsorbents for CO, capture due to readily tunable porosity and
diverse functionality; however, their performance is deteriorated by
the presence of H,O in a flue gas. Fluorinated MOFs (FMOFs)
may impede H,O interaction with frameworks and enhance CO,
adsorption under humid conditions. In this study, a multiscale
computational screening study is reported to identify the top
FMOFs for CO, capture from a wet flue gas. Initially, geometric
properties as well as heats of H,O adsorption are used to shortlist
FMOFs with a suitable pore size and weak H,O affinity. Then,
grand-canonical Monte Carlo simulations are conducted for
adsorption of a CO,/N,/H,0 mixture with 60% relative humidity
in 5061 FMOFs. Based on the adsorption performance, 19 FMOFs
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are identified as top candidates. It is revealed that the position of F atom, rather than the amount, affects CO, adsorption; moreover,
N-decorated FMOFs are preferential for selective CO, adsorption. Finally, the hydrostability of the top FMOFs is confirmed by first-
principles molecular dynamics simulations. From a microscopic level, this study provides quantitative structure—performance
relationships, discovers hydrostable FMOFs with high CO, capture performance from a wet flue gas, and would facilitate the
development of new MOFs toward efficient CO, capture under humid conditions.

KEYWORDS: metal—organic frameworks, CO, capture, adsorption, Monte Carlo simulation, molecular dynamics simulation,

hydrostability

1. INTRODUCTION

Rapid increase of CO, emissions is considered the primary
reason for global warming and climate change.l’2 Several
technologies have been proposed for CO, capture including
amine sorption, cryogenic distillation, membrane separation,
and solid adsorption.” As a special class of nanoporous
materials, metal—organic frameworks (MOFs) have emerged
as promising adsorbents for the capture of CO, from flue
gas.s_8 Consisting of metal nodes and organic linkers, MOFs
are extended networks with a wide range of surface areas, pore
volumes, and functional groups. Although MOFs have been
extensively examined for CO, capture, their performance is
severely reduced by H,O in a wet flue gas.”'" Therefore, there
has been considerable interest in developing MOFs that can
maintain CO, capture performance under humid conditions.

To date, a great number of MOFs have been synthesized
experimentally and generated computationally.'”'” High-
throughput computational screening is an effective way to
identify promising MOFs for gas adsorption and separation,
particularly for CO, capture. For instance, adsorption of CO,,
N,, and CH, in 137953 hypothetical MOFs (hMOFs) was
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simulated, and the relationships between structural character-
istics and performance criteria were established toward CO,/
N, and CO,/CH, separation."” Based on the adsorption,
diffusion, and permeation of CO,, N,, and CH, 137953
hMOFs were screened for single-step membrane separation of
a CO,/N,/CH, mixture.'"* Hydrophobic computation-ready
experimental (CoRE) MOFs were shortlisted for separation of
CO, and H,S from a CH,/C,H¢/C;Hs/H,S/CO,/H,0
mixture.'” The Cambridge Structural Database (CSD) MOFs
were screened for CO, capture, and a handful of MOFs were
identified to possess selective adsorption and molecular sieving
capabilities.'® About ~20000 hMOFs with diverse metal
nodes, organic linkers, functional groups, and pore geometries
were designed and assessed for post-combustion CO,
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capture.'” From a library of over 300 000 hMOFs, different
CO, binding sites were classified, and water-stable MOFs were
identified and further synthesized."®
Most of the aforementioned screening studies for CO,
capture were focused on dry flue gas without considering the
effect of humidity. Practically, H,O is ubiquitously present in a
flue gas, and its effect must be taken into account. Among
different subclasses of MOFs, fluorinated MOFs (FMOFs)
possess unique properties such as high electronegativity, low
electric polarizability, hydrophobicity, and selective adsorption.
The hydrophobic nature of FMOFs was demonstrated by
conﬁning water clusters in a FMOF, namely [Ag(tz)¢] (tz =
3,5-bis(trifluoromethyl)-1,2,4-triazolate).'” With these salient
features, FMOFs have been highly regarded as 1ntr1gu1ng
materials for CO, capture under humid conditions.”® Notably,
Eddaoudi and co-workers designed a series of FMOFs, based
on inorganic fluorinated anions (e.g, MF¢>~ and MOF¢*"),
w1th excegptlonal CO, capture capability in the presence of
0.”'7** NU-1000 functionalized with perfluoroalkanes of
various chain lengths (C,—C,) was shown to selectlvely adsorb
CO, with moderate to high heat of adsorption.”* Decorated
with —CF; groups in channels and pockets, superhydrophobic
FMOF-1 was found to exhibit high CO2 adsorption even in the
presence of 80% relative humidity.”> Increased CO, uptake
and CO,/N, selectivity were observed with increasing number
of F atoms by stepwise fluorination in ultramicroporous
MOFs.*®
Considering the large number of FMOFs available in the
literature, the full potential of FMOFs for CO, capture under
humid conditions has not been thoroughly investigated. The
objective of this study is to computationally screen potential
candidates from a diverse collection of FMOFs for CO,
capture from wet flue gas. Altogether, 16 641 FMOFs were
collected from three different databases: 936 from an anion-
pillared MOF database,”” 213 from the CoRE-MOF data-

