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One-step purification of C;H4 from ternary CoHy/CoHa/CoHg mixture is crucial but challenging since the primary
physical properties of CoHy all fall between CoH, and CoHe. Hence, we report an effective approach for purifying
CoHy through stepwise customizing pore environments on CoHs-selective materials. Utilizing SIFSIX-1-Cu as a
prototype material, we incorporated one or two methoxyl groups onto 4,4-bipyridine to obtain isomorphic
framework SIFSIX-1-Cu-OMe and SIFSIX-1-Cu-(OMe), respectively. As expected, pore sizes gradually decrease,
while CyHg binding sites increase. Ultimately, the CoHe/CoHyg (10/90) selectivity gradually increases from 1.18
(SIFSIX-1-Cu) to 1.27 (SIFSIX-1-Cu-OMe) and finally to a remarkably high value of 1.79 (SIFSIX-1-Cu-(OMe)5).
As anticipated, SIFSIX-1-Cu-(OMe), can achieve one-step acquisition of polymer-grade CoHy (>99.95 %) from
CoHa/CoHy4/CoHg (1/90/9) mixture with high productivity of 6.82 L/kg. Furthermore, theoretical calculations
indicate that the pore surface of SIFSIX-1-Cu-(OMe); is beneficial to preferentially capture CoHy and CaHg, and

thus realizes one-step purification of CoHa.

1. Introduction

As the most important chemical raw material, ethylene (CoHy) is
widely used in the preparation of basic chemicals such as polyethylene,
vinyl chloride and styrene [1-4]. Naphtha or ethane thermal cracking is
the main method to produce CyHy, but impurities such as acetylene
(CoHy) and ethane (CyHg) are inevitably present in the product [5,6].
The current industry standard for separation involves the utilization of
low temperature and high pressure technology to remove CyHg, fol-
lowed by catalytic hydrogenation or solvent extraction to eliminate
CoHp, which is not only energy-consuming but also environmentally
unfriendly [7-9]. Therefore, it is imperative to develop an efficient and
energy-saving separation method to realize the one-step purification of
CoHy from ternary mixture of CoHy/CoHya/CoHg.

Metal-organic frameworks (MOFs) have become the star materials
for purifying CoHy due to their tunable frameworks and customizable
pore structures. In recent years, MOFs have made significant progress in
binary gas mixuture separation such as CoHy/CoHy [10-14] and CoHy/
CoHg separation [15-18]. Regarding the ternary CoHy/CoHg/CoHg
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mixture, the molecule size and quadrupole moment of CoH4 (4.2 A and
1.5 x 10720 esu-cm?) are intermediate between those of CyH5 (3.3 A and
7.2 x 10726 esu-cmz) and CoHg (4.4 Aand0.65 x 1026 esu-cmz), which
not only eliminates the possibility of molecular sieving, but also presents
a challenge to the one-step purification of CoH,4 through thermodynamic
separation [19,20]. At present, only several examples, which have
stronger binding sites for CoHs and CoHg simultaneously compared with
CoHy, can realize one-step CoH4 acquisition from ternary CoHy/CoHyg/
CoHg mixture [21-26]. However, rationally designing an adsorbent with
high selectivity for both CyHy/CoH4 and CoHg/CoH4 are extremely
difficult. In contrast, pore engineering strategies based on CaHs-selective
or CyHg-selective MOFs, such as ligand functionalization, offers greater
potential for achieving one-step CyH4 acquisition from a mixture of Cy-
hydrocarbons. Some successful instances, which introduce the CoH,
binding sites into CyHg-selective MOFs to enhance CoHy/CoHy selec-
tivity, have been reported [27,28]. Noteworthy, MOFs which show in-
verse adsorption of CyHg and CyHs4 are uncommon. Therefore,
engineering the pore of a CyHg-selective material for one-step acquisi-
tion of CoHy from CoHs/CoHys/CoHg mixture is of great difficulty and not
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Fig. 1. Structural description of SIFSIX-1-Cu, SIFSIX-1-Cu-OMe and SIFSIX-1-Cu-(OMe),. Colour code: Cu (purple), Si (orange), F (green), C (grey), N (blue), O

(red) and H (white).

feasible. In view of the fact that C;H, has more n-electrons and smaller
molecule size, it is observed that most reported MOFs exhibit a stronger
affinity towards CoHy compared with CoHa, which can realize the effi-
ceint separation of CoHy/CoHy4. Considering the easy availability, CoHa-
selective MOFs may be used as the prototype materials for pore engi-
neering. However, such examples are rarely reported, because it is
extremely difficult to achieve preferential adsorption of CoHg over CoHy
while maintain high CoHy/CaHy selectivity [29].

The anion-pillared fluorinated hybrid materials, which demonstrate
specific recognition of CoHj due to the strong interactions between the
CoH; and electronegative F atoms, exhibit benchmark separation capa-
bility for CoHp/CoH4 [30-34]. More importantly, the pore dimension
and environment can be fine-tuned by pore engineering strategies
[35-40]. Therefore, they are a kind of promising adsorbents whose pore
structures can be tailored to preferentially capture CoHy and CoHg. For
example, the typical SIFSIX material, SIFSIX-1-Cu, not only can be
easily synthesized from inexpensive feedstocks with a stable framework,
but also shows exceptional CoHy adsorption capacity as well as high
CoHy/CoHy selectivity. As we know, CoHg has higher polarizability and
more hydrogen atoms compared with CoHy (44.7 x 1072 vs 42.52 x
10~2% cm®). Therefore, by enlarging the non-polar/inert pore surfaces or
introducing multiple O/N binding sites on the suitable pore walls, more
supramolecular interactions (C-H...r interactions or C-H...O/N in-
teractions) can be formed between CyHg and the framework, which
enables preferential adsorption of CoHg over CoHy [41-45].

