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1 | INTRODUCTION

Abstract

The efficient separation of CH4; from natural gas containing CoHg and CsHg
impurities is an important topic. Previous work on the separation of CH4/C,Hs/CsHg
mixtures often focuses on the C3;Hg/CH,4 selectivity, inadvertently sidelining the
critical importance of C,H4/CH, selectivity. This oversight results in reduced CH,
productivity and compromised separation efficiency, a phenomenon often termed as
the “cask effect.” Herein, we fine-tune the interrelationship between thermodynam-
ics and kinetics, targeting enhanced CH4 production. A synergistic thermodynamic-
kinetic C3Hg/CH,4 and C,Hs/CH, selectivity is achieved using dynamic breakthrough
experiments, underpinned by the stable metal-organic framework TIFSIX-Cu-TPA.
The CH, productivity in TIFSIX-Cu-TPA is up to 5 mmol g2, surpassing most of the
popular materials. Detailed density functional theory and molecular dynamics
computational insights reveal a counteractive thermodynamic-kinetic relationship,
proving pivotal for the simultaneous breakthrough of C,Hg and C3sHg under optimal
conditions. Moreover, precise adsorption sites of C,Hg and CsHg are clearly

determined through in situ single-crystal structures.

KEYWORDS

cask effect, kinetic effect, metal-organic framework, multicomponent separation, natural gas
purification

Amid the techniques employed in industries to separate light hydro-

carbons, cryogenic distillation is the dominant separation technology

Natural gas, comprising mainly of methane (CHy), is a widely utilized
energy source that presents several benefits, including low cost, eco-
friendliness, and abundance in nature.r”® In addition to CHyg, impuri-
ties like ethane (CoHg, ~10%), propane (CsHg, ~5%), and traces of
carbon dioxide (CO,) exist in the crude stream and impair its combus-
tion quality.* Besides, CoHg and CsHg can be employed to produce
ethylene (C,H4) and propylene (C3Hy) if recovered from natural gas,

which are the raw materials for various chemicals and polymers.

Yuxin Chen, Yunjia Jiang, and Jiahao Li contributed equally to this study.

relying on the volatility difference of individual constituents, whereas
the process consumes a substantial amount of energy.® Therefore,
there is an urgent demand to develop advanced technologies to sepa-
rate CH,4 from natural gas with high efficiency.

Adsorptive separation using porous solid materials under gentle
operating conditions presents a more energy-efficient and economi-
cally viable alternative for light hydrocarbon separations, provided
that the adsorbents exhibit superb selectivity and capacity for the
desired guest molecules as well as sufficient stability.”2° Emerging as

a prominent class of porous crystalline materials, metal-organic
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frameworks (MOFs) have shown impressive potential for gas separa-
tion and purification, beneficial from their high porosity, adjustable
and consistent pore dimensions, and manageable surface
chemistry.22~5? However, previous studies mainly focused on the sep-
aration of two-component gas mixtures. When it comes to multicom-
ponent separation, the “cask effect” becomes a non-negligible
factor.®© Namely, the target gas productivity is determined mainly by
the less adsorbed impurity. In NG purification, CoHg usually has lower
capacity and selectivity over CH; when compared to those of C3Hs.
This shifts the focus to Co,Hg/CH4 selectivity rather than C3Hg/CHg.
However, prior MOF-focused studies skewed towards CsHg/CHg4
selectivity, often at the expense of actual CH,4 productivity. For exam-
ple, BSF-1 displays a C3Hg/CH, selectivity of 353 at 298 K, yet its
CH, productivity languishes at 2.7 mmol g1 in experimental break-
through experiments.®! In BSF-2, the C3Hg/CH, selectivity is even
reaching 2609, but CH,; productivity is

