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ABSTRACT

Separation of propane from natural gas is of great importance to industry. However, in light of size-based separation, there still
lacks effective method to directly separate propane from natural gas, due to the comparable physical properties for these light
alkanes (C1-C4) and the middle size of propane. In this work, we found that a new Th-metal-organic framework (MOF) could be
an ideal solution for this issue. The Th-MOF takes UiO-66-type structure, but with the pocket sealed by six-fold imide groups; this
not only precisely reduces the size of pocket to exactly match propane, but also enhances the host—guest interactions through
multiple (C)H(*)-(>)O(C) interactions. As a result, highly selective adsorption of propane over methane, ethane, and butane was
observed, implying unique middle-size separation. The actual separation was confirmed by breakthrough experiments of
simulated natural gas, confirming its superior application in direct separation of propane from natural gas. The separation
mechanism, as unveiled by both theoretical calculation and comparative experiments, is due to the six-fold imide-sealed pocket
that could effectively distinguish propane from other light alkanes through both size effect and host—guest interactions.
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1 Instructions

Natural gas (NG) widely exists on the earth, with abundant
reserves, such as oilfield gas, gas field gas, mud volcanic gas,
coalbed methane, and biogenic gas. It contains both light
hydrocarbon and nonhydrocarbon gases. The major component
of light hydrocarbon consists of methane (85%), ethane (9%),
propane (3%), and butane (1%) [1-7]. Light alkanes play
important roles in commodity production in the fuels and
chemical industry. For instance, CH, is used as clean fuel, C,Hj is
the used as raw materials for different reactions such as the
manufacture of polymer, and propane is an important raw
material for modern industry [8-10]. In China, the propane
consumption in 2019 was 16.57 million tons [11]. Therefore,
separation of these hydrocarbons is a prerequisite for effective
utilization of these resources.

The kinetic diameter of methane, ethane, propane, and butane
is 3.8, 44, 43-5.1, and 4.7 A, respectively, implying difficult
separation of this mixture, due to the comparable size [12-15]. But
they exhibit different molecule sizes such as 3.76 A x 3.83 A x
3.99 A for methane, 4.08 A x 4.29 A x 4.72 A for ethane, 4.02 A x
479 A x 620 A for propane, and 4.02 A x 4.61 A x 7.38 A for
butane. This suggested that we can separate this mixture through
precisely designing pore structure and size. Due to the outstanding
importance of propane in the industry, there demands urgent
concern about direct generation of propane from natural gas
(mainly quaternary gas mixture of methane, ethane, propane, and
butane) [16-19]. However, to enforce this target, there still lacks

available metal-organic frameworks (MOFs) or effective molecular
design strategy to match exactly the size of propane. On the other
hand, in light of size-based separation that is often designed and
employed for separation in the field of MOFs, both the kinetic
diameter and the molecular size of propane are located at the
middle among these mixtures, implying a demand of middle-size
separation [20]. However, this is seriously restricted for common
molecular design and most available MOFs. To the best of our
knowledge, there is still no report about direct separation of
propane from natural gas until this work.

The size and configuration of pore in MOFs present a highly
important factor for separation [21-26]. MOFs could selectively
adsorb gas molecules with smaller size than the pore of MOFs, but
will exclude these gas molecules with bigger size than the pore of
MOFs [27,28]. And co-adsorption would occur when all the
components in the gas mixture have smaller size than the pore of
MOFs; this often leads to weak or no separation [29-31]. Thereby,
separation of molecules with middle size among the gas mixture
remains a challenging task [32, 33]. Flexible framework with gate
opening could be a good resolution. For example, just the target
molecule with middle size can result in the gate opening, and
other molecules with relatively smaller size or bigger size could not
result in the gate opening, consequently leading to selective
adsorption of middle-size molecules. This unique phenomenon
has been realized by Zhang et al. for separation of styrene from the
ethylbenzene/styrene/toluene/benzene mixture [20]. However, this
type of separation is highly dependent on the magnitude of
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host-guest interactions, thus restricting its application for other
mixtures.

Anchoring functionalized units on the pore wall of MOFs to
enhance the host-guest interactions is also an effective method for
separation [34-36]. This can theoretically selectively adsorb target
molecule from the mixture under precise design on the
functionalized units. However, this method could be also invalid
to perform middle-size separation for these molecules with similar
structure and physical properties.

In this work, we found that the combination of size control and
anchoring functionalized units is an effective solution to give
middle-size separation for propane from natural gas (see
Scheme 1). The used MOF shows the pore size bigger than
methane, ethane, and propane, but less than butane, and the pore
wall is decorated by three-fold imide groups that act as strong H-
acceptor to enhance host-guest interactions. Selective adsorption
of propane over methane and ethane is due to the relatively
stronger host-guest interactions between propane and MOFs,
while selective adsorption of propane over butane is due to the big
size of butane (relative to the pore of MOF).

2 Experimental

Caution! Th(NO;), used in this study is radioactive and
chemically toxic reactant, so standard precautions and protection
for handling such substances were followed. Other chemicals are
directly purchased from Innochem without further purification.