In this work, we report an example of stepwise customizing pore
environments on the CyHj-selective materials to enable one-step puri-
fication of CoHy from ternary mixture of CoHy/CoHy/CoHg. Stepwise
introduction of one and two methoxyl (-OCHs) groups into SIFSIX-1-

Cu, results in decreasing pore size from 8.0 A (SIFSIX-1-Cu) to 7.3 A
(SIFSIX-1-Cu-OMe) and then to 6.3 A (SIFSIX-1-Cu-(OMe),). At 298 K
and 0.1 bar, SIFSIX-1-Cu shows almost equal adsorption amount of
CoHg and CoHy, and the adsorption difference as well as the CoHg/CoHy
uptake ratio are only 1.7 cm®/g and 117 % respectively. With the pro-
gressive augmentation of the number of modified ~-OCHs groups, these
values gradually enhance to 3.1 cm3/g and 130 % (SIFSIX-1-Cu-OMe),
and reach the maximum in SIFSIX-1-Cu-(OMe), (8.2 cm®/ gand 171 %)
at 298 K and 0.1 bar. Furthermore, the difference of isosteric adsorption
heats (AQs) for CoH4 and CoHg decreases from 5.0 kJ/mol (SIFSIX-1-
Cu) to 0.2 kJ/mol (SIFSIX-1-Cu-OMe). As anticipated, SIFSIX-1-Cu-
(OMe),, exhibits reverse-order adsorption of CoHg and CoHy, accompa-
nied with the AQy difference value of -2.2 kJ/mol. More importantly,
the CoHg/CoHy (10/90) IAST selectivity is significantly improve from
1.18 (SIFSIX-1-Cu) to 1.27 (SIFSIX-1-Cu-OMe), and finally reaches a
remarkably high value of 1.79 (SIFSIX-1-Cu-(OMe),). Dynamic break-
through experiments demonstrate that SIFSIX-1-Cu and SIFSIX-1-Cu-
OMe cannot realize the one-step CaH4 purification from ternary CoHg/
CoHy4/CoHg (1/90/9) mixture due to the simultaneous outflow of CoHy
and CyHe. In contrast, under the same condition, SIFSIX-1-Cu-(OMe),
exhibits obviously CoHg/CoHy separation with breakthrough time in-
terval up to 14 min/g, and enables one-step access to polymer-grade
CoHy (>99.95 %) from 1/90/9 CyHo/CoH4/CoHg with a high produc-
tivity of 6.82 L/kg. Computational simulations reveal that the optimal
pore surface of SIFSIX-1-Cu-(OMe), with suitable pore size and multi-
ple O binding sites exhibits preferential affinity for capturing CoHy and
CoHg, thereby enabling the one-step purification of CoHy from CoHy/
CyHy4/CoHg mixture.
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Fig. 2. Comparison of adsorption properties of SIFSIX-1-Cu, SIFSIX-1-Cu-OMe and SIFSIX-1-Cu-(OMe),. (a) N, adsorption isotherms at 77 K. (b) Gas adsorption
isotherms of C,H,, CoH,4 and CoHg at 298 K. (c) Initial isosteric heat of adsorption (Qs) of Ca;Ha, CoHa, and CoHe. (d) The IAST selectivity of C;Hg/CoHy at 298 K. (e)
Comparison of C,Hg uptake at 0.1 bar and 10/90 CyHg/CoH, selectivity of these three materials and the reported famous MOFs that can realize one-step CoHy

purification from ternary C,-gases mixture.
2. Experimental section
2.1. Materials synthesis

SIFSIX-1-Cu was prepared according to the reported literature [46].
An aqueous solution (3 mL) of Cu(BF4)2-6HO (1.00 mmol) and
(NH4)2-SiFg (1.00 mmol) was diffused to an ethylene glycol (3 mL) of
4,4'-bipyridine (2.00 mmol) in a rigid glass tube. After three days, purple
single crystals were obtained.

An aqueous solution (3 mL) of CuSiF¢ (30 mg) was slowly diffused to
a methanol (3 mL) of 3-methoxy-4,4"-bipyridine (20 mg) in a rigid glass
tube. After a week, purple single crystals SIFSIX-1-Cu-OMe were ob-
tained. Anal. Caled (%) for the sample after adsorption: C, 36.59; H,
5.02; N, 7.76. Found: C, 37.12; H, 4.84; N, 7.75. It is observed that ca.
eight water molecules are absorbed in activated SIFSIX-1-Cu-OMe.

An aqueous solution (3 mL) of CuSiF¢ (30 mg) was slowly diffused to
a methanol (3 mL) of 3,3-dimethoxy-4,4"-bipyridine (20 mg) in a rigid
glass tube. After a week, purple single crystals SIFSIX-1-Cu-(OMe),
were obtained. Anal. Calcd (%) for the sample after adsorption: C, 36.85;
H, 5.15; N, 7.16. Found: C, 37.30; H, 4.92; N, 7.16. It is observed that ca.
eight water molecules are absorbed in activated SIFSIX-1-Cu-(OMe),.

2.2. Gas sorption measurement

The gas adsorption isotherms were tested on a Micromeritics 3Flex
surface area analyzer. Fresh samples were exchanged with ultra-dry
methanol with a week. After that, SIFSIX-1-Cu was evacuated at room
temperature for 24 h, SIFSIX-1-Cu-OMe and SIFSIX-1-Cu-(OMe), were
activated by heating at 353 K for 10 h to completely remove the solvent
molecules. The sorption curves of Ny at 77 K, CoHjy, CoHy4 and CoHg at
different temperatures were collected in a liquid nitrogen bath, an ice-
water bath and a water bath, respectively.

