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The increasing demand for natural gas as a clean energy source has emphasized the need for efficient
gas separation technologies. Metal-organic frameworks (MOFs) have emerged as a promising class of
materials for gas separation, with anion-pillared MOFs (APMOFs) gaining attention for their fine-tuned
pore design and shape/size selectivity. In this study, we investigate the dynamical and electronic
properties of three APMOFs, SIFSIX-3-Cu, SIFSIX-2-Cu-i, and SIFSIX-2-Cu, for the separation of
methane from ethane, ethene, propane, propene, and N using computational simulations. Our
simulations employ Grand Canonical Monte Carlo (GCMC) and Molecular Dynamics (MD) techniques
combined with Density Functional Theory (DFT) calculations. We find that that all three APMOFs
exhibit promising separation capabilities for methane from propane and propene based on both
thermodynamics and kinetics parameters. In addition, we use Noncovalent Interaction (NCI) analysis to
investigate intermolecular interactions and find that the fluorine atoms in the MOF can polarize gas
molecules and establish electrostatic interactions with hydrogen atoms in the molecule. Finally, we
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1 Introduction

The drastic climate change and the rising global demand for
energy motivate the search for a more sustainable energy
matrix.' Natural gas plays an important role in this energetic
transition.? It emits less CO, than the others fossil fuels, coal
and gas, and also has a high energy conversion effiency.”
Natural gas is found in reserves around the world and is mainly
composed by methane, light hydrocarbons, such as C and C;
fractions, and other impurities, including N,, CO,, and sulphur
compounds.*” To avoid pipeline corrosion and enhance ener-
getic potential of this fuel, those fractions are separated
through cryogenic distillation." This process employs high
pressures and under boiling point temperatures resulting in a
high cost and power demanding process.*” To overcome this,
adsorption processes using metal-organic frameworks (MOFs)
are pointed out as a promissory alternative to separate methane
from other light hydrocarbons®*° and N,.***?

This novel class of materials stand out due to their com-
position, consisting of multifunctional organic linkers and
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show that SIFSIX-2-Cu-i is a potential candidate for separating N»/CH, due to its interpenetration.

inorganic clusters or metallic nodes.”> These components
result in outstanding properties such as remarkable tunability,
large surface area, and distinctive chemical environments as a
result of the presence of electron donors and acceptors within
the same cavity." In gas separation, the high selectivity of these
materials stems from the pore aperture and the diverse func-
tional groups, enabling size exclusion and selective binding,
respectively.”*>™"7 In this regard, anion-pillared metal-organic
frameworks (APMOFs) are particularly noteworthy, as they
feature anions, such as SiF,>~, CrO,>~ and MO,*” (M = Cr,
Mo, W, etc.), in addition to organic spacers and metallic nodes.
The inclusion of these anions can enhance the performance in
separation processes by contributing to a synergistic effect with
the existing functional groups and enable a more fine-tuned
design of the pores, leading to greater shape/size selectivity.'®
In the work of Zhang and coworkers, the new synthesized
GeFSIX-3-M (M = Ni**, Co”>*) showed great potential to separate
C3Hg/C3Hg and C,H¢/C,H, mixtures. The change of the metal
cation led to distinctive pore sizes and a greater selectivity for
the Ni** material. The narrow cavities, combined with the
hydrogen-bonding fluorine atoms from the GeF¢> anion,
result in large uptakes of propene and ethene while hindering
the uptake of propane and ethane, respectively."’

The SIFSIX MOFs comprise a isoreticular series of anion-
pilared metal-organic frameworks. These hybrid materials

This journal is © the Owner Societies 2023


https://orcid.org/0000-0001-5324-6010
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp02368k&domain=pdf&date_stamp=2023-10-06
https://doi.org/10.1039/d3cp02368k
https://doi.org/10.1039/d3cp02368k
https://rsc.li/pccp
https://doi.org/10.1039/d3cp02368k
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP025040

Published on 02 October 2023. Downloaded on 1/20/2026 10:48:01 PM.

Paper

consist of a divalent metal cation, the SiFs>~ anion, and
N-donors organic ligands that determine the pore size. The
first SIFSIX MOFs synthesized, namely SIFSIX-1-Cu, SIFSIX-2-
Cu, SIFSIX-2-Cu-i, SIFSIX-3-Cu, and SIFSIX-3-Zn, were reported
as outstanding for their large uptakes of carbon dioxide and
great selectivity for CO, in CH, and N, mixtures.”*>> Moreover,
these materials and also SIFSIX-3-Ni, have demonstrated
potential for acetylene capture from ethylene.>® More recently,
the doubly interpenetrated SIFSIX-2-Cu-i has been identified as
a promising candidate for the separation of C; fractions
separation.>**® The MOFs from the SIFSIX series have been
extensively studied for their gas separation properties, and their
remarkable selectivity has been attributed to their adsorption
sites and pore tunability. In a study by Skarmoutsos et al., it was
found that the dynamic behavior of CH, and CO, in SIFSIX-2-
Cu-i is primarily governed by interactions with the nitrogen and
fluorine atoms of the MOF.>® While the organic linker deter-
mines the pore size, the fluorine atoms from the anion pillars
are responsible for fine-tuning the pore window to narrower
apertures. In addition to the interactions for selectivity, the
pore aperture and accessible pore volume also play crucial roles
in enabling a molecular sieving effect. In another study by
Skarmoutsos et al., the superior performance of SIFSIX-2-Cu-i
over SIFSIX-2-Cu in separating N, from SF¢ was attributed to
the smaller pores of the doubly interpenetrated MOF.*’