base,”® and 15492 from the hMOF database.'? Figure 1
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Figure 1. Most common metal nodes in FMOFs: (a—b) from an
anion-pillared MOF database,”” (c—e) from the CoRE-MOF
database,”® and (f—i) from the hMOF database.'>

illustrates the most common metal nodes in these FMOFs. In
addition to high CO, capture performance, the potential
candidates should also be hydrostable and abstain from
degradation in a humid environment. To quantify hydro-
stability, we examined the structural integrity of top candidates
by using first-principles molecular dynamics (FPMD) simu-
lation. In this context, this study adopts a multiscale approach
synergizing molecular scale and electronic-structure scale.
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2. COMPUTATIONAL METHODOLOGY

2.1. Workflow. Figure 2 illustrates the workflow to identify
top FMOFs for CO, capture from a wet flue gas, consisting of

W i,
()27A<pPD<6.04A
7138 FMOFS

(ii) Coordination moiety

(i) Qe 09 < 42_

5061 FMOFs
(iv) GCMC simulation

Top 19 FMOFs
v) FPMD simulati

on

Figure 2. Workflow to identify top FMOFs for CO, capture from a
wet flue gas.

five steps. (i) All the 16641 FMOFs were geometrically
characterized by pore limiting diameter (PLD), largest cavity
diameter (LCD), and porosity (¢)) as estimated via Zeo++.”
Considering the kinetic diameters of CO, (3.30 A), N, (3.64
A), and H,0 (2.65 A), 7138 structures with PLD ranging from
2.7 to 6.0 A were selected. (ii) FMOFs with coordinatively
open metal sites tend to strongly interact with H,O and thus
are not ideal for CO, adsorption in a humid condition;
consequently, these FMOFs were detected via OMS detector”®
and excluded. (iii) 6782 FMOFs from step (ii) were evaluated
for H,O affinity. Specifically, canonical Monte Carlo
simulation was conducted for a single H,O molecule in each
MOF, and the heat of H,O adsorption Qg at 298 K was
calculated. Those with Q% > 42 kJ/mol (i.e,, the enthalpy of
water vaporization) were considered relatively hydrophilic and
discarded, resulting in 5061 FMOPFs. (iv) Adsorption of a
ternary gas mixture CO,/N,/H,0 in the 5061 FMOFs was
calculated at 298 K via grand-canonical Monte Carlo (GCMC)
simulation method. Based on the adsorption performance, top
19 FMOFs were identified. (v) Finally, the hydrostability of
the top 19 FMOFs was evaluated through FPMD simulation.