1.23 mmol g~ * due to the decreased C,H, capacity.®? Recently, Li's

higher, reduced to
group reported a series of AI-MOFs for separation of CzHg/CoHe/
CH..%® Among them, MOF-303 shines with a C3Hg/CH, selectivity of
5114 but stumbles with a modest C,H,/CH, selectivity of 20. Such
selectivity difference has a strong negative influence on practical
dynamic breakthrough results, as shown in Scheme 1A. The valid
period for CH,4 purification, namely the area highlighted in blue,
occupies only a small area, while the time between the breakthrough
of C,Hg and CzHg (invalid period) is very long, causing the waste of
efficiency. Based on this, we expect that the breakthrough time
of C,Hg moves afterward and the breakthrough time of CzHg moves
forward, thus improving the efficiency in the adsorption circle
(Scheme 1B). To reach this point, MOFs with high C,H¢ capacity and
comparable CoHs/CH4 and C3Hg/CHy, selectivity are preferred, which
can show the enhanced separation performance and efficiency when
C,Hg and C3Hg breakthrough similarly or even simultaneously. Mate-
rials based on this strategy, however, have not been reported to the
best of our knowledge. Besides, the stability of the MOF adsorbent
holds significant importance, as it is a crucial factor for practical imple-
mentation. Many preceding materials that exhibit superb separation
capabilities often lack stability, with some even displaying sensitivity
to moist air.**

Herein, we reported a chemically stable MOF, TIFSIX-Cu-TPA,
using the above strategy focusing on C,Hs/CH, selectivity while sub-
tly moderating C3Hg/C,oH selectivity (Scheme 1B) to amplify NG
purification efficacy. A high productivity of high-purity CH,4
(5 mmol gfl) in breakthrough experiments is achieved. Powder x-ray
diffraction (PXRD) data confirmed TIFSIX-Cu-TPA's resilience against
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humidity and water, while its thermogravimetric analysis (TGA) profile
underscored a commendable thermal stability beyond 300°C. Single-
component adsorption isotherms showed that the capacities of CHy,
CyHg, and CzgHg at 298K and 1.0 bar are 0.68, 4.40, and
4.91 mmol g1, respectively. The selectivity was calculated through
ideal adsorbed solution theory (IAST), revealing high IAST selectivity
of CsHg/CHy4 (79) and CoHg/CHy4 (16). Such values contribute to simi-
lar breakthrough times of C,Hs and CsHg by considering the diffusion
difference of C,H¢ and C3Hg, which greatly improved the productivity
and efficiency of CH4 purification. Subsequently, binding energy and
binding sites were studied by density functional theory (DFT) calcula-
tions and in situ single-crystal analysis, clearly revealing the thermody-
namic adsorption difference for the three alkane molecules.
Moreover, molecular dynamics (MD) simulations showed the distinct
diffusion rates of CsHg, CoH¢, and CH4, which confirms the kinetic
effects in C3Hg/C,H4/CH, separation by TIFSIX-Cu-TPA.

2 | EXPERIMENTAL SECTION

Unless specifically indicated, reactions were conducted under atmo-
spheric conditions, eschewing the use of inert gases such as N, or
Ar. All reagents were utilized as supplied, without any additional puri-
fication, unless otherwise mentioned.

21 | Reagents

Tri(pyridine-4-yl)amine (TPA; 99%) was sourced from Tensus Biotech
Company and was used without any subsequent purification. The
organic compound's purity was ascertained using both *H NMR and
3C{!H} NMR spectroscopy. Cu(NO3),-3H,0 (99%) and (NH.),TiFg
(98%) were procured from Energy Chemical and Alab Chemical,

respectively, with both being used without further purification.

2.2 | Preparation of TIFSIX-Cu-TPA crystals

Single crystals of TIFSIX-Cu-TPA were synthesized following the pro-
cedure delineated in the referenced literature.®* The bulky synthesis
of TIFSIX-Cu-TPA crystalline powders is described as follows: TPA
(100 mg, 0.4 mmol), Cu(NO3),-3H,O (73 mg,
(NH4),TiFs (68 mg, 0.3 mmol) were combined in a 50 mL round-

0.3 mmol) and

bottom flask. This mixture was subsequently diluted with 15 mL

High purity CH,4
&

|

®
J ——C3Hg
f CQHS

‘ / CH, SCHEME 1 Schematic
y illustration of enhancing CH,4
productivity by optimizing the
Time cask effect.
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MeOH and 3 mL H,0. The solution was heated to 348 K and main-
tained for a period of 72 h. Following this, the resultant purple
crystalline powders were separated using filtration, rinsed with
H,O (10 mL x 3) and MeOH (20 mL x 3). The collected product
exceeded 175 mg in weight, which, upon complete activation,
reduced to approximately 108 mg, corresponding to a vyield of
about 65%.

2.3 | Powder x-ray diffraction

PXRD data was acquired utilizing a SHIMADZU XRD-6000 diffrac-
tometer equipped with a Cu-Ka source (A = 1.540598 A). The opera-
tional parameters were set at 40 kV and 30 mA, scanning at a rate of

4.0° min~! over a 26 range of 5-50°.