To complement experimental investigations, computational
simulations are an important tool in the study of gas separation
process.”®*° The MOF components and the large number of
experiments can result in high research costs. However, simu-
lations are an alternative to address this issue. In this scenario,
both quantum chemical calculations and classical mechanics
can be employed.'”” Quantum calculations employing Density
Functional Theory (DFT) have high accuracy in predicting
adsorption mechanisms and energies. The SIFSIX materials
have been largely studied through DFT methods, reveling that
the adsorption process often occur due to SiFs>~ anion
potential to polarize the guest molecules.> > On the other
hand, in classical mechanics calculations, Molecular Dynamics
(MD) and Monte Carlo (MC) simulations allow us to obtain
properties analogous to the experimental ones, such as self-
diffusive coefficients, adsorption isotherms and to analyze
molecules trajectory.>**° The lower computational cost of the
classical calculations allows the simulation of thousands of
atoms and the evaluation of thousands of MOFs. An example is
the high-throughput screening work of Gu and coworkers,
when they evaluated almost 1000 anion-pillared MOFs through
MC simulations. The results indicated that SIFSIX-2-i-Ni-i,
SIFSIX-6-Cd-i, INFFIVE-5-Zn-i, and GaFFIVE-5-Cd-i are promis-
ing for separation of C;He/C3Hg, C,Hs/CH,, C3He/C,H,, and
C;Hg/C,H, mixtures.*’ Each computational simulation approach
provides distinct kind of information as results, which can be
combined to conduct a more comprehensive and effective analy-
sis of the studied system.

Despite the large amount of reports about SIFSIX materials
as efficient for light hydrocarbon separations, to the best of our
knowledge, those materials have not been studied to separate
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the CH, from the other light hydrocarbon fractions and N,
present in natural gas. Furthermore, studies about the dynamic
of those gases in APMOFs are scarce as well as the electronic
analysis of the interactions of these MOFs and these small
molecules. This kind of study enables to understand the
behavior of those gases in these hybrid materials and may lead
to a design improvement so they can perform more efficiently.
In this work, we have investigated three isoreticular MOFs:
SIFSIX-3-Cu, SIFSIX-2-Cu, and SIFSIX-2-Cu-i aiming the separa-
tion of light hydrocarbons present in natural gas, methane,
ethane, ethene, propane, propene and also N,. The classical
methods Molecular Dynamics and Grand Canonical Monte
Carlo (GCMC) were used to obtain self-diffusion coefficients,
adsorption isotherms, and ideal adsorption solution theory
(IAST) selectivity’s. Furthermore, DFT calculations combined
with Noncovalent interaction analysis (NCI) were performed to
obtain structural, thermodynamics and electronic properties
of the adsorption of those gases to better understand the
molecules dynamics in these materials.

2 Methodology

The MOF structures were collected from crystallographic infor-
mation files available in the literature.>>*' Both SIFSIX-3-Cu
and SIFSIX-2-Cu belong to the P/4Ammm space group, whereas
the interpenetrated one belongs to the I4/mmm space group.
Solvent molecules were removed, and in cases of atom disorder,
one position was defined and the structure was fully optimized,
both atoms positions and unit cell parameters. The optimiza-
tion was performed using Density Functional Theory calcula-
tions with periodic boundary conditions and plane waves as
basis functions, utilizing the QUANTUM ESPRESSO software.*?
The Perdew-Burke-Ernzerhof (PBE) parametrization of the
generalized gradient approximation (GGA) exchange-correla-
tion functional was employed in combination with ultrasoft
pseudopotentials to describe core electrons. The plane waves
and electronic density cutoff energy and k-point mesh used
were as defined in the work of Guimaries and de Lima.?" The
cell parameters and bond lengths for the optimized MOFs can
be found in Tables S1 and S2 (ESIf).