2.3. Breakthrough experiments

Dynamic breakthrough experiments were conducted on a homemade
device. The activated sample, SIFSIX-1-Cu (1.2863 §g), SIFSIX-1-Cu-
OMe (0.8306 g) and SIFSIX-1-Cu-(OMe), (1.6648 g), were loaded into a
stainless-steel column (4 mm internal diameter x 500 mm length), and a
certain amount of silica wool was used to seal the end of the column. The
columns were then activated with He gas (20 mL/min) at 60 °C (SIFSIX-

1-Cu) or 80 °C (SIFSIX-1-Cu-OMe and SIFSIX-1-Cu-(OMe)-) for 10 h.
The gas mixture (CoHy/CoHs = 1/99, v/v; CoHe/CoHg = 10/90, v/v;
CoHy/CoHy/CoHg = 1/90/9, v/v/v) then flowed through the packed bed
at a certain flow rate of 1 mL/min. The outlet gas was monitored by gas
chromatography with a thermal conductivity detector (TCD). After a
breakthrough experiment, samples were regenerated by purging with
He gas (20 mL/min) at 60 °C (SIFSIX-1-Cu) or 80 °C (SIFSIX-1-Cu-OMe
and SIFSIX-1-Cu-(OMe),) for 2 h.

3. Results and discussion
3.1. Structure analysis

SIFSIX-1-Cu, SIFSIX-1-Cu-OMe and SIFSIX-1-Cu-(OMe); were
synthesized through diffusion using the corresponding pyridine ligand
and CuSiF. Single-crystal X-ray diffraction (SCXRD) reveal that SIFSIX-
1-Cu-OMe and SIFSIX-1-Cu-(OMe), possess isostructural structure with
SIFSIX-1-Cu, which are in Py/mmm space group (Table S2). These
compounds exhibit a two-dimensional (2D) sql layer constructed by the
pyridine ligands and metal atoms, which are further connected by
inorganic SiFZ" anionic to construct a 3D pcu pillar-layer framework with
one-dimensional channels. As illustrated in Fig. 1, with the increase of
the number of ~-OCH3 groups, the pore size gradually decreases from 8.0
A for SIFSIX-1-Cu to 7.3 A for SIFSIX-1-Cu-OMe and further down to
6.3 A for SIFSIX-1-Cu-(OMe),. More importantly, the incorporation of
—OCH3 groups within the pore walls of both SIFSIX-1-Cu-OMe and
SIFSIX-1-Cu-(OMe); leads to a gradual increase in the number of O
accessible sites compared to that of SIFSIX-1-Cu. Therefore, a suitable
pore size combined with the presence of multiple supramolecular
binding sites in the pore channel is expected to customize the pore en-
vironments that are more conducive to capturing CoHs and CyHg,
thereby achieving the one-step purification of CyH4 from a ternary
mixture of CoHy/CoHy/CoHe.

3.2. Gas sorption measurements

The powder X-ray diffraction (PXRD) experiments indicate good
phase purity of SIFSIX-1-Cu, SIFSIX-1-Cu-OMe and SIFSIX-1-Cu-
(OMe), (Fig. S3). As shown in Figs. S4 and S5, the thermogravimetric
analysis (TGA) and variable temperature (VT)-PXRD tests reveal that
SIFSIX-1-Cu-OMe and SIFSIX-1-Cu-(OMe), exhibit exceptional
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thermal stability and can maintain their original structure at least to
453 K in air. Additionally, they demonstrate remarkable chemical sta-
bility (Fig. S6). Subsequently, the pore structure is examined by 77 K Ny
adsorption test. The experimental results demonstrate that the adsorp-
tion isotherms of three materials all exhibit the type-I curve, indicating
their microporous characteristics (Fig. 2a). It is noteworthy that the
corresponding Brunauer-Emmett-Teller (BET) surface area and pore
volume gradually decrease from SIFSIX-1-Cu (1332 m?/g, 0.65 cm®/g)
to SIFSIX-1-Cu-OMe (1130 mz/g, 0.57 cmg/g), and reach the value in
SIFSIX-1-Cu-(OMe), (895 m?/: g,0.38 em®/ g). The pore size distribution
obtained by density functional theory (DFT) is consistent with trend
from the crystal structures (Fig. S7).

Single-component gas adsorption experiments of CoHp, CoHy and
CyHg were conducted on SIFSIX-1-Cu, SIFSIX-1-Cu-OMe and SIFSIX-1-
Cu-(OMe),. As shown in Fig. 2b, the maximum adsorption uptake of
CoHj is higher than that of CoH4 and CoHg in all materials. Noteworthy,
the difference of adsorption capacity for CoHg and CpHy is significantly
increase from SIFSIX-1-Cu to SIFSIX-1-Cu-OMe and SIFSIX-1-Cu-
(OMe),. At 298 K and 0.1 bar, the adsorption uptake of C;Hg (11.5 cm®/
g) is almost equal with CoHy (9.8 cms/g) in SIFSIX-1-Cu, and the
adsorption difference of CoHg and CoHy as well as the CoHg/CoHy uptake
ratio are only 1.7 cm®/g and 117 %. In contrast, SIFSIX-1-Cu-OMe
shows relatively higher CoHg adsorption (13.5 cm3/g) than CoHy (10.4
cm3/g), and the corresponding adsorption difference (3.1 cmg/g) and
uptake ratio of CoHg/CoHy (130 %) are slightly larger than those of
SIFSIX-1-Cu. As anticipated, SIFSIX-1-Cu-(OMe), exhibits extremely
high adsorption amount of CoHg (19.7 cm®/g) at 298 K and 0.1 bar,
about 1.7 times of SIFSIX-1-Cu, but only adsorbs CoHy4 of 11.5 cm3/g,
resulting in the adsorption difference as high as 8.2 cm®/g and an
amazing CoHg/CoHy uptake ratio of 171 % (Fig. S8). Moreover, such
significant adsorption difference of CoHg and CyHy4 in SIFSIX-1-Cu-
(OMe); can be maintained at multiple adsorption—-desorption cycle ex-
periments (Fig. S9).