24 | Single-crystal x-ray diffraction

Examinations via single-crystal x-ray diffractions were undertaken on
the BrukerAXS D8 VENTURE diffractometer, outfitted with a
PHOTON-II detector (MoKa, A = 0.71073 A). The processes of index-
ing, data integration, and reduction were executed using APEX3. Data
and SaintPlus 6.01, respectively. Absorption corrections were
achieved via the multi-scan method in SADABS. The crystallographic
space group was identified with XPREP in the APEX3 suite. Structural
elucidation was done using SHELXS-97, with refinement based on the
nonlinear least-squares method on F72, in tandem with SHELXL-97,
encapsulated within APEX3, WinGX v1.70.01, and OLEX2 v1.1.5. All
non-hydrogen atomic positions were anisotropically refined. Disor-
dered stemming from solvent molecules was addressed as diffuse

scatter using Platon's Squeeze routine.

2.5 | Thermalgravimetric analysis

TGA was conducted on the TGA STA449F5 apparatus. Assays were per-
formed in a platinum crucible under a nitrogen atmosphere, maintained
at a flow rate of 60 mL min—2. Data collection spanned a temperature

domain of 50-600°C, increasing at a consistent rate of 10°C min~ L.

2.6 | Breakthrough experiments

These experiments employed the HPMC-41 (Xuzhou) dynamic gas
breakthrough system. Trials used a stainless-steel column (dimensions:
4.6 mm inner diameter x 50 mm length) containing 0.55 g of TIFSIX-
Cu-TPA. Activation of the column was achieved by heating to 75°C
for 2 h under vacuum conditions, followed by an elevation to 120°C
and sustained overnight. Subsequently, a mixed gas of CH4/CyHs/
C3Hg (85:10:5, vol/vol/vol) was introduced. The outlet gas composi-
tion was monitored via gas chromatography on a GC-9860-5CNJ
instrument, leveraging a thermal conductivity detector TCD.

Post-breakthrough, samples were regenerated using an Ar flow of
5 mL min~?! at 100°C for a duration of 5 h.

2.7 | Gas adsorption measurements

Gas adsorption determinations were executed on a Builder SSA 7000
(Beijing) instrument. Before these measurements, the TIFSIX-Cu-TPA
sample was evacuated initially at 25°C for 2 h, followed by 120°C for
10 h, until a vacuum value below 7 umHg was achieved. The sorption
isotherms were then recorded at 278 K, 298 K, and 308 K on these
activated samples. Precise temperature control during experiments
was maintained via a water bath ranging from 278 K to 308 K.

2.8 | Unary isotherm data fitting

At three distinct temperatures, 278 K, 298 K, and 308 K, the unary
isotherms of C3zHg, CoHg, and CH,4 in TIFSIX-Cu-TPA were analyzed.
The isotherm data for CsHg in TIFSIX-Cu-TPA were adeptly repre-

sented using the dual-site Langmuir-Freundlich model:

:qsat,AbApbA qsat,Bbe’/B
1+ bapA 1+bgpB’

1

where q denotes the amount adsorbed per mass of the adsorbent
(mol kg~Y) and P signifies the pressure of the bulk gas in equilibrium
with the adsorbed phase (expressed in Pa). The saturation capacities
of Sites A and B are characterized by parameters gsata and gsap,
respectively (mol kg™1), and ba and bg represent the affinity coeffi-
cients for these sites (Pa™2).

The temperature-dependence of the Langmuir-Freundlich param-

eters from Equation (1) is depicted as:

E, E
ba =baoexp <R7fl\') ; bs=bgoexp <R7$'> . (2)

In this equation, Ea,Eg are the energy parameters corresponding
to Sites A and B.
The isotherms of C,H¢ seamlessly align with the dual-site Langmuir

model, which features temperature-sensitive Langmuir parameters:

_ qsat,AbAp QSat,Bbe, _ Ea . _ E
q= 1+ bap +3 hep ba =baoexp (RT)’ bg = bgo exp (RT) - (3)

The isotherms of CH,4 seamlessly align with the single-site Langmuir

model, which features temperature-sensitive Langmuir parameters:

- QSatbp, - £
=7 pp’ b—boexp<RT>- (4)

The parameters derived from the unary isotherm fitting for
TIFSIX-Cu-TPA can be found in Table S2.
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2.9 | Determination of isosteric heat of adsorption
The isosteric heat of adsorption, denoted as Qs is defined by the

equation:

(e
Qu= RT (aT )q. 5)

Here, the derivative on the right-hand side of Equation (5) is com-
puted at a constant adsorbate loading, q. This derivative was ascer-

tained analytically by integrating Equations (1)-(5).