For classical calculations, the optimized unit cells of SIFSIX-
3-Cu were replicated ina 4 x 4 x 4 supercell, while SIFSIX-2-Cu-
i and SIFSIX-2-Cu were replicated in a 2 x 2 x 3 supercell.
Molecular dynamics and Grand Canonical Monte Carlo simula-
tions were performed using the RASPA software.** The combi-
nation of the Universal Force Field (UFF) and DREIDING force
fields was employed to define the Lennard-Jones parameters of
the MOFs and can be found in Table S3 (ESIt). This combi-
nation has been previously validated for studying gas adsorp-
tion processes in SIFSIX series MOFs.>*?”** Additionally, we
obtained the variation of adsorption energy values (Table S5,
ESIt) through MC calculations in NVT ensemble, which demon-
strated good agreement with the values obtained through DFT
calculations discussed in Section 3.4. Atomic charges for the
MOF atoms were calculated using the charge equilibration

Phys. Chem. Chem. Phys., 2023, 25, 27532-27541 | 27533


https://doi.org/10.1039/d3cp02368k

Published on 02 October 2023. Downloaded on 1/20/2026 10:48:01 PM.

PCCP

method*® with Ewald summation. The hydrocarbon molecules
were modeled using a carbon-hydrogen united-atom scheme,
while N, was modeled as a three-site molecule, with two sites
for the atoms and one for the triple bond. L] parameters for the
guest molecules were obtained from the TraPPE force field and
are listed in Table S4 (ESIT). The potential energy (U) of the
intermolecular interactions was described as sum of van der
Waals and electrostatic interactions, considering a Lennard-
Jones potential (UY) for the dispersion and classical Coulombic
potential for electrostatic (U°°""), as described in eqn (1) and (2):

U=uY+ yeout (1)

U = 4g; Jif 12— % ‘ _|__] 449 )
v Tij rij 4TC80 rij

in which, considering i and j different atoms, ¢; and ¢;; are the
Lennard-Jones parameters, r; corresponds to the distance
between the two atoms, ¢, is the vacuum permittivity and g;
and g; are the respective charges of atoms. A cutoff of 12.0 Awas
used for both types of interactions. Lennard-Jones cross-
interactions were calculated using Lorentz-Berthelot mixing
rules, and coulombic interactions were computed using the
Ewald sum method. The MOFs were kept rigid throughout all
classical calculations.

For the calculation of adsorption energies, DFT calculations
were performed using the same unit cells that were optimized
for classical calculations, except for SIFSIX-2-Cu-i, for which a
reduced primitive cell was used to minimize the number of
atoms.*" Optimization of the isolated guest molecules and of
the adsorbed molecules MOF systems were carried out at the
same theory level of the isolated MOFs, previously described.
Isolated molecules were simulated in the centre of a cubic box
of 15 A axis. The adsorption energy (AE.qs) was calculated
according to eqn (3), where Epop+moleculey Emor aNd Emolecule
are the energy of the MOF with the adsorbed molecule, the
isolated MOF energy and the isolated molecule energy,
respectively:

AEa\ds = Emor+molecule — (EMOF + Emolecu]e) (3)

Furthermore, NCI analysis were used to characterize the inter-
actions between the guest molecules and the framework. These
calculations were performed using the converged electronic
density from DFT calculations, in the CRITIC2 software.*®*”

3 Results and discussion
3.1 Structural properties of SIFSIX MOFs

SIFSIX-3-Cu is synthesized using pyrazine as a ligand, resulting
in small pores that measure 3.5 A. On the other hand, SIFSIX-2-
Cu-i and SIFSIX-2-Cu are synthesized using 4,4'-dipyridyl-
acetylene as an organic linker. SIFSIX-2-Cu-i is distinguished
by its interpenetrated structure, which reduces the pore size
from 13.05 A to 5.2 A, consequently decreasing the surface area.
Moreover, the interpenetration also affects the distribution of
adsorption sites. In the case of the catenating MOF, there are
only two adsorption sites in each pore, while SIFSIX-2-Cu and
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Fig. 1 Pore structure for (a) SIFSIX-3-Cu, (b) SIFSIX-2-Cu, (c) SIFSIX-2-
Cu-i, and the organic linkers (d) pyrazine and (e) 4,4’-dipyridylacetylene.
The colors corresponding to each atom are carbon (black), hydrogen
(grey), nitrogen (blue), fluorine (yellow) and cooper (brown).

Table 1 GCMC calculated helium void fraction, accessible pore volume
and CH, adsorption at 300 K and 1 x 10° Pa

Helium void Accessible pore Adsorption
MOF fraction volume (cm® g™ %) (mmol g )
SIFSIX-3-Cu 0.32 0.199 1.561
SIFSIX-2-Cu-i 0.39 0.323 3.860
SIFSIX-2-Cu 0.69 1.11 0.467

SIFSIX-3-Cu have four adsorption sites in each pore, as illu-
strated in Fig. 1.

In the present work, the structure of these materials was
characterized by computing the helium void fraction and
accessible pore volume using helium as a probe atom. Addi-
tionally, the amount of CH, adsorbed at 300 K and 1 x 10> Pa
was calculated. The corresponding data can be found in
Table 1.

The relationship between pore size and both helium void
fraction and accessible pore volume is evident, with larger
pores resulting in higher values for both properties. SIFSIX-3-
Cu and SIFSIX-2-Cu-i have small pores that can accommodate
methane with a kinetic diameter of 3.8 A, leading to interac-
tions with all pore walls and higher uptakes. SIFSIX-2-Cu,
however, has excessively large channels relative to the size of
methane molecules, potentially resulting in poor host-guest inter-
actions and a lower loading capacity. As a result, SIFSIX-2-Cu-i
exhibits a higher methane adsorption capacity than SIFSIX-2-Cu.