Furthermore, the isosteric heats of adsorption (Qs) of CoHa, CoHy and
CoHg are calculated based on the Virial equation to investigate the
interaction between the framework and gas molecules (Figs. S12-514).
As shown in Fig. 2c¢, the initial Qg of CoHj is larger than that of CoHy in

all materials. Noteworthy, in SIFSIX-1-Cu, the initial Qs of CoH4 (22.7
kJ/mol) is higher than that of CoHg (17.7 kJ/mol), and the difference of
isosteric adsorption heats (AQsp) is 5.0 kJ/mol. For SIFSIX-1-Cu-OMe,
although the Qg order is the same as that of SIFSIX-1-Cu, in which CoHy
(21.9 kJ/mol) is higher than CoHg (21.7 kJ/mol), the AQy is signifi-
cantly reduced to 0.2 kJ/mol. As anticipated, SIFSIX-1-Cu-(OMe),
shows a inversed Qg order of CoHg (24.2 kJ/mol) > CoHy (22.0 kJ/mol)
with a high difference (2.2 kJ/mol), indicating that SIFSIX-1-Cu-
(OMe);, has stronger affinity for CoHg than that for CoHy.

Subsequently, we evaluate the separation potential of these materials
through IAST selectivity. As expected, all three materials show
outstanding IAST selectivity of CpHy/CoHy4 mixture (Fig. S15).
Regarding different ratios of CoHg/CoHy mixture, the order of CoHg/
CoHy selectivity is SIFSIX-1-Cu-(OMe)y > SIFSIX-1-Cu-OMe > SIFSIX-
1-Cu (Fig. 2d). Especially, the 10/90 CoHg/CoHy IAST selectivity is
significantly improve from 1.18 (SIFSIX-1-Cu) to 1.27 (SIFSIX-1-Cu-
OMe), and finally reach a remarkably high value of 1.79 (SIFSIX-1-Cu-
(OMe)s,). As indicated in Fig. 2e, both CoHg adsorption capacity at 298 K
and 0.1 bar and 10/90 CyHe/CoH4 IAST selectivity gradually increase
from SIFSIX-1-Cu (11.5 cm3/g, 1.18) to SIFSIX-1-Cu-OMe (13.5 cm3/g,
1.27), and reach the maximum in SIFSIX-1-Cu-(OMe), (19.7 cm?/ g,
1.79), which is also higher than some state-of-the-art materials capable
of one-step purification of CoHy from three-component Cy hydrocarbon
mixture, such as Azole-Th-1 (19.0 cmg/g, 1.44) [47] and UPC-613 (15.7
cm?/g, 1.47) [48], but lower than CuTiFs-TPPY (29.8 cm®/g, 2.12) [40]
and Ni(sdba)(dabco)ys (38.1 cm®/ g, 2.57) [49]. Based on the above
results, by modifying one or two —OCHj3 groups into SIFSIX-1-Cu, the
CyHg adsorption capacity, CoHe/CoHy uptake ratio and CoHg/CoH4 IAST
selectivity could be stepwise improved. Therefore, SIFSIX-1-Cu-(OMe)y
may serve as a promising adsorbent that enables one-step purification of
CoHy from ternary CoHy/CoHys/CoHg mixture.

3.3. Dynamic breakthrough experiments

To evaluate the actual separation performance, dynamic break-
through experiments were performed on SIFSIX-1-Cu, SIFSIX-1-Cu-
OMe and SIFSIX-1-Cu-(OMe),. As anticipated, all three materials can
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efficiently separate CoHy/CoHy (1/99) mixture. CoHy breaks out first and
CoH, is also detected after a considerable time interval, suggesting that
the framework has stronger interactions with CoHj than CoHy (Fig. 3a).
Furthermore, a binary gas mixture of CoHg/C2H4 (10/90) was tested. As
shown in Fig. 3b, CoH4 and CyHg break out almost simultaneously and
the purification of C;H4 cannot be achieved with SIFSIX-1-Cu. Mean-
while, for SIFSIX-1-Cu-OMe, CyH, is detected at about 91 min and CoHg
flows at 97 min. However, only 0.45 L/kg of polymer-grade CoHy4
(>99.95 %) can be obtained. As anticipated, compared with SIFSIX-1-
Cu and SIFSIX-1-Cu-OMe, the breakthrough time interval between
CoHy and CyHg is sharply increase to 11 min in SIFSIX-1-Cu-(OMe)s,
and the polymer-grade CoHy (>99.95 %) productivity is up to 6.75 L/kg,
which is nearly 15 times higher than that of SIFSIX-1-Cu-OMe (Fig. 3e).
Furthermore, we investigated the separation ability of these three ma-
terials in ternary CoHy/CoH4/CoHg (1/90/9) mixture. The experimental
results show that CoHy has the longest retention time on the break-
through column in all materials, while SIFSIX-1-Cu and SIFSIX-1-Cu-
OMe cannot realize one-step CoHy purification from ternary gas mixture
due to the simultaneous outflow of C;H4 and CyHg. In contrast, for
SIFSIX-1-Cu-(OMe),, CoHy is detected at 68 min, while CoHg is not
detected at outlet until 82 min, and the polymer-grade CoH4 (>99.95 %)
productivity is as high as 6.82 L/kg (Fig. 3c and 3e). The CyHy pro-
ductivity of SIFSIX-1-Cu-(OMe), is superior to some reported materials
that can achieve CyH4 purification from CyHy/CoHg/CoHg (1/90/9)
mixture, such as UiO-66-CF3 (3.49 L/kg) [50], LIFM-XYY-6 (3.20 L/kg)
[28] and HIAM-210 (2.56 L/kg) [51]. Since the stability of material is
crucial in practical industrial application, we further performed multiple
cycle breakthrough experiments on SIFSIX-1-Cu-(OMe),. As indicated
in Fig. 3d and 3f, the separation performance and the polymer-grade
CoHy (>99.95 %) productivity from CoHy/CoHa/CoHg (1/90/9) remain
basically unchanged after five cycles, which shows the excellent recy-
clability of SIFSIX-1-Cu-(OMe)s. In summary, compared to SIFSIX-1-Cu
and SIFSIX-1-Cu-OMe, SIFSIX-1-Cu-(OMe), shows exceptional sepa-
ration performance and ultra-high stability through the pore environ-
ment engineering, making it a potential material for purifying CoHy4 from
ternary Cp-gases mixtures in one step.