210 | IAST calculations: Adsorption selectivity and
uptake capacities

The study focuses on the separation of binary mixtures: 50/50
CzHg (1)/CH4 (2), 10/90 C3Hg (1)/CH4 (2), 50/50 CoHg (1)/CHg4 (2),
and 10/90 CyHg (1)/CHy4 (2) within TIFSIX-Cu-TPA at 298 K, under
varied total pressures. The adsorption selectivity for the separation
of these binary mixtures, considering species 1 and 2, is repre-

sented by

41/92
Sads = . 6
ads P1/P2 ( )

In this context, g4 and g, specify the molar loadings (units:
mol kg™ in the adsorbed phase, which achieves equilibrium with a

gas mixture having partial pressures p, and p, in the bulk gas.

211 | DFT calculations
DFT calculations were executed utilizing the CP2K package (ver-
sion 2022.1) through the Gaussian plane approach encompassed
within the QUICKSTEP module. We opted for the Perdew-Burke-
Ernzerhof exchange-correlation functional, incorporating the
Grimme-D3 dispersion correction. The study employed both
double-zeta valence polarized sets and Goedecker-Teter-Hutter
pseudopotentials. Plane-wave and relative cut-offs were designed
as 400 and 55 Ry, respectively. The convergence criteria for inner
and outer SCF were determined to be 2.0 x 107 Ha. All structural
geometrical optimizations were undertaken at the I" point, ensuring
the relaxation of all constituent atoms. The thresholds for root
mean square and maximum force convergence were defined as
3.0 x 107%and 4.5 x 10~* Ha A~%, respectively.

Adsorption energies were determined using the following
equation:

Eads = E(MOF + adsorbate) = E(MoF) — E(adsorbatey ~ Where  Eqvior
+ adsorbate) E(Mor), and Edsorbate) Where the respective terms represent
the electronic energies of the adsorbate-bound MOF, the isolated

MOF, and the singular adsorbate molecule.

212 | MD simulations

To probe the diffusion characteristics of CH4, CyHg, and CsHg in
TIFSIX-Cu-TPA, MD simulations in the NVT ensemble were deployed.
These simulations were uniformly conducted under conditions of
298 K and 1 bar pressure. Temperature stabilization was ensured via
the Nosé-Hoover chain thermostat. Integration of Newton's motion
equations was facilitated by the velocity Verlet scheme. The universal
force field aptly described van der Waals interactions, with computa-
tions limited to a 14 A cut-off radius. Atom charge assignments were
facilitated by the QEq methodology. Ewald summation served as the
evaluation technique for long-range electrostatic interactions. Each
simulation ran for 3 x 10° steps, equivalent to 3 ns, following an
equilibration phase of 2 x 10° steps (or 2 ns). All computational tasks

were executed through the HT-CADSS software suite.

3 | RESULTS AND DISCUSSION

The bulky synthesis of crystalline powders of TIFSIX-Cu-TPA was
reported for the first time in this work. Single crystals of TIFSIX-
Cu-TPA were synthesized according to our earlier study.®* By layering
a MeOH solution of TPA onto the CuTiFg4 in an agueous solution, pur-
ple single crystals were obtained. X-ray structure analysis revealed
that TIFSIX-Cu-TPA crystallizes within the symmetrical cubic space
group Pm-3n. The framework is composed of large icosahedral cages
and small tetrahedral cages (Figure 1A). Every small cage possesses
four windows, interfacing with large cages, while every large cage fea-
tures 12 windows, communicating with adjacent small cages. As
shown in Figure 1B, the calculated size of the cage window is 2.4 A.
There are abundant Lewis basic F functional sites and aromatic rings
on the surface of these cages, which allow the potential strong trap of
C3Hg and C,H¢ by multiple host-guest interactions.