3.2 GCMC calculations

Grand Canonical Monte Carlo simulations were performed to
predict the adsorption of molecules in the MOFs SIFSIX-3-Cu,
SIFSIX-2-Cu-i, and SIFSIX-2-Cu. The simulations consisted of
5.0 x 10* cycles of initialization and 1.0 x 10° cycles of
simulation at 300 K. Fig. 2 displays the adsorption isotherms
for each MOF, and the fitting parameters for the isotherms can
be found in Tables S4-S6 (ESIt). Additionally, GCMC simula-
tions of binary mixtures of methane and the other gases were
performed to estimate IAST selectivity at 1.0 x 10° Pa. The
calculated selectivities can be found in Fig. S1 (ESIY).
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Fig. 2 Fitted adsorption isotherms for gases in (a) SIFSIX-3-Cu, (b) SIFSIX-
2-Cu-i and (c) SIFSIX-2-Cu. The dots corresponds to the calculated
uptakes and the dashed lines to the fitting.

It’s interesting to note that SIFSIX-2-Cu shows the most
promising behavior for methane separation from other
hydrocarbons(Fig. 2c). From low to high loading’s, we notice
the larges uptakes of C; fraction. In this MOF, the IAST
selectivity of C;Hg/CH, mixtures reached expressive values of
38.5 and 39.0 for low concentrations of CH, and for equal molar
fraction mixtures, respectively. Even at high concentrations of
methane, the selectivities for the APMOFs remain significant
remarkable, with selectivity values of 29.5 and 17.0 for mixtures
containing 0.75 and 0.99 molar fractions of methane, respectively.
However, the selectivity tends to decrease as the methane
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concentration in the mixture increases, as the framework
demonstrates better performance in adsorbing propane. For
instance, in a 50/50 mixture, the adsorbed amount was
7.5 mmol g~ * for propane and only 0.19 mmol g~ for methane.
A similar trend is observed for propene mixtures in SIFSIX-2-
Cu, with high uptakes though with slightly lower selectivity
values.

It’s worth noting that in SIFSIX-3-Cu and SIFSIX-2-Cu-i,
mixtures containing propane exhibited the highest selectivities,
with selectivity values around 8.0 for the smaller pore MOF and
ranging from 9.3 to 21.0 in the interpenetrated MOF (Fig. S1,
ESIt). However, the isotherms reveal that in the smaller pore
MOFs, methane has larger uptakes than propane and propene
at medium to high pressures, whereas in SIFSIX-2-Cu, the
opposite behavior is observed. This can be explained by the
kinetic diameters of propane and propene (5.1 A and 4.7 A,
respectively), which do not fit well into the window aperture
size of SIFSIX-3-Cu (3.5 A) and SIFSIX-2-Cu-i (5.2 A). On the
other hand, methane, with a kinetic diameter of 3.8 A, fits
better in the pore size. The stronger dispersion interactions of
the larger molecules in the larger pore sizes in SIFSIX-2-Cu may
also contribute to the greater adsorbed amounts of C; hydro-
carbons. However, the interaction between methane and this
framework appears to be too weak, which can be attributed to
the smaller size of methane and its inability to form strong
interactions with the MOF.

When considering smaller pore MOFs, we observe that they
exhibit larger uptakes of C, fractions compared to C; fractions,
with values more similar to methane uptake. In this sense, the
selectivity of SIFSIX-3-Cu was low, varying from 3.0 to 4.0 for
different molar fractions of ethane or ethene. In contrast,
SIFSIX-2-Cu-i exhibited larger selectivity values ranging from
7.7 to 9.8 for ethane mixtures and 5.0 to 6.8 for ethene
mixtures. The interpenetrated MOF showed the largest differ-
ences in the adsorbed amount when comparing ethane with
ethene and propane with propene. This is in concordance with
experimental results, as interpenetrated MOFs have already
been reported as promisor for propane/propene and ethane/
ethene separations.'>?**?* Additionally, this MOF exhibited the
largest differences in IAST selectivity values of CH,/C3Hg with
CH,/C3H¢ and CH,/C,He with CH,/C,H; when comparing
different studied frameworks. At SIFSIX-2-Cu, IAST selectivity
values for CH,/C,H, mixtures were around 3.0, and for CH,/
C,H¢ mixtures were 4.5 to 5.0, as binary mixtures simulations
were performed at low pressure. However, based on the iso-
therms, it appears that this MOF could be more promising for
these types of separation at high pressures.