2.1 Synthesis of N,N’-bis-(4-benzoic
naphthalenediimide (H,L)

10 mmol (2.68 g) 1,4,5,8-naphthalenetetracarboxylicdianhydride
(NTCDA) was weighted in a 250-mL round-bottom flask. 50 mL
dried acetic acid was added and stirred for 10 min. Then 20 mmol

acid)-1,4,5,8-
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(2.74 g) 4-aminobenzoic acid was added in the solution and
allowed reflux at 119 °C. After 12 h, the reaction was cooled to
room temperature. The product was washed by distilled water and
ethanol through filtration and dried in vacuum.

2.2 Synthesis of ECUT-Th-10

15 mg H,L and 8 mg Th(NO,), were mixed together in N,N-
dimethylformamide (DMF). Then 100 pL perchloric acid was
added in the mixture. The mixture was placed into screw-capped
glass vial and sealed. The vial was heated at 110 °C for 72 h. After
that, the system was cooled down to room temperature. The light
orange crystals (ECUT-Th-10) were obtained after washing by
DME. The details for the experiments are shown in the Electronic
Supplementary Material (ESM).

3 Results and discussion

3.1 Structure of ECUT-Th-10

The MOF, namely ECUT-Th-10, was synthesized by the
solvothermal reaction of Th(NO;),, N,N’-bis-(4-benzoic acid)-
1,4,5,8-naphthalenediimide (H,L), and perchloric acid. Light
orange octahedral crystals were obtained (Fig. S1 in the ESM). The
purity of the as-synthesized samples was confirmed by powder X-
ray diffraction (PXRD) tests (Fig. S2 in the ESM). Single-crystal X-
ray diffraction analysis shows that ECUT-Th-10 crystallizes in the
cubic space group Fd-3m with big unit cell of a = b = ¢ =
39.5857(7) A and large volume of 62,032(3) A® (Table S4 in the
ESM). The asymmetric unit contains one crystallography-
independent Th(IV), which is coordinated by four carboxylate
oxygen atoms from four different L’ ligands, two (-OH ions, and
two @-O* ions, forming a square antiprismatic geometry (Fig.
1(b)). The Th-O bonds are in the normal range, comparable with
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Scheme 1 The schematic diagram for middle-size separation of propane from natural gas, where the selective adsorption of propane over methane and ethane is due
to the exact match of molecular size with the pore of MOF plus enhanced host-guest interactions resulted from anchoring functionalized units, while the selective
adsorption of propane over butane is due to the size effect, since the molecular size of butane is bigger than the pore size. In addition, this MOF shows a gate-opening

adsorption for butane as the pressure increases.
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Figure1 The structure of ECUT-Th-10. (a) The ligand H,L. (b) The Th(i*-OH),(u*-O*), building block. (c) The UiO-66-type structure of ECUT-Th-10. (d) The
octahedral cage in ECUT-Th-10. () The tetrahedral cage in ECUT-Th-10 with four unique three-fold imide-sealed pockets at the vertex of tetrahedral cage. (f) A
comparison of the tetrahedral cage in UiO-66. (g) The unique six-fold imide-sealed pockets formed by interpenetration. The H atoms in the framework were omitted

for clarity.

that observed in the literature (Table S5 in the ESM) [37, 38]. The
L* ligands afford the bidentate mode to connect to four Th(IV)
ions. Due to steric hindrance, the middle imide-containing
fragment is rotated and almost perpendicular to the two terminal
benzene rings, as evidenced by the dihedral angle of 88.97° and
88.53° between them (Fig. 1(a)).

Through (*-OH ions and p’-O* ions, six identical Th(IV) ions
are integrated to generate a Thy(u’-OH),(1>-O*), building block,
which is very similar with the well-known Zry(i’-OH),(w-O>),
building block in UiO-66-type structures. Each Thg(w-OH),(w*-
O*), core connects to twelve L* ligands, and an overall UiO-66-
type structure is observed in ECUT-Th-10 (Fig. 1(c)).
Interestingly, as observed in UiO-66, ECUT-Th-10 also affords
two different cages of octahedral and tetrahedral cages. However,
the octahedral cage is as large as to 2.6 nm, due to the use of long
ligand of L* (Fig. 1(d)). The tetrahedral cage in ECUT-Th-10 is
divided into two types of pores, and four three-fold imide-sealed
pockets are observed at the vertex of tetrahedral cage that gives the
aperture of 6.1 A (Fig. 1(e)); this is impressively matchable with
the size of propane, but bigger than methane and ethane, and
smaller than butane, implying its potential for selective adsorption
of propane over methane, ethane, and butane, finally leading to
middle-size separation. However, UiO-66 just shows one type of
pore for tetrahedral cage with a size of about 8 A (Fig. 1(f)). The
formation of unique three-fold imide-sealed pockets in ECUT-Th-
10 is due to the use of L*" ligands that show the rotation of imide-
containing fragment and result in a perpendicular configuration
for the L* ligand between the middle imide-containing fragment
and two terminal benzene rings, and finally cause the imide C=O
bonds to orient inside the tetrahedral cage. Notably, two-fold
interpenetration is observed in ECUT-Th-10, which largely
reduces the pore. And the three-fold imide-sealed pockets are then
further sealed by additional three imide units from another net,
constructing the overall six-fold imide-sealed pockets (Fig. 1(g)).