The stability of TIFSIX-Cu-TPA was corroborated using TGA and
PXRD. As shown in Figure 2A, PXRD patterns of as-synthesized sam-
ples match well with stimulated patterns, verifying the high purity of
the synthesized material. TIFSIX-Cu-TPA remained stable after
immersion in H,O and exposure to humid air for 6 months, underscor-
ing its pronounced chemical robustness. Moreover, the TGA curve
(Figure 2B) demonstrates that TIFSIX-Cu-TPA has good thermal sta-
bility of ~308°C.

Based on the analysis of the single-crystal structure as well as the
previous CsH4/C3Hg separation investigation,®* it is posited that both
thermodynamic and kinetic influences significantly contribute to the
effective separation of C3Hg/C,H4/CH,, given the compact window
size (2.4 A; Figure 1B). Experimental breakthrough experiments were
thus conducted on ternary gas mixtures (CH4/C,Hg/CsHg, 85:10:5,
vol/vol/vol) under different flow rates at 298 K (Figure S17). With the
flow rate of 4 mL min~? (Figure 3A), CH, escaped from the adsorption
column immediately, followed by C,Hg and CsHg, which were
detected after 22 and 24 min. As expected, the breakthrough time of
C,H¢ and CzHg is very close, leading to a high CH4 productivity
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FIGURE 1 (A) Overview of
TIFSIX-Cu-TPA structure with
large cage and small cages.

(B) Void surface of TIFSIX-

Cu-TPA.
FIGURE 2 (A) Powder x-ray (A) (B)
diffraction of TIFSIX-Cu-TPA ] 100 1
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(5 mol kg~?) and enhanced separation efficiency (4.3 mol kg=t h™1).
The CH,4 productivity is superior to many popular MOFs such as
BSF-1 (2.7 molkg %)% BSF-2 (1.23mol kg 1,2 MOF-801
(1.24 mol kg™1),%> MIL-101-Cr (2.42 mol kg~%),%® MIL-101-Fe-NH,
(1.48 mol kg™ 1),° and so forth (Figure S19). Cyclic breakthrough
experiments were carried out next (Figure 3B), revealing the good
recycling stability of TIFSIX-Cu-TPA. An experimental breakthrough
experiment with a lower flow rate (2 mL min~1) was also conducted.
As shown in Figure 3C, C,H¢ breaks out apparently earlier than C3Hsg,
which is quite different from the experiments with the flow rate of
4 mL min~*. The difference can be explained by the fact that more
CsHg molecules that are inclined to pass through the gaps between
crystals under a fast flow rate can be trapped in the micropores under
a slower flow rate, reflecting the slow kinetics of CsHg. Breakthrough
experiments under humid conditions (RH = 80%) further confirmed
that TIFSIX-Cu-TPA remains excellent separation performance under
the interference of water vapor (Figure 3D). Besides, as shown in
Figure S16, the material can be regenerated within 3 h by Ar purge
at 75°C.

In assessing the thermodynamic adsorption disparities, single-
component adsorption isotherms of CsHg, C,Hg, and CH4; were
obtained at 278 K, 298 K, and 308 K (Figures 5S8-510). Figure 4A-C
depicts that the CH,4 adsorption isotherms are quasi-linear with a gas

Temperature (°C)

uptake as low as 0.68 mmol gt at 298 K and 1 bar, underscoring

TIFSIX-Cu-TPA's limited affinity towards CH,4. As the carbon chain
lengthens, the molecule's kinetic diameter and polarizability augment,
enhancing the host-guest interactions with the framework. Conse-
quently, the adsorption uptakes of CoHg (4.40 mmol g~%) and CzHg
(4.91 mmol g~1) markedly surpass that of CH, at the aforementioned
conditions. Such proficiency surpasses many renowned porous mate-
rials, for example, BSF-2 (1.22 mmol g2 for C,Hg and 1.77 mmol g~
for CgHg)®? HOF-ZJU-201a (3.16 mmolg™! for C,Hs and
2.61 mmol g~ for C3Hg)®” and INOF-1 (4.14 mmol g~ for C,Hg
and 4.25mmol g=* for C3Hg)® vet falls short of C-PVDC-800
(5.28 mmol g~ for C,H and 5.21 mmol g~ for CzHg)®® and JLU-
Liu38 (4.96 mmol g~ for C,H, and 8.39 mmol g~ for C3Hg).”® While
changing the temperatures, the uptakes still remain relatively high.
Notably, at 308 K, the adsorption uptakes of CsHg only diminish to
4.70 mmol g~* at 1 bar and 3.03 mmol g~ at 0.15 bar (Figure 4C),
suggesting TIFSIX-Cu-TPA's robust adsorption capabilities across
varying temperatures and pressures. The isosteric heats of adsorption
(Qst) of TIFSIX-Cu-TPA were derived via the Clausius-Clapeyron
equation. The Qs; values at near-zero loading of CH,4, CoHg, and CsHg
are 18.5, 27.3, and 29.4 kJ mol™2, respectively (Figure 4D), which indi-
cate that the affinity of the framework towards gas molecule follows
the order of CH4 < CoHg < C3Hg. In addition, the relatively modest
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(A) Experimental breakthrough curves of TIFSIX-Cu-TPA for CzHg/C,He/CHy4 (5/10/85) at 298 K with a flow rate of 4 mL min~%.