In Fig. 2, it is evident that SIFSIX-2-Cu-i has significant
potential for gas separation when comparing the amount of
methane and nitrogen adsorbed. This MOF shows a greater
difference in adsorption even at low loadings. The calculated
selectivity for CH4/N, mixtures reaches 6.0 in a 0.25/0.75
mixture, and this behavior is maintained, reaching 6.5 in a
0.99/0.01 mixture. In contrast, SIFSIX-3-Cu has an IAST selec-
tivity of approximately 3.0, and SIFSIX-2-Cu exhibits even lower
values. In this sense, in the case of SIFSIX-2-Cu-i, the selectivity
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for this type of mixture is noteworthy, given that in the
literature, the MOFs with the highest selectivity are a
Ni-MOF reported by Kivi and coworkers,'> with § = 7.0, and
the Zr-fumg,-mess;3-feu-MOF membrane, which holds the record
of 15.5."

3.3 Molecular dynamics

To elucidate the trajectory of molecules within the solids, two
dynamic properties were assessed: the mean square displace-
ment (MSD) and the velocity auto-correlation function (VACF).
In a plot of the MSD versus time, which are available in Fig. S2
(ESIY), the linearization of the initial points in the diffusive
regime enables the determination of the self-diffusion coeffi-
cient (Dy),"® as shown in Table 2. The coefficients were calcu-
lated using the Einstein equation (eqn (4)) to derive these
results, where t is the total time of diffusion, and r(¢) and r(0)

Table 2 Self-diffusion coefficients for 8, 16 and 32 molecules of
methane, ethane, ethene, propane, propene and N, in SIFSIX-3-Cu,
SIFSIX-2-i-Cu and SIFSIX-2-Cu

Diffusion x 10™° (m®> s ")

Number of

MOF molecules Methane Ethane Ethene Propane Propene N,

View Article Online
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represent the positions of the particles n at times ¢ and 0,
respectively.

D, = lim <Z Ir(e) - r<0>\|2>
e 61

(4)

To perform, molecular dynamics simulations, we employed
the NVT ensemble with 5 x 10> equilibration cycles and 1 x 107
sampling cycles, using a timestep of 0.0005 ps at 298 K. We
conducted simulations for loadings of 8, 16, and 32 molecules
to assess the effects of loading on the system.

The observations on the diffusion behavior of SIFSIX-2-Cu,
SIFSIX-2-Cu-i, and SIFSIX-3-Cu in different pore sizes are con-
sistent with the general trend that larger channels allow for
more unhindered molecular movement and faster diffusion
rates. The VACF provides insights into the behavior of molecule
velocities during diffusion. As shown in Fig. 3 and Fig. S3, S4
(ESIt), negative values in VACF indicate reversal of velocity
vectors. In the case of MOFs, where molecules are confined,
this change in velocity is primarily attributed to collisions with
both other molecules and the framework walls. In addition, we
calculated the self-diffusion coefficients by integrating the
VACF curves. The results, available in Table S8 (ESIt), exhibit
strong agreement with the values obtained through linear

SIFSIX- 8 1.66 6.03 6.30 — — 1.06 .
3-Cu 16 298 291 503 — — 1.80 Tregression of the MSD.
32 1.71 0.65 3.67 — — 1.03 The VACF plots support the trend of slower diffusion with
SIFSIX- 8 617 158 270 1.0 6.07 285 smaller pore size and more collisions with the framework
2-i-Cu 16 8.77 13.8 7.68 0.88 5.30 3.05 atoms, as observed in SIFSIX-2-Cu-i and SIFSIX-3-Cu, compared
32 3.62 9.07 597 0.72 4.07 2.20  to SIFSIX-2-Cu with larger pores. In SIFSIX-2-Cu, all the mole-
SIFSIX- 8 33.9 194 225 152 16.9 280, cules exhibit similar behavior and do not reach negative values,
2»Cu 16 30.3 17.5 19.8 12.8 13.8 26.2  indicating a more uniform and unimpeded diffusion process.
32 20.3 11.5  12.8 8.33 8.58 18.6  However, in SIFSIX-2-Cu-i and SIFSIX-3-Cu, the VACF plots
a) 1 b) 1 c) 1
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Fig. 3 Normalized velocity auto-correlation function in function of time for 32 molecules of (a) methane, (b) ethane, (c) ethene, (d) propane, (e) propene

and (f) N in SIFSIX-3-Cu, SIFSIX-2-Cu-i and SIFSIX-2-Cu.
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show intense oscillations between positive and negative values,
suggesting a higher incidence of collisions between the mole-
cules and the framework atoms, hindering their movement.
This can be attributed to the fact that in larger pores, molecules
have more space to move without frequent collisions with the
framework atoms, leading to smoother diffusion pathways.
Furthermore, in the case of the smaller pore MOFs, SIFSIX-3-
Cu and SIFSIX-2-Cu-i, we observed an intriguing phenomenon.
Despite methane’s smaller size, it exhibited slower diffusion
compared to ethane and ethene. This behavior can be attributed
to the more frequent collisions occurring due to methane’s
spherical shape, as opposed to the elongated shapes of ethane
and ethene.** The elongated molecules experience hindered
limited rotations and translations, while methane undergoes
more extensive rotations and translations, leading to increased
collisions, particularly with the fluorine atoms from the anions
of the MOF. These collisions contribute to the slower diffusion
of methane within the smaller pore MOFs.