3.4. Theoretical calculations

The optimal adsorption sites of CoHy, CoH4 and CoHg on the three
materials were determined by grand canonical monte carlo (GCMC)
simulations, and the binding energies were evaluated based on
dispersion-corrected density functional theory (DFT) calculations
[52,53]. As shown in Fig. 4a-4c, in SIFSIX-1-Cu, we can clearly find that
both CyH; and CyH4 can form multiple C-H...F interactions, C-H...n
interactions and C-H...C interactions with the framework, whereas only
one C-H...F interaction and two C-H...r interactions can be noted for
CoHg, The calculated static binding energies of three gases follow the
tendency of CyHa (—69.98 kJ/mol) > CoHy (—51.36 kJ/mol) > CyHg
(—35.71 kJ/mol). After modification of the ligand with one —-OCHj
group, for CoHg, in addition to one C-H...F interaction, two C-H...x in-
teractions and one C-H...C interaction with the pore surface, it can also
form an additional C-H...O interaction with the -OCHjs group compared
with CoHy and CaHy (Fig. 4d-4f). The binding energy of CoHg increases
to —45.56 kJ/mol, but remains lower than that of CoHy (—61.02 kJ/mol)
and CyHg (—49.28 kJ/mol). When the number of ~OCHj3 group is
increased to two, as anticipated, CoHg not only forms two C-H...F in-
teractions and two C-H...w interactions with the skeleton, but also forms
extra three C-H...O interactions and two C...C interactions with the
inserted -OCH3 groups. It can be observed that increasing the number of
-OCH3 groups in the pore wall leads to more supramolecular in-
teractions, especially C-H...O interactions, between CyHg and the pore
surface. In contrast, only one C-H...O interaction is produced between
the introduced ~OCH3 groups and CoHy4 (Fig. 4g-4i). Therefore, in SIF-
SIX-1-Cu-(OMe),, the insertion of -OCHj3 group results in more supra-
molecular interactions between CoHg and the framework than CoHy,
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with the binding energy of CoHg (—45.52 kJ/mol) > CoHy (—43.27 kJ/
mol) > CyHy (—41.62 kJ/mol). The above results demonstrate that an
optimal pore environment is tailored for SIFSIX-1-Cu-(OMe), through
the synergistic effect of reduction in pore size and increase in O binding
sites, which endow enhancing affinity towards CyHg compared with
CoHy. Therefore, SIFSIX-1-Cu-(OMe), realizes efficient one-step puri-
fication of CoHy from a ternary CoHa/CoHy/CoHg mixture.

4. Conclusions

In conclusion, we have successfully customized the pore environ-
ments of CoHp-selective materials through ligand functionalization to
achieve one-step purification of CoHy from a ternary CoHy/CoHyg/CoHg
mixture. The O binding sites are continuously increased by stepwise
modifying one and two ~OCHj3 groups into CaHo-selective SIFSIX-1-Cu,
resulting in significant improvements in the adsorption capacity of
CoHg, the CoHg/CoHy uptake ratio, as well as the CyHg/CoHg IAST
selectivity. Moreover, in comparison to SIFSIX-1-Cu and SIFSIX-1-Cu-
OMe, which are incapable of achieving the purification of CoHy from
ternary Cp-hydrocarbons, SIFSIX-1-Cu-(OMe), can realize the one-step
acquisition of polymer-grade CoHy from a mixture of CoHy/CoHyg/CoHg
(1/90/9) with significantly high productivity of 6.82 L/kg. Theoretical
calculations further demonstrate that the pore surface of SIFSIX-1-Cu-
(OMe), possesses multiple binding sites for CoHg, in contrast to CaHg.
Consequently, SIFSIX-1-Cu-(OMe), exhibits good performance in pur-
ifying CoH4 from a mixture of CpHy/CoHs/CoHg. The present work
represents a significant advancement in stepwise customizing pore en-
vironments on a CyHp-selective material, aiming to achieve one-step
CyH4 purification from ternary Cp hydrocarbon mixtures. This work
provides novel insights into the development of CyHy/CoHg-selective
MOFs for one-step acquisition of CoHy from Cp-hydrocarbons.
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Materials and Instrumentation

The ligand of 3-methoxy-4,4'-bipyridine (Bpy-OMe) and 3,3'-dimethoxy-4,4'-bipyridine (Bpy-(OMe)z)
were synthesized according to the methods reported in the literature [1]. All reagents were purchased
from commercial sources and used without further purification. Powder X-ray diffraction (PXRD) and
Variable-Temperature (VT)-PXRD data were collected using a Rigaku MiniFlex600 X-ray
diffractometer with Cu-Ka (4 = 0.154 nm). Thermogravimetric analysis (TGA) was conducted on an
NETZSCH STA 449C unit at heating rate of 10 °C/min under a nitrogen atmosphere from room
temperature to 900 °C. Elemental analyses for C, H, and N were carried out on a Elementar Vario

MICRO elemental analyzer.
Single-Crystal X-ray Crystallography

Single crystal data was collected on a XtalLAB Synergy R, HyPix diffractometer equipped with Cu-Ka
radiation (A = 1.54184 A). The structure was solved by the intrinsic method of Olex2 and meanwhile
refined by the full-matrix least-squares technique on F” using the SHELX program. The SQUEEZE
command in PLATON was employed to eliminate the highly diffused electron density in the channels.
Crystallography data and other details were listed in Table S2.