2.2. Simulation Models and Methods. CO, capture
from a wet flue gas (mimicked by a ternary gas mixture of
CO,/N,/H,0) in the 5061 FMOFs was simulated via GCMC
method. The framework atoms were described by a
combination of Lennard-Jones (LJ) and electrostatic potential

14

4rmet;

(1)
where 6;; and ¢;; are the L] potential collision diameter and well
depth, r; is the distance between atoms i and jy q; is the atomic
charge, and €0 = 8.8542 X 1072 C* N™! m™? is the permittivity
of vacuum. The L] potential 1parameters were adopted from the
universal force field (UFF)™ and Dreiding force field.”" For
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Figure 3. (a) Q4u,0) versus void fraction ¢ and (b) Q4w 0) versus Qo co,) in 6782 FMOFs at 298 K.

cross LJ interactions, the potential parameters were estimated
by the Lorentz—Berthelot mixing rules. The atomic charges
were evaluated from the PACMOF method.”* CO, and N,
were described by the transferable potentials for phase
equilibria (TraPPE) force field.>* H,O was mimicked by the
four-site TIP4P model,* as it fairly well predicts the saturation
pressure of water at 298 K (4.37 kPa) among different
models.”

In each of the 5061 FMOFs, GCMC simulation was run at
298 K for 2 X 10* cycles (10* for equilibration and 10* for
production). The total pressure of the CO,/N,/H,0 mixture
was 1 bar with a composition of 0.124/0.850/0.026. The
partial pressure of H,O was 2.6 kPa, corresponding to a
relative humidity of 60% for the TIP4P water model.
Adsorbate molecules were subjected to four types of trial
moves including translation, rotation, creation/deletion, and
identity exchange. Each cycle consisted of N trial moves (N:
the number of adsorbate molecules; N = 20 if the number
<20). The framework was considered rigid with atoms frozen
during simulation. The LJ interactions were calculated with a
cutoff of 12.8 A, while the electrostatic interactions were
estimated using Ewald summation. All the GCMC simulations
were performed using the RASPA package.”® Based on
adsorption performance, top 19 FMOFs were identified. In
each top FMOF, a longer GCMC simulation with 10° cycles (5
X 10* for equilibration and 5 X 10 for production) was further
conducted for the adsorption of the CO,/N,/H,O mixture.

The hydrostability of the top 19 FMOFs in the presence of
coadsorbed CO,, N,, and H,O was examined by FPMD
simulation using the CP2K package.”” In each of the top
FMOF, the numbers and initial configurations of CO,, N,, and
H,O were generated from GCMC simulation. The Perdew—
Burke—Ernzerhof (PBE) functional’®” was adopted with
dispersion interactions treated at the DFT-D3 level.”” For
elements such as carbon, oxygen, hydrogen, and nitrogen, the
triple ¢ (TZVP-MOLOPT-GTH) basis set was utilized, while
the double ¢ (DZVP-MOLOPT-SR-GTH) was utilized for
metal atoms (copper, zinc, iron, and vanadium). For each
FMOF, FPMD simulation was performed in an isothermal and
isobaric ensemble at 298 K and 1 bar. The temperature and
pressure were controlled by velocity rescaling scheme with a
time constant of 0.1 ps and by a barostat with a time constant
of 1 ps, respectively. A time step of 1 fs was applied to integrate
the equations of motion, and the simulation duration was 5 ps.
During FPMD simulation, the PLD was estimated as a
function of time.
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3. RESULTS AND DISCUSSION

First, we present H,O affinity in 6782 FMOFs and the
adsorption performance of the CO,/N,/H,O mixture in 5061
FMOFs. Based on a trade-off between adsorption capacity and
selectivity, 19 FMOF:s are shortlisted as top candidates for CO,
capture. Then, we characterize the structures and chemical
constituents (including F, N, and metal atoms) in the top
FMOFs. Finally, the hydrostability and CO,—framework
interaction in these top FMOFs are analyzed.