(B) Four cycles of experimental breakthrough curves of TIFSIX-Cu-TPA for CzHg/C,Hs/CHy4 (5/10/85) at 298 K (C) Experimental breakthrough
curves of TIFSIX-Cu-TPA for C3Hg/CoHe/CH, (5/10/85) at 298 K with a flow rate of 2 mL min~1. (D) Experimental breakthrough curves of
TIFSIX-Cu-TPA for C3Hg/CyHg/CHy4 (5/10/85) at 298 K under humid conditions (RH = 80%).

Q.; values for C,Hg and C3Hg (Figure S18) affirm the potential of
TIFSIX-Cu-TPA for regeneration under gentle conditions.

The IAST selectivity is another parameter applied to evaluate the
separation behaviors of TIFSIX-Cu-TPA. The separation selectivities
were calculated after fitting the adsorption isotherms to single-site
Langmuir equation (CH,), dual-site Langmuir equation (C,Hg) or dual-
site Langmuir-Freundlich equations (CsHg). The IAST-predicted selec-
tivities for C,H¢/CH,4 remain stable under the change of pressure or
gas ratio (Figure 5A,B). Typically, the value is estimated to be 16.2 at
298 K and 100 kPa for separating equimolar C,Hs and CHji
(Figure 5A), which is lower than some reported materials such as
BSF-2 (52)%? but still exceeds many adsorbents such as UPC-21
(15.3)”* and HOF-14 (6.3).”2 The IAST-predicted selectivity for 50/50
CsHg/CH4 reaches the top value of 78.9 at 22 kPa and gradually
decreases to 68.6 at 100 kPa (Figure 5C). For the 10/90 CsHg/CH,
mixture (Figure 5D), the selectivity increases with mounting pressure
and reaches 78.9 at 100 kPa. The C3Hg/CH, selectivity of TIFSIX-
Cu-TPA surpasses those of many reported porous materials including

HOF-ZJU-202a (40)®” and UPC-21 (67),”* though is not on par with
top-tier materials such as BSF-2 (2169)°2 and MIL-142A (1300).”%

To elucidate the specific adsorption sites within TIFSIX-Cu-TPA,
in situ single-crystal structures of TIFSIX-Cu-TPA with gas loading
were studied. Figure 6A reveals two different binding sites for CoHg:
one is located in the large cage, the other is located in the small cage.
Each large cage adsorbs 2.2 C,Hs molecules, while each small cage
adsorbs 0.9 C,H, molecules, equaling 2.5 C,Hg molecules per TiFg2~
anion. In small cages, the C,Hg molecules interact with F atoms via
multiple H---F hydrogen bonds with distances of 2.16, 2.48, and
2.49 A (Figure 6B). As for CzHg, there is only one binding site in the
large cage that can be directly identified. In each large cage, six CsHg
molecules are adsorbed, corresponding to two CsHg molecules
adsorbed by each TiF2~ anion (Figures 6C and S11). Specifically, the
C3Hg molecules interact with the framework via multiple H- - -F hydro-
gen bonds with distances of 1.70, 1.82, 2.56, and 2.71 A (Figure 6D).