Calculation of the isosteric heat of adsorption (Qst)

The isosteric enthalpies of adsorption for C;H», Co:Hs and C,Hs were calculated using the single
component gas adsorption isotherms at 273 K and 298 K based on the Virial equation.

In P=In N+ ~ X7 a;N'+Xo b (1)
Qv=-RELya;N' 2
Pis pressure (mmHg), Nis the adsorbed capacity (mmol g!), 7'is the temperature (K), Ris the gas

constant (8.314 J K-! mol'), a; and b; are virial coefficients, m and n are the number of coefficients.
Calculation of IAST selectivity

Single component gas adsorption isotherms were fitted with single-site Langmuir—Freundlich model:

bp©
1+bp° @)

N=4

N is adsorbed capacity (mmol g'), 4 is the saturation adsorption capacity (mmol g™!), b is the Langmuir
constant, ¢ is the Freundlich exponent.

The resulting fitting parameters of 4, b and ¢ were used to calculate IAST selectivity:

S1 =G 3)

X2" V1

x and y are the molar fractions in the adsorbed phase and bulk phase, respectively.
Transient Breakthrough Simulations

Single component Transient breakthrough experiments were carried out for ternary 1/90/9
C,H(1)/C2H4(2)/C,He(3) mixtures at a total pressure of 0.12 MPa and 298 K. Three different MOFs
were used: SIFSIX-1-Cu, SIFSIX-1-Cu-OMe and SIFSIX-1-Cu-(OMe),. The framework densities of



the three MOFs are, respectively, p = 0.867 g cm™, 0.962 g cm™, and 1.077 g cm™. The breakthrough
tube has an inside diameter of 4 mm, and a packed length of 500 mm. The flow rates at the inlet, Q,=
1 mL min!. The sample mass of the three MOFs in the packed bed were, respectively, mgqs, 1.2863 g,
0.8306 g, and 1.6648 g. Transient breakthrough simulations were carried out for the exact same set of

operating conditions as in the experiments, using the methodology described in earlier publications

[2-7]. Intra-crystalline diffusional are accounted for by taking D—12: 1x102 s, D—ZZ: 1x107 s and
Tc T

c

D5 %103 57!, where 7. is the radius of the MOF crystals packed in the tube.

re?

Theoretical calculations

Framework atoms were considered fixed at their optimized crystallographic coordinates. All atoms
were treated with Lennard-Jones (LJ) 12—6 parameters (¢ and o) [8]. The LJ parameters for all atoms
were taken from the Universal Force Field (UFF) [9]. The partial charges on the framework atoms were
calculated using DFT method in CP2K software. Partial atomic charges were extracted by Mulliken

atom & basis function population analysis using Multiwfn 3.8 program [10].

Classical Monte Carlo (MC) simulations of C,H», C,H4 and C;H, adsorption were performed in three
materials within a rigid 3 x 3 x 4 supercell of these MOF. A spherical cut-off distance corresponding to
half the shortest supercell dimension length was used for the simulations. C,H,, C,Hs and C;Hs were
modeled using polarizable potentials of the respective adsorbates that were developed previously [11].
The total potential energy of the MOF-adsorbate system was calculated through the sum of the
repulsion/dispersion, stationary electrostatic, and many-body polarization energies. These were
calculated using the Lennard-Jones 12—6 potential [12], partial charges with Ewald summation [13, 14],
and a Thole-Applequist type model [15-18], respectively. All MC simulations were performed using
the Massively Parallel Monte Carlo (MPMC) code [19].

In order to identify the global energy minimum for C;H», C,H4 and C;Hg in three materials, simulated
annealing (SA) calculations [20] were performed for a single molecule of each adsorbate through a
canonical Monte Carlo (NVT) process in the considered supercell of the MOF. SA calculations for each
adsorbate utilized an initial temperature of 500 K, and this temperature was scaled by a factor of
0.99999 after every 10° MC steps. The simulations continued until 10® MC steps were reached; at this
point, the temperature of the system is below 15 K and the adsorbate is already localized in its energy

minimum position in the MOF.

The initial configurations were further optimized to ensure a more efficient energy landscape scanning
for every MOF-CyHy complex, and the optimized configuration having the lowest energy was used as
the global minimum for the subsequent analysis and calculation. The static binding energy (at T= 0 K)
was then calculated: AEpinga = Emor + Egas - Etotal, in Which Eiotat, Emor and Eg, are the calculated total
energies for the gas-trapped MOF, solo MOF and isolate gas molecule replaced in the cell with same
cell dimensions as MOF, respectively. Dispersion-corrected Density Functional Theory (DFT)
computations were undertaken using the CP2K software package. We treated the simulation box as a

periodic structure in all directions for electrostatic calculations. The Poisson equation was addressed



using a periodic boundary condition (PBC) solver. We employed the GTH-PBE exchange-correlation
functional for electronic structure computations, utilizing the DZVP-MOLOPT-SR-GTH basis set. The
corresponding basis set and potential files were incorporated into the input file. To consider the van der
Waals interactions, we included the DFT-D3 dispersion correction. The molecular grid cutoff energy
and relative cutoff energy were set to 350 Ry and 50 Ry respectively. The self-consistent field (SCF)
computations were conducted with a maximum of 25 SCF iterations and a convergence threshold of
5.0E-06 for the density matrix. We utilized the Orbital Transformation (OT) method with a DIIS