3.1. H,0 Affinity and Adsorption Performance. Figure
3a shows the heat of H,O adsorption at infinite dilution
QSu, 0y versus porosity ¢ in 6782 MOFs. Several MOFs
exhibit very high Qg y, o) values of over 100 kJ/mol when ¢ is
around 0.5, indicating strong H,O affinity and hence not
suitable for CO, capture in the presence of humidity. A
handful of MOFs have Qgy, o) below 20 kJ/mol when ¢ is
<0.2 or >0.7, suggesting H,O adsorption is not strong when ¢
is too low in a MOF with insufficient pore volume or when ¢ is
too high in a MOF with weak guest—host interaction. If a
threshold of 42 kJ/mol (i.e., enthalpy of water vaporization) is
set, 5061 MOFs with Q, 0y < 42 kJ/mol can be selected as
relatively hydrophobic. From Figure 3b for Qf,0) versus
QS(co,) We observe that many selected MOFs (approximately
2000) have higher affinity for CO, than H,0 (ie, Q%co, >
Q%(n, 0))- One may use these MOFs for screening in step (iv).
However, we attempted to use all the 5061 MOFs with
QS(m20) < 42 kJ/mol for screening to avoid possibly missing
potential candidates.

The separation performance of 5061 MOFs for CO, capture
from the CO,/N,/H,O mixture at 298 K and 1 bar is
quantified by the adsorption capacity of CO, (Nco,), as well as
the adsorption selectivity of CO, over N, (Sco,/x,) and over

H,0 (Sco,/m,0), respectively. The selectivity is defined as

N,/p,
x/y =
N/p @)
where N, and N, are the adsorption capacities of components x

and y, respectively, while p, and p, are the partial pressures. If
an adsorbent has a high adsorption capacity, then its selectivity
is usually low. To counterbalance, a trade-off (TSN) is further
used to assess CO,/N, separation performance

TSN = Ncozlog(scoz/Nz) (3)

https://doi.org/10.1021/cbe.4c00111
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Table 1. Structural and Adsorption Properties of Top 19 FMOFs”

no. FMOF PLD (A) LCD (A) &
1 hMOF-5063923 275 375 023
2 hMOF-5063926 275 375 023
3 hMOF-16702 27§ 375 0.19
4 hMOF-1002454 325 375 0.46
s hMOF-35835 425 575 0.70
6 hMOF-28562 275 375 025
7 hMOF-26522 375 4.75 0.59
8 hMOF-27207 375 425 0.61
9 hMOF-28016 275 378 0.26
10 hMOF-5033915 275 325 0.14
11 hMOF-36835 325 4.75 0.56
12 hMOF-31797 275 375 0.18
13 hMOF-24459 3.7 4.75 0.54
14 hMOF-34259 325 425 0.49
15 hMOE-5033608 325 375 022
16 hMOF-34934 325 425 0.52
17 hMOF-1002619 275 425 0.25
18 VOFFIVE-3_Fe 331 4.63 0.20
19 hMOF-36776 325 375 0.31

“The adsorption properties are based on longer GCMC simulations,

Nco, (mmol-g™") Nig,o (mmol-g™") Scoyn, Sco,/H,0
3.44 0.52 1626.58 1.36
3.49 0.48 1614.89 1.50
2.54 0.02 18244.60 23.70
3.90 0.11 519.70 7.29
2.41 10.09 101.66 0.05
3.28 0.02 1095.20 27.10
4.13 1.84 117.36 0.46
2.19 7.54 164.28 0.06
3.01 0.006 1255.80 99.82
2.02 0.02 47708.30 15.16
4.14 0.14 158.28 5.96
2.28 0.37 6806.88 1.26
3.32 1.03 244.60 0.67
3.38 0.08 229.06 8.77
2.71 0.01 886.28 39.59
3.01 1.88 347.88 0.33
2.25 0.61 2519.77 0.76
2.52 0.13 1827.25 4.07
2.87 0.02 405.54 27.72

different from Figure 4.