In summatry, the trend of slower diffusion with smaller pore size
and more collisions with the framework atoms, as observed in
SIFSIX-2-Cu-i and SIFSIX-3-Cu, compared to SIFSIX-2-Cu with larger
pores, is consistent with the general understanding of diffusion
behavior in porous materials. Larger pore sizes generally allow for
more unhindered molecular movement and faster diffusion rates.
The insights gained from this study can aid in the rational design
of MOFs for efficient gas separation and storage applications.

In SIFSIX-3-Cu, the movement of propane and propene
within the solid is limited, while methane diffusion is superior
to that of the C; fraction. The normalized VACF of propane and
propene stays mostly below zero, indicating restricted mobility.
As discussed at the GCMC section, this can be attributed to the
larger kinetic diameters of C; fraction, which may be incompa-
tible with the window aperture size of the MOF. On the other
hand, methane, due to its smaller kinetic diameter, exhibits
more favorable diffusion behavior. These observations suggest
that the separation of CH,/C3;Hg and CH,/C3Hg mixtures could
be kinetically feasible through a size exclusion mechanism in
this MOF. This suggests that this separation could be both
thermodynamically and kinetically promising, as demonstrated
by the self-diffusion and isotherms adsorption measurements.

The increase in pore size of SIFSIX-2-Cu-i compared to
SIFSIX-3-Cu results in faster diffusion, particularly for propane
and ethane, as evident from the analysis of VACF plots. These
two MOFs exhibit significant differences in VACF behavior for
these molecules; however, the diameter of propane and the
cavity aperture still act as limiting factors in the intermediate
channel size MOF, resulting in very low self-diffusion for
propane, while propene demonstrates diffusion coefficients
comparable to methane. This suggests that the 5.2 A pore size
allows for the diffusion of smaller C; hydrocarbons, but not
propane, indicating selective behavior. This observation is
consistent with the discussed adsorption differences and also
with previous reports on SIFSIX-2-Cu-i and GeFSIX-2-Cu-i,
which exhibited selectivity values of 5.0 and 4.0, respectively,
in 50/50 binary mixtures at 298 K and 1 bar."® Therefore,
SIFSIX-2-Cu-i shows promise for CH,/C3;Hg separation in the
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context of natural gas valorization. Interestingly, in the case of
ethane, its diffusion increases significantly in SIFSIX-2-Cu-i,
surpassing values for ethene. This observation may be asso-
ciated with different diffusion mechanisms of these molecules,
which could be related to their distinct shapes and sizes,
leading to faster diffusion of ethane.

Compared to the other two MOFs, SIFSIX-2-Cu exhibits
higher diffusion rates for N, and CH,. This can be attributed
to their smaller size, which results in weaker intermolecular
interactions compared to the larger chained hydrocarbons,
allowing them to flow more rapidly through the channels. In
contrast, larger hydrocarbons establish more interactions with the
framework atoms, resulting in slower diffusions. Based on the
self-diffusion data, it is evident that SIFSIX-2-Cu has the potential
to selectively separate methane from other hydrocarbons, parti-
cularly propane and propene. This is because the diffusion
coefficients for methane are higher than those for the C; fraction.
Therefore, SIFSIX-2-Cu shows promise as a potential candidate for
the selective separation of methane from other hydrocarbons.

Comparing the dynamical properties of methane with other
molecules, we have identified that N, is the most challenging
molecule for methane purification. In SIFSIX-3-Cu and SIFSIX-
2-Cu, these molecules have shown similar self-diffusion,
with methane being slightly faster. The separation of these
molecules is challenging due to their very similar kinetic
diameters, with CH, and N, having values of 3.8 A and 3.6 A,
respectively. However, in SIFSIX-2-Cu-i, we observed a greater
difference in the diffusion coefficients, suggesting that it is the
most suitable MOF for separating this mixture. This could be
attributed to the interpenetration of the MOF, as it has fewer
adsorption sites in each channel. As widely reported in litera-
ture, the fluorine atoms of the SiF¢s>~ anions in the MOF can
polarize the guest molecules.*’> Since methane has a higher
polarizability than N,, reducing the number of anion sites also
decreases the number and strength of interactions between the
MOF and methane, leading to increased diffusion. On the other
hand, nitrogen, due to its higher electronegativity and lower
polarizability, tends to experience repulsion with the fluorine
atoms from the anions. Therefore, reducing the number of sites
may have less influence on the increase in diffusion rate for
nitrogen. This theory is supported by the self-diffusion results,
as we observed a larger increase in methane diffusion from
SIFSIX-3-Cu to SIFSIX-2-Cu-i compared to N, in these MOFs.
We did not observe the same proportionate increase in N,
diffusion coefficient. The slightly slower diffusion of N, com-
pared to methane can be attributed to the diffusion mechanism
influenced by the kind of interactions established between the
molecules and the framework. In the case of N,, it experiences
significant repulsion with the fluorine atoms from SiFg>~
anions, which leads to the avoidance of these atoms during
diffusion and establishing more interactions with the organic
ligands, leading to a slower diffusion. Furthermore, these
molecules displayed an interesting behavior while diffusing
in SIFSIX-3-Cu and SIFSIX-2-Cu-i MOFs. As the loading
increased from 8 to 16, the diffusion rates also increased,
contrary to the results observed for other molecules. This
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phenomenon could be attributed to the fact that the pore sizes
of these MOFs are small and so the diffusing molecules are in
closer proximity. This proximity may lead to more favorable
interactions and facilitate diffusion at higher loadings.