To further verify the binding sites and bonding energy from multi-

ple perspectives, DFT calculations were carried out. Figure 7A shows
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the contract window is the major adsorption site for CH,4, where CH,4
is captured via two C.--H interactions (2.75A) with the binding
energy of —25.0 kJ mol~L. The secondary site for CH4 adsorption is
within the large cage characterized by F---H interactions with the
binding energy of —19.5 kJ mol™! (Figure S12). For C,H,, several
potential sites are explored. The binding energies are higher (—33.2 to
—31.9 kJ mol~%) when C,Hg is trapped in the small cage and close to

T 0 | y T v T =0
80 100 0 20 40 60 80 100
Pressure (kPa)

the window (Figures 7B and S13). In these sites, Co,Hg was bound to
the framework mainly via multiple C---H interactions from the pyri-
dine ring (2.37-2.77 A). Another site is located in the large cage, cap-
turing C,Hg via two strong F- - -H interactions (AE = —29.0 kJ/mol™%)
at distances of 2.37 and 2.54 A, respectively (Figure 7C). As to the
C3Hg molecule, the DFT calculation was performed based on the

optimization of the in situ CsHg-loaded single-crystal structure.
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FIGURE 6 Single-crystal
structure of gas-loaded TIFSIX-
Cu-TPA. (A) A holistic view of
CoHg@TIFSIX-Cu-TPA.

(B) Binding Site | of C,H, in the
small cage. (C) A holistic view of
C3Hg@TIFSIX-Cu-TPA. (D) The
binding site of CzHg in the

large cage.

FIGURE 7 The density
functional theory optimized gas
adsorption configuration. (A) The
binding site of CH,4 in the
window. (B) The binding site of
C,Hg inside the small cage.

(C) The binding site of CoHg
inside the large cage. (D) The
binding site of CsHg inside the
large cage.
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FIGURE 8 Molecular dynamics (MD) simulations. (A-C) Mean square displacement plot of CH,4, C,Hg, and C3Hg molecules in a single cage.
(D-F) Snapshots of MD simulation of CH,4 (D), CoHg (E), and C3Hg (F) molecules at 0, 1500, and 3000 ps.

As shown in Figure 7D, CsHg is tightly captured via multiple F---H
hydrogen bonds (2.65-2.86 A) and multiple H-:--C(Py) interactions,
leading to the highest bonding energy of —41.7 kJ mol ™.

MD simulations were employed to discern the adsorption kinetics
for CH,4, CoHg, and CsHg. Figure 8A-C illustrates the mean square dis-
placement in the x, y, and z directions, respectively, for CH,4, CoHg, and
C3Hg molecules within the framework of TIFSIX-Cu-TPA. Over a span of
3000 ps, C3Hg exhibited limited displacement compared to CH4; and
C,Hg. Based on the data, diffusion coefficients that further reflected dif-
fusion rates of CH4 C,oHg, and CsHg, were calculated to be
515 x 10710 3.06 x 10~ %, and 3.49 x 10 P m?s 1, respectively.
Figure 8D-F visualizes the diffusion pathways of these molecules.
Within 3000 ps, CsHg is restricted in the original cage (Figure 8F), while
CH,4 and C,Hg are able to migrate freely from the initial cage to other
cages (Figure 8D,E), further identifying that CsHg molecules have a low
diffusion rate in the framework. Therefore, TIFSIX-Cu-TPA favors CoHg
over CsHg kinetically, contrary to the thermodynamic effect. The inter-
play between thermodynamic and kinetic effects results in TIFSIX-Cu-

TPA's optimized performance for practical separation.

4 | CONCLUSIONS

In conclusion, we introduced a chemically stable MOF, TIFSIX-Cu-
TPA. By integrating both thermodynamic and kinetic effects, this
MOF can efficiently purify CH4 from natural gas, achieving high

productivity (5 mol kg™%) and commendable efficiency (4.3 mol kg~* h™).
The synergy between C,Hs/CH,4 and C3Hg/CH,4 separation has been opti-
mized, resulting in analogous thermodynamic-kinetic selectivities. This, in
turn, ensures that Co,Hg and C3Hg are retained within the fixed bed over
comparable durations. A thorough investigation into the separation mech-
anism, incorporating DFT calculations, in situ single-crystal structural anal-
ysis, and MD simulations, elucidated the reversed thermodynamic and
kinetic orders for CzHg, CoHg, and CH4 adsorption. It is worth noting that
TIFSIX-Cu-TPA displays high adsorption capacities for CsHg and CyHg
with low adsorption heat, facilitating efficient adsorption and desorption
processes. Broadly speaking, our findings underscore the potential of
enhancing CH,4 productivity by modulating C,Hs/CH,4 and C3Hg/CH,4
selectivities to a similar level, thereby augmenting natural gas separation.
This approach holds promise for broader applications in multicomponent
separations, providing a solution to counterbalance the cask effect.
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