Figure 4a shows Scq /y, versus Nco, in 5061 FMOFs. If

plotted in terms of different databases, out of 5061 FMOFs,
4901 are from the hMOF database, 140 are from the anion-
pillared MOF database, and 20 are from the CoRE MOF

database (Figure S1). At a small N, a wide range of Sco,x,
is observed from 0.1 to 10°. The high Scq /y, is attributed to
the strong surface potential overlap and favorable adsorption of
CO, in small pores. Generally, N, rises with increasing pore
size; meanwhile, Sco y, drops and tends to approach a

constant because CO, adsorption becomes weak in large pores.
For most of the FMOFs plotted in Figure 4a, Q5 is between 20
and 42 kJ/mol. EMOFs with high TSN, rather than solely high

Scoyn, or Nco,, are appealing to CO, capture. Moving toward

the right-top corner, TSN becomes greater. If we set TSN > 8,
19 FMOFs can be shortlisted as top candidates. These FMOFs
possess Nco, from 2.09 to 5.24 mmol-g~" and very high Sco,x,

from 106 to 48 043. Shown in Figure 4b is Sco /u, o Vversus
Nco, in 5061 FMOFs. The general trend is that Scq 4,0 rises
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with N¢o, FMOFs with great TSN exhibit large N¢o, but
either low or high Sco /u, o Specifically, the top 19 FMOFs
shortlisted based on TSN have Scq 1,0 in the range from 0.35
to 106.

3.2. Characteristics of Top FMOFs. Table 1 summarizes
the structural and adsorption properties in the top 19 FMOFs
with their crystal structures listed in Table S1. All of these
FMOFs are hypothetical with PLD ranging from 2.75 to 4.25
A. The porosity ¢ is mostly populated between 0.2 and 0.3,
with a few beyond 0.5. This suggests that microporous FMOFs
are preferable for CO, capture under humid conditions.
Among the 19 MOFs, hMOF-5063923 and hMOF-5063926
are two configurational isomers with different arrangements of
F atoms across C=C bond. They exhibit similar CO,
adsorption capacity Nco, (344 and 349 mmolg™') and
selectivity Sco/n, (1626.58 and 1614.89). Generally, N,
values in the 19 FMOFs are between 2.02 and 4.14 mmol:
g~". The highest N¢o, (4.14 and 4.13 mmol-g™") are observed
in hMOF-36835 and hMOF-26522, meanwhile, with an

https://doi.org/10.1021/cbe.4c00111
Chem Bio Eng. 2024, 1, 970-978
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Figure S. Typical (a) pillar groups and (b) organic linkers in the top 19 FMOFs.
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Figure 6. (a) Percentage of F atoms in the top 19 FMOFs. (b) Percentage of N atoms in the top 19 FMOFs. (c) Percentage of metal atoms in all

5061 FMOFs. (d) Percentage of metal atoms in the top 19 FMOFs.

appreciable amount of H,O adsorption (0.14 and 1.84 mmol-
g"). Sco,n, in the 19 FMOFs are all very high, ranging from
101 to 47 708. Particularly, hAMOF-5033915 and hMOF-16702
exhibit the highest Sco,/n, (47 708 and 18 244), but their N¢o,
values are not high (2.02 and 2.54 mmol-g™"). Considering the
effect of H,0O, hMOF-3583$ has the highest H,O adsorption
Ny,0(10.09 mmol-g™"), the lowest Scoyn, (101.66), and the
lowest Sco, /1,0 (0.05). Among the top 19 FMOFs, Sco, /0 in
six FMOFs exceed 15 with the highest value of ~100. In other
FMOFs, however, Sco /u,0 are not very high and even lower
than 1; this reflects the challenge of CO, capture in the
presence of H,O.