3.4 DFT calculations

We conducted DFT calculations to investigate the adsorption of
gas molecules in SIFSIX-3-Cu, SIFSIX-2-Cu-i, and SIFSIX-2-Cu. Our
objective was to gain insight into the diffusion behavior based on
the adsorption mechanism and the nature of the interactions. To
explore this, we proposed several starting structures in which the
molecules were positioned at different locations, including along
the organic ligands, closer to the metal, and to the SiFs>~ anion.
The converged structures that yielded the most favorable AE,q
are presented in Fig. S5-S7 (ESIt), and the corresponding calcu-
lated AE,qs values are reported in Table 3.

Analyzing the converged structures, we found a common
trend in gas molecule the adsorption behavior in MOF frame-
works. Specifically, gas molecules tend to interact with fluorine
atoms of the anions of the framework, resulting in shorter
distances between the hydrogen atoms of the gas molecules
and the fluorine atoms from the MOF as shown in Table 3. The
largest distances were found between the fluorine atoms and
the nitrogen atoms of N,, suggesting that the orientation of the
N, triple bond toward fluorine atoms of the framework may
prevent repulsion between the two electronegative atoms.
We also observed a slight increase in adsorption energies for
alkenes compared to alkanes, attributed to the higher acidity
of unsaturated molecules allowing for stronger interactions
with the fluorine atoms of the SiFs>~ anions. NCI results
in Fig. S8-S10 (ESIt) showed well-oriented electrostatic

Table 3 Adsorption energies (AE,qs) and X—F distances for the adsorption
of methane, ethane, ethene, propane, propene and N, at SIFSIX-3-Cu,
SIFSIX-2-Cu-i, and SIFSIX-2-Cu

MOF Molecule  AE,q" (kcal mol™")  X-F distance” (A)
SIFSIX-3-Cu Methane —8.5 2.6
Ethane -11.4 2.6
Ethene —12.1 2.7
Propane —14.4 2.5
Propene —14.6 2.3
N, -7.5 3.2
SIFSIX-2-Cu-i  Methane -7.3 2.4
Ethane —11.3 2.5
Ethene -12.1 2.4
Propane —13.3 2.5
Propene —-14.1 2.5
N, -6.3 3.1
SIFSIX-2-Cu Methane —4.4 2.3
Ethane —6.2 2.4
Ethene —6.6 2.5
Propane -7.9 2.6
Propene —8.8 2.4
N, -3.9 3.1

“ Calculated as eqn (3). ” X-F distance corresponds to the distance
between fluorine atom from the framework and the nearest hydrogen
from the hydrocarbons. In case of N,, the distance from the nearest
nitrogen atom.
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interactions between the hydrogen atoms of the hydrocarbons
and the fluorine atoms of the anions of the framework. These
results further support the significance of the SiFs>~ anions in
the adsorption process, indicating that they polarize adsorbed
molecules and electrostatic interactions play a crucial role
in stabilizing the adsorbed gas molecules within the MOF
structure.

Upon analyzing the structures of gas molecules adsorbed in
SIFSIX-3-Cu, we observed a dynamic behavior of the SiFg>~
anions. In the isolated MOF, the equatorial fluorine atoms of
the anions face the center of the pore. However, we found that
the anions rotate depending on the size and shape of the
adsorbed molecules. For example, the largest rotation (x45°)
was observed for propane, which aligns with the pyrazine
ligands and increases the size of the pore window. Methane,
N,, and ethene, on the other hand, did not induce any anion
rotation. Ethane and propene, being intermediate-sized mole-
cules, induced small rotations of the anion. Notably, propane
and propene showed the smallest F-H distances despite the
anion rotation. Methane and N, also exhibited a ring twist,
which was attributed to optimizing the host-guest interactions,
as reported by Elsaidi and coworkers.> Interestingly, alkenes
adsorption showed smaller rotations of the anions. As the
fluorine atoms are more electronegative, the anion rotation
can be attributed to repulsive interactions, whereas ring rota-
tion is related to better accommodation of the adsorbed
molecules in the framework. This dynamic behaviour of MOF
SIFSIX-3-Cu indicates the importance of conducting further
studies of adsorption isotherms and diffusion considering
those effects.