minimizer to facilitate convergence.
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Fig. S2. The '"H NMR data of ligand Bpy-(OMe)..
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Fig. S3. The PXRD patterns of SIFSIX-1-Cu, SIFSIX-1-Cu-OMe and
SIFSIX-1-Cu-(OMe)a.
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Fig. S4. The TGA curves of SIFSIX-1-Cu, SIFSIX-1-Cu-OMe and
SIFSIX-1-Cu-(OMe)a.
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Fig. S6. The PXRD patterns after soaked in different polarity organic solvents for 24
hours of (a) SIFSIX-1-Cu-OMe and (b) SIFSIX-1-Cu-(OMe)z.
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SIFSIX-1-Cu-(OMe): calculated by density functional theory (DFT).
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Fig. S10. C:Hz, C:Hs4 and C:He adsorption isotherms of SIFSIX-1-Cu,
SIFSIX-1-Cu-OMe and SIFSIX-1-Cu-(OMe): at 273 K.
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Fig. S26. (a) C2Hz, (b) C2H4 and (c) C2He adsorption isotherms at 298 K in
SIFSIX-1-Cu-OMe with single-site Langmuir-Freundlich model fits.
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Fig. S27. (a) C2Hz, (b) C2H4 and (c) C2He adsorption isotherms at 298 K in
SIFSIX-1-Cu-(OMe): with single-site Langmuir-Freundlich model fits.
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Table S1. Physical and chemical properties of C2H2, C2H4 and C2He.

Molecular (‘

Molecular dimensions (A%) 3.32x3.34x5.70 3.28 x4.18 x 4.84 3.81 x4.08 x 4.82
Kinetic diameter (A) 33 4.2 4.4
Quadrupole moment

7.2 1.5 0.65
(x 1072 esu cm?)
Polarizability
33.3-39.3 42.5 44.3-44.7

(x 107 cm?)

Boiling point (K) 188.4 169.4 184.5




Table S2. Crystal data and structure refinement.

Complex SIFSIX-1-Cu SIFSIX-1-Cu-OMe |[SIFSIX-1-Cu-(OMe)2
Empirical formula | C20Hi16CuFeN4Si | C22H14CuFsN4O2Si | C24H20CuFeN4O4Si
Formula weight 518.00 572.00 634.07
Temperature 100 K 100 K 100 K
Crystal system tetragonal tetragonal tetragonal
Space group P4/mmm P4/mmm P4/mmm
a/A 11.08829(18) 11.0899(2) 11.0854(2)
b/A 11.08829(18) 11.0899(2) 11.0854(2)
c/A 8.0677(2) 8.0251(3) 7.9538(2)
al® 90 90 90
p° 90 90 90
7° 90 90 90
Volume/A3 991.93(4) 986.97(5) 977.41(4)
z 1 1 1
Pealeg/cm’ 0.867 0.962 1.077
w/mm’! 1.404 1.491 1.587
F(000) 261.0 287.0 321.0
GOOdneS;;Of'ﬁt o 1.184 0.891 1214
Final R indexes R1=0.06606, Ri1=0.1055, R1=0.0923,
[[>=20 (])] wR2=0.1753 wR2 = 0.3507 wR2 = 0.3000
Final R indexes R1=0.0712, R1=0.1090, R1=0.0940,
[all data] wR2=0.1776 wR> = 0.3545 wR2 =0.3021
CCDC Number 142080 2351841 2351842




Table S3. Comparison of adsorption capacity, IAST selectivity, and initial Os: of some famous C2H2/C2He-selective MOFs.

Adsorption capacity Oy at zero coverage
IAST selectivity
(cm?/g) (kJ/mol)
MOFs Ref
C,H» C,He CoHy Csz/ CoHy Csz/ C,H4 C2H6/ C2H4
Csz C2H4 C2H6
(1 bar) | (0.1/1 bar) | (1 bar) (1/99) (50/50) (10/90)
SIFSIX-1-Cu-(OMe), | 79.6 | 19.7/652 | 553 1.67 1.77 1.79 24.1 | 22.0 | 24.2 This work
STFSIX-1-Cu-OMe 148.2 | 13.5/75.4 | 70.1 4.91 1.26 1.27 29.6 | 21.9 | 21.7 | This work
STFSIX-1-Cu 192.7 | 11.5/102.9 | 93.1 11.40 1.18 1.18 304 | 22.7 | 17.7 | This work
TJT-100 1019 | 27.1/829 | 769 1.80 1.20° - 31 25 29 [21]
Azole-Th-1 81.2 |19.0/100.1 | 81.1 1.00 1.46 1.44 254 | 26.1 | 28.6 [22]
UiO-67-(NH2)2 132.2 | 233/119.2 | 96.8 2.10 1.70 - 274 | 245 | 265 [23]




Ui0-67 468 | 52/683 | 47.7 1.07 1.49 - 233 | 232 | 247 [23]
UPC-612 674 | 10.1/802 | 653 1.07° 1.40 1.40 239 | 169 | 224 [24]
UPC-613 63.4 | 157/57.1 | 517 1.38° 1.47 1.47 304 | 285 | 31.8 [24]
MOF-525 594 | 69/594 | 473 1.44° 1.25 1.25 158 | 16.7 | 19.9 [24]

MOF-525(Co) 58.7 7.8/49.7 | 43.0 1.95° 1.10 1.10 18.6 | 23.4 | 20.7 [24]
ZINU-115 106.0 | 24.0/942 | 84.0 2.05 1.56 - 29.2 | 27.7 | 282 [25]

NUM-9 52.1 | 24.0/55.6 | 49.9 1.48 1.61 1.62 35.8 | 32.3 | 358 [26]

NPU-1 114.0 |25.1/100.8 | 94.1 1.40° 1.32 - 27.9 | 239 | 29.1 [27]

NPU-2 90.3 | 13.0/99.0 | 77.3 1.25° 1.52 - 21.0 | 182 | 19.6 [27]

NPU-3 57.8 7.2/753 49.7 1.32¢ 3.21 - 19.9 | 17.8 | 18.7 [27]

Zn(ad)(int) 68.0 | 41.0/51.9 | 49.4 1.61 2.40 2.40 347 | 289 | 332 [28]