As shown in Figure S2, Qg(co, in most of the top 19

FMOFs are greater than Qgy,0), as also previously
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reported.*”*> We should note that Qu(co, and Qg,0) in

Figure S2 are based on the adsorption of the CO,/N,/H,0
mixture (0.124/0.850/0.026) at 1 bar, not at infinite dilution
as in Figure 3. Consequently, Qq(1,0) in many FMOFs are >42

kJ/mol due to cooperative interactions, despite their Qg y,0) <

42 kJ/mol. In addition, GCMC simulations were also
conducted to calculate the adsorption isotherms of pure CO,
and N,, CO,/N, mixture (i.e., dry flue gas), and CO,/N,/H,0
mixture (ie., wet flue gas) up to 1 bar in the top 19 FMOFs. As
illustrated in Figure S3, CO, exhibits type-I adsorption
behavior in all 19 FMOFs, indicating favorable CO,—
framework interaction. N, adsorption is weak with a nearly
linear relationship versus pressure (i.e., in Henry’s region). By
comparing the adsorption isotherms of dry and wet flue gas
(Figures S4—S5), we find that CO, adsorption is affected
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Figure 8. (a) Schematic illustration for CO, interaction with hydrazine in hMOF-3583S. (b—d) FPMD simulation snapshots in hMOF-3583S5 at

different times.

marginally by H,O in many of the top FMOFs but significantly
in hMOF-35835, hMOF-26522, hMOF-27207, hMOF-24459,
and hMOF-34934. In these FMOFs, N, at 1 bar are reduced

substantially under a wet condition (Figure S6).

3.3. Chemical Constituents in Top FMOFs. Figure 5
illustrates the typical pillar groups and organic linkers in the
top FMOFs. All of the pillar groups comprise F and N atoms,
while F atoms also exist in most of the organic linkers. It is thus
instructive to quantitatively analyze the role of these
constituent atoms in CO, capture. F atoms in FMOFs can
be considered as three categories: (i) in the pillar group, (ii) in
the organic linker, and (iii) in both the pillar group and organic
linker. As shown in Figure 6a, among the top 19 FMOFs, 10%,
32%, and 58% FMOFs have F atoms in the three categories,
respectively; with the highest percentage in category (iii). This
reveals that F atoms of category (iii) present in both the pillar
group and organic linker are more preferential for CO,
capture. Therefore, the position of F atom in FMOFs affects
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CO, capture. This is further corroborated by the radial
distribution functions between F atom and C¢g, in the top 19
FMOFs (Figure S7). Peaks are observed in some of the 19
FMOFs demonstrating strong F—CO, interaction but not in
others, primarily depending on whether F atom is exposed to
the pore center or not. Nevertheless, as presented in Figure 7a,
the amount or percentage of F atoms is not distinctly
associated with the capture performance (i.e.,, TSN).

Among the top 19 FMOFs, near 90% have N atoms in pillar
groups rather than in organic linkers. The only exception is
VOFFIVE_3_Fe with pyrazine as its linker. The pillar groups
in FMOFs can be classified into cyclic (such as pyrazine,
bipyridine, and phenanthroline), acyclic, azo-linkage, and
finally the one without N. As shown in Figure 6b, an equal
percentage is observed by different cyclic pillar groups
including pyrazine (22%), bipyridine (22%), and phenanthro-
line (22%) in the top FMOFs, whereas azo-linkage has a
smaller percentage (17%). This suggests that N atoms in cyclic
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Figure 9. FPMD simulation snapshots for the rotation of pyrazine in VOFFIVE-3_Fe. F: green, N: blue, other framework atoms: yellow, gray, and

red: C and O of CO,.

groups are more favorable to CO, capture in the presence of
humidity.

In addition to pillar groups and organic linkers, metal atoms
in FMOFs also play an important role in CO, capture. Among
5061 FMOFs, Figure 6¢ shows that 3d transition metal Zn
(62%) is the most popular, followed by Cu (29%), V (4%),
and others (5%). In the top 19 FMOFs, as indicated by Figure
6d, Cu-based FMOFs count for the highest percentage (53%)
compared to Zn (32%), V (10%), and Fe/V (5%). As shown in
Figure 7b, V-based FMOFs exhibit notable overall perform-
ance, followed by Cu- and Zn-FMOFs.