The NCI colormaps (Fig. S11 and S12, ESIt) showed that
propane and propene adsorption in SIFSIX-3-Cu and SIFSIX
resulted in repulsion interactions with the largest areas in
positive values of the sign(4,)p. This quantitative analysis
supports the observation that the diffusion of C; is hindered
due to spatial effects. As expected, in SIFSIX-2-Cu, with larger
pore space, we did not identify any anion rotation. However, in
SIFSIX-2-Cu-i, we identified a small anion rotation for ethane and
N, adsorption, which may help reduce repulsive interactions.

Overall, the dynamic behavior of SiFs>~ anions in response
to the size and shape of the adsorbed molecules in SIFSIX-3-Cu
is a fascinating phenomenon that highlights the importance of
considering the flexibility and adaptability of MOFs in gas
adsorption studies.

In the case of N, and methane separation, both molecules
show very similar adsorption energies in all three MOFs, with
methane being slightly more favorable adsorption. The NCI
results of methane adsorption reveal a similar behavior in
SIFSIX-3-Cu and SIFSIX-2-Cu-i. In Fig. 4 and at the NCI color-
maps in Fig. S8 and S9 (ESIf), we observe that the methane
establishing van der Waals interactions with the N-donor
ligands and electrostatic interactions between the methane
hydrogen atom and the fluorine from the framework anions.
However, the N, interactions with these MOFs reveals distinct
patterns, particularly in the NCI colormaps available in Fig. S11
and S12 (ESIt). For N, adsorption, SIFSIX-3-Cu shows values of
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Fig. 4 NCI plots of the adsoprtion of (a) methane and (b) N, in SIFSIX-3-Cu and of (c) methane and (d) N, in SIFSIX-2-Cu-i. The level of s for the
isosurface level illustrated is 0.5 a.u. and the color scale is —0.03 < p < 0.03. The colors corresponding to each atom are carbon (black), hydrogen

(white), nitrogen (blue), fluorine (yellow), silicon (pink) and cooper (brown).

sign(4,)p only around zero, indicating the presence of van der
Waals interactions with ligand atoms (Fig. 4b), whereas SIFSIX-
2-Cu-i displays a broader range of values of sign(4,)p, indicating
the presence of electrostatic interactions and steric clashes.
The NCI plots in (Fig. 4d) illustrate that these interactions are
oriented towards the carbon atoms of the ligand and, in
particular, to the hydrogen atoms from the rings. This supports
the argument that there is a larger increase in methane diffu-
sion when moving from SIFSIX-3-Cu to SIFSIX-2-Cu-i due to
interpenetration. Interpenetration reduces the number of fluo-
rine sites in the pore. methane strongly interacts with fluorine
atoms of the SiFs>~ anions, whereas nitrogen does not.
Therefore, reducing the sites can make methane diffuse faster,
as F-H interactions decrease in each channel. On the other
hand, the reduction of anion sites appears to increase the
possibilities of N, establishing interactions with the ligands,
as fewer fluorine atoms would reduce repulsion between nitro-
gen and fluorine atoms. We can also relate these results to the
normalized VACF plots. Methane strongly interacts with the
framework atoms, experiencing more collisions during the diffu-
sion path, leading to the presence of more oscillations in the
VACF plot compared to N, behavior during diffusion.

4 Conclusions

We evaluated the dynamical, adsorption, and electronic proper-
ties of three anion-pillared metal-organic frameworks, namely
SIFSIX-3-Cu, SIFSIX-2-Cu-i, and SIFSIX-2-Cu, for the separation
of natural gas. Our analysis showed that the accessible volume
of these materials is consistent with their respective pore sizes,
following the order SIFSIX-3-Cu < SIFSIX-2-Cu-i < SIFSIX-2-
Cu. In terms of adsorption and selectivity, all three MOFs
showed high potential for separating CH,/C; mixtures, with
intermediate selectivity values for CH,/C, mixtures. Additionally,
we found that SIFSIX-2-Cu-i was the most promising material for
N,/CH, separation.

Through our analysis of the dynamical, electronic, and
thermodynamic properties of these materials, we gained better
understanding of their adsorption and selectivity behavior. Our
results indicate that the diffusion coefficients followed the

This journal is © the Owner Societies 2023

trend of pore volumes, with values of SIFSIX-2-Cu > SIFSIX-2-
Cu-i > SIFSIX-3-Cu. Furthermore, we observed that the self-
diffusion of molecules was influenced by both the thermody-
namics of adsorption and the compatibility between pore and
molecule sizes. In this sense, the separation of methane and C;
fraction is both feasible due to thermodynamics and kinetic
effects.

Our electronic characterization of intermolecular interac-
tions revealed that the hydrogen atoms from hydrocarbons
interacted with fluorine atoms from the SiFs>~ anions, which
played an important role in the adsorption process. In contrast,
N, interacts with the ligand rings. Consequently, interpenetra-
tion, which reduces the number of fluorine sites in the MOF
channels, increases the selectivity of SIFSIX-2-Cu-i for CH4/N,
mixtures.
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