Zn-ATA 448 | 18.0/24.1 | 268 1.81 - 1.84 245 | 274 | 325 [29]
[Zn(BDC)(H,BPZ)] | 100.0 | 44.0/81.4 | 73.6 1.60° - 2.20 28.7 | 232 | 318 [30]
CuTiFs-TPPY 81.1 | 29.8/63.2 | 542 5.03 2.12 2.12 36.5 | 29.6 | 342 [31]
Ui0-66-CF3 33.7 | 102/309 | 254 1.40° 1.90 1.90 243 | 22.2 | 243 [32]
HIAM-210 673 | 19.0/52.4 | 474 2.00° 2.00 - 343 | 227 | 31.2 [33]
L-py-Cu 68.6 | 20.0/48.5 | 48.4 1.74 1.54 - 344 1 256 | 292 [34]
Ni(sdba)(dabco)o s 98.8 | 38.1/70.6 | 67.0 2.28° 2.47 2.57 32.8 | 28.2 | 29.8 [35]
Zn(sdba)(dabco)o s 73.9 | 27.8/634 | 60.0 1.72° 2.05 - 324 |1 279 | 29.0 [35]
MOF-303 177.9 |35.8/112.0 - 2.40 1.70 - 31.7 | 243 | 251 [36]
ZINU-7 112.8 | 31.8/92.5 | 852 1.77 1.56 1.58 34.1 | 293 | 29.7 [37]
Zn-atz-oba 62.0 | 143/457 | 452 1.43° 1.27 - 275 | 27 30 [38]




UPC-66 713 | 172/619 | 54.0 1.05° 1.65 17.6 | 17.8 | 15.6 [39]
BUT-150 1239 | 29.8/96.3 | 954 1.82° 1.15 30.5 | 23.7 | 239 [40]
BUT-151 107.5 | 23.7/89.4 | 83.3 1.61° 1.26 36.8 | 239 | 31.1 [40]
Al-MOFM 5 63.8 | 13.9/499 | 289 3.320 2.51 40.2 | 32.8 | 45 [41]
MIL-125 1579 | 17.0/108.2 | 89.1 2.32 1.43 17.6 | 17 | 23.6 [42]
NH,-MIL-125 1752 | 20.4/105.1 | 98.8 3.75 1.18 - - - [42]
MUV-11 89.2 | 13.2/41.0 | 385 6.92 1.53 - - - [42]
ZSTU-2 69.7 | 20.6/61.2 | 52.6 2.36 1.62 - - - [42]
Al-PyDC 184.6 -/94.1 77.1 4.30 1.90 353 | 27.8 | 30.1 [43]
LIFM-28 195 | 4.0/21.8 | 174 1.04 1.24 26.6 | 26.0 | 28.8 [44]
PCN-700 21.0 | 40/286 | 194 1.07 1.53 25.6 | 23.6 | 263 [44]




LIFM-XYY-1 495 | 11.0/60.4 | 46.7 1.07 1.51 - 29.6 | 288 | 295 [44]
LIFM-XYY-2 73.1 15.0/81.8 | 653 1.15 1.48 - 33.1 | 288 | 295 [44]
LIFM-XYY-3 61.1 | 9.0/56.7 | 47.0 1.42 1.33 - 31.0 | 285 | 296 [44]
LIFM-XY Y-4 793 | 15.0/87.1 | 613 1.41 1.68 - 2721250 | 293 [44]
LIFM-XYY-5 68.8 | 12.0/759 | 574 1.31 1.53 - 259 | 183 | 26.7 [44]
LIFM-XYY-6 66.5 | 12.0/66.9 | 50.1 1.53 1.63 - 37.1 | 315 | 322 [44]
LIFM-XYY-7 1089 | 18.0/117.2 | 91.2 1.24 1.50 - 223 | 23.0 | 249 [44]
LIFM-XYY-8 853 | 15.0/943 | 739 1.14 1.47 - 25.9 1267 | 274 [44]

2 TAST selectivity for 50/50 C;H2/C2Ha.

® JAST selectivity for 1/99 CoHe/CoHa.



Table S4. The detailed binding energies for the Eiotal, EMor and Egas of SIFSIX-1-Cu, SIFSIX-1-Cu-OMe and SIFSIX-1-Cu-(OMe)>.

MOFs Gas Molecules Etotal (Ha) Emor (Ha) Egas (Ha) AEbind (Ha) o
(kJ/mol)
C2Ho -733.1679 -720.7042 -12.4370 -0.0267 -69.9779
SIFSIX-1-Cu C2H4 -734.4052 -720.7043 -13.6813 -0.0196 -51.3559
C2Hs -735.6244 -720.7046 -14.9062 -0.0136 -35.7150
C2Ho -824.5969 -812.1367 -12.4370 -0.0232 -61.0181
SIFSIX-1-Cu-OMe C2H4 -825.8368 -812.1367 -13.6813 -0.0188 -49.2818
C2Hs -827.0614 -812.1378 -14.9062 -0.0174 -45.5602
C2Ho -916.0243 -903.5706 -12.4372 -0.0165 -43.2693
SIFSIX-1-Cu-(OMe); C2H4 -917.2662 -903.5691 -13.6813 -0.0159 -41.6176
C2Hs -918.4933 -903.5697 -14.9063 -0.0173 -45.5220




Table S5. The charge values and Lennard-Jones (LJ) potentials for C2Hz, C2Ha, and

C2He molecules.

Gas Partial charge
Atom . Lennard-Jones & (K) Lennard-Jones 6 (A)
molecules on atom (in e)
C -0.29121 81.35021 3.40149
Csz
H 0.29121 0.00026 4.77683
C -0.34772 69.08116 3.51622
C,Hy4
H 0.17386 3.169 2.41504
C -0.04722 141.80885 3.28897
C:H
H 0.01574 0.62069 2.88406
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