3.4. Hydrostability and CO,—Framework Interaction
in Top FMOFs. Hydrostability and CO,—framework inter-
action in top FMOFs are analyzed from FPMD simulation
results. We first consider top FMOFs (hMOF-35835, hMOF-
5063923, hMOF-5063926, and hMOF-28562) with N-
containing pillar groups such as hydrazine and azo-linkage.
As exemplified in hMOF-35835, the terminal hydrogen atoms
of hydrazine are exposed to the pore center. During FPMD
simulation, the protruded hydrogen atoms involve end-on
interaction with CO,, as schematically illustrated in Figure 8a.
From the simulation snapshots in Figure 8b—8d, we observe
that the distance between the O atom of CO, and the H atom
of hydrazine is reduced from initial 2.19 to 1.41 A after S ps. A
similar trend is also seen in the distance between the C atom of
CO, and the F atom of the framework, which is reduced from
3.72 to 2.64 A. With the presence of hydrazine groups and F
atoms, CO, molecules are closely attracted to the pore wall,
while H,O molecules are located in the pore center. The F-
decorated framework provides a hydrophobic environment and
maintains hydrostability in the presence of H,O.

A few top FMOFs like hMOF-5063923, hMOF-5063926,
and hMOF-28562 are connected via azo-linkage. The
simulation snapshots in Figures S8—S10 reveal that these
FMOFs are hydrostable after S ps simulation and guest
molecules (CO,, N,, and H,0) reside in the pore center of
each FMOF. The locations of CO, and H,O molecules are
slightly perturbed during FPMD simulation. In hMOEF-
5063923, a weak interaction exists between CO, and F atom
at the initial stage. After 5 ps, the distance between the C atom
of CO, and the F atom is reduced from 3.83 to 3.69 A (Figure
S$8), and CO, molecules tend to align in a straight line and
interact strongly with the F-decorated pore wall. A similar
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trend occurs in its configurational isomer hMOF-5063926, in
which the CO,—F distance is reduced marginally from 3.98 to
3.94 A (Figure S9). In hMOF-28562, a substantial reduction is
observed in CO,—F distance, from initial 4.15 to 2.82 A
(Figure S10). Due to the existence of multiple favorable
adsorption sites, hMOF-28562 interacts with CO, more
strongly compared to hMOF-5063923 and hMOF-5063923;
thus, CO, is comparatively closer to F atom with a distance of
2.82 A,

It is also interesting to investigate the hydrostability and
CO, interaction in top FMOFs such as hMOF-34259, hMOF-
24459, hMOF-27207, VOFFIVE-3_Fe, hMOF-1002619,
hMOEF-28016, and hMOF-3683S, where the percentage of F
atom gradually decreases. Figures S11—S13 show the initial
and final simulation snapshots in hMOF-34259, hMOF-24459,
and hMOF-27207. These FMOFs possess exceptional
structural stability during CO, adsorption in the presence of
H,O. As shown in Figure S11, F-rich hMOF-34259 exerts a
high affinity for CO, molecules with a short CO,—F distance
of 2.39 A after S ps. The favorable side-on interaction between
CO, and F atom results in a straight alignment of CO,
molecules in the pore center. A similar pattern is noticed in
hMOF-24459 and hMOF-27207, where the adsorption site
near F atom enhances CO, adsorption; nevertheless, CO,—F
distance is longer, 3.10 A in hMOF-24459 (Figure S12) and
2.89 A in hMOF-27207 (Figure S13).

As another top FMOF with a high percentage of F atoms,
VOFFIVE-3_Fe displays a slight configurational change during
FPMD simulation. The square-pillared VOFFIVE-3_Fe
consists of N-containing pyrazine coordinated with a VOF;
pillar group to form a 3D network. It is evident from Figure 9
that the pyrazine in VOFFIVE-3_Fe is rotated by 11° toward
the pore center after S ps FPMD simulation, thus achieving an
energetically favorable position. F atoms in the equatorial
VOF; pillar group become closer to the H atoms of pyrazine
after the rotation. Speciﬁciﬂly, the distanceoof Fyors—Hopyrazine i
reduced from initial 2.74 A to a final 2.09 A. Consequently, the
pore size is adjusted to accommodate CO, rather than H,O
and maintains the adsorption sites in the pore. A similar trend
was previously observed in KAUST-7 (NbOFFIVE-1-Ni) with
reducing pore size and selective sieving of guest molecules.”

In the top FMOFs (hMOF-1002619, hMOF-28016, and
hMOF-36835) with a low percentage of F atoms, Figures

https://doi.org/10.1021/cbe.4c00111
Chem Bio Eng. 2024, 1, 970-978


https://pubs.acs.org/doi/suppl/10.1021/cbe.4c00111/suppl_file/be4c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.4c00111/suppl_file/be4c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.4c00111/suppl_file/be4c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.4c00111/suppl_file/be4c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.4c00111/suppl_file/be4c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.4c00111/suppl_file/be4c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.4c00111/suppl_file/be4c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.4c00111/suppl_file/be4c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.4c00111/suppl_file/be4c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.4c00111/suppl_file/be4c00111_si_001.pdf
https://pubs.acs.org/doi/10.1021/cbe.4c00111?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.4c00111?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.4c00111?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.4c00111?fig=fig9&ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.4c00111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chem & Bio Engineering

pubs.acs.org/ChemBioEng

S14—S16 generally indicate weak interaction between CO, and
the framework. However, hMOF-1002619 exhibits relatively
stronger interaction with CO,—F distance reduced from 4.94
to 2.36 A during FPMD simulation. In hMOF-34934, CO,
becomes closer to F atom with a distance of ~2.00 A during
FPMD simulation (Figure S17). In other top FMOFs
including hMOF-16702, hMOF-1002454, hMOF-26522,
hMOF-5033915, hMOF-31797, hMOF-5033608, and
hMOF-36776, no explicit structural change is observed
(Figures S18—S24) throughout the entire FPMD simulation,
thus implying their hydrostability in the presence of
coadsorbed CO, and H,O. Additionally, the PLDs of the top
19 MOFs during FPMD simulations are shown in Figure S25.
In most of the FMOFs, the PLDs are slightly reduced within 5
ps due to the interactions between framework and guest
molecules (CO,, N,, and H,0), suggesting that the frame-
works largely maintain structural integrity.

4. CONCLUSIONS

We conducted multiscale computational screening to identify
hydrostable FMOFs capable of CO, capture from a wet flue
gas. Among 5061 FMOFs, 19 are shortlisted as top candidates.
These top FMOFs possess PLD ranging from 2.75 to 4.25 A,
porosity ¢ from 0.2 to 0.3, CO, capacity N¢o, from 2.02 and

4.14 mmol-g™!, Sco,, from 101 to 47708, and Sco u,0

ranging between 0.0S5 and 100. All the pillar groups in the top
FMOFs contain F and N atoms, while F atoms also exist in
many of the organic linkers. It is unravelled that the position of
F atom, rather than the amount, influences CO, adsorption;
and N-containing pillar groups facilitate CO, capture in the
presence of humidity. Among the top 19 FMOFs, Cu-based
FMOFs have the highest percentage compared to Zn-, V-, and
Fe-counterparts. From FPMD simulations, the top FMOFs are
hydrostable in the presence of coadsorbed CO, and H,O.
Therefore, fluorination provides a hydrophobic environment
and maintains hydrostability. Two unique behaviors are
observed during FPMD simulations for structural integrity
and CO, interaction-framework in the top FMOFs. First,
strong interaction exists between CO, and F atom; thus, CO,
is effectively trapped in the framework, which is particularly
pronounced in FMOFs with N-containing pillar groups.
Second, as observed in VOFFIVE-3_Fe with pyrazine, the
pore size is adjusted via the rotation of pyrazine to
accommodate CO, instead of H,O. These findings suggest
the potential directions toward future development of
hydrostable MOFs for CO, capture in a realistic condition.
Finally, it is worthwhile to note that in this study, only material
properties (adsorption capacity and selectivity) are used to
assess their performance for CO, capture; nevertheless, a more
sophisticated approach including process and system-level
optimization should be integrated for holistic assessment.*’
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