3.2 Thermogravimetric analysis (TGA)

To confirm the permanent porosity, we first carried out TGA of
ECUT-Th-10, showing that the guest molecules can be removed
before 250 °C (Fig. S3 in the ESM). But this can be decreased
through CH;OH treatment, since the CH;OH-exchanged samples
showed the solvent loss before 100 °C. Therefore, the activation of

ECUT-Th-10 was prepared at 100 °C under vacuum. The TGA
curve of activated ECUT-Th-10 indicated that the guest molecules
have been removed since only little weight loss was observed
between 100 and 450 °C (Fig. S3 in the ESM). The similar PXRD
patterns of activated ECUT-Th-10 and synthesized ECUT-Th-10
proved that the framework structure was well maintained in
activated ECUT-Th-10 (Fig. S2 in the ESM).

3.3 Porosity measurement

To check the porosity, N, adsorption-desorption behavior was
studied at 77 K. As shown in Fig. 2(a), the uptake capacity of N, is
around 250 cm’/g at 1 bar. The Brunauer-Emmett-Teller (BET)
surface area was calculated to be 854 m?/g. The theoretical pore
volume of ECUT-Th-10 was calculated to be 0.609 cm*/g, while
the practical pore volume was 0.384 cm®/g. The size distribution
gives a narrow pore at 0.63 nm and broad pore at 1.3 nm, where
the narrow pore belongs to the six-fold imide-sealed pockets and
the broad pore belongs to the reduced pore (such as the pristine
large octahedral cage) due to interpenetration.

3.4 Pure gas adsorption isotherms

The above results further motivate us to investigate its application
in separation of natural gas. First, the single component isotherms
of CH,, C;H,, C;Hg, and n-C,H,, were measured at 298 K,
respectively (Fig.2(b)). The uptake at 298 K and 101 kPa is
2.89 mmol/g (C;Hy), 2.69 mmol/g (C,H,), 1.72 mmol/g (C,Hy),
and 042 mmol/g (CH,), respectively, suggesting selective
adsorption of propane over methane, ethane, and butane.
Especially, no adsorption for C,H,, at low pressure before 13 kPa
is observed, implying that butane is excluded from ECUT-Th-10
under this condition, since the size of butane is bigger than the
pore size of six-fold imide-sealed pockets. As for methane, ethane,
and propane, similar phenomenon is not observed, because their
sizes are smaller than the pore size of six- fold imide-sealed
pockets. Thereby, the adsorption ratio at low pressure (13 kPa) is
as high as to 30 for C;Hy/CH,, 3.75 for C;H,y/C,H,, and 17.1 for
C;Hy/CH,, strongly indicative of selective adsorption towards
propane. The sharp increase after 13 kPa observed in the
adsorption isotherm for butane is mainly resulted from gate
opening, owning to somewhat flexibility of the MOF. Gate
opening is often encountered in MOFs and is generally used for
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Figure2 The adsorption and separation research upon ECUT-Th-10. (a) The adsorption isotherm of N, at 77 K with the insert of pore size distribution. (b) The
adsorption isotherms of CH,, C,H,, C;Hg, and C,H, at 298 K. (c) The adsorption isotherms of C,H,, at different temperatures. (d) The IAST selectivity for C;Hy/CH,
(50/50), C;Hg/C,H (50/50), and C;Hg/C,H,, (50/50) in ECUT-Th-10. (e) Experimental breakthrough curves for CH,/C,H¢/C;Hy/C,H,, (25/25/25/25, viviviv) 4-
component mixture at 298 K. (f) Experimental breakthrough curves for simulated natural gas (methane 85%, ethane 9%, propane 3%, nitrogen 2%, n-butane 1%) at

298 K.

separation [39-41]. The gate opening for butane is further
confirmed by other adsorption isotherms at various temperatures
(290 and 280 K, Fig. 2(c)). Since we used the same batch of ECUT-
Th-10 to obtain the adsorption isotherms at 290 and 280 K, it can
be inferred that the framework structure still be flexible when
butane was desorbed. The adsorption isotherms for C,H,, at
various temperatures indicated that the gate-opening
phenomenon disappeared gradually as temperature decreased.

The adsorption selectivity was also evaluated by ideal
adsorption solution theory (IAST), in light of the above single
component isotherms at 298 K (Fig.2(d)) [42-44]. Ultrahigh
selectivity up to 60 for C;Hg/C H,, (50:50 v/v), 9.31 for C;Hg/C,Hg
(50:50 v/v), and 54.5 for C;Hy/CH, (50:50 v/v) is respectively
observed at the onset of adsorption, also suggesting selective
adsorption of propane.

We further investigated the host-guest interaction between
ECUT-Th-10 and these gases, which is mainly reflected on the
isosteric heat of adsorption (Q,). Thus, the adsorption of these
gases at 273 K was carried out (Fig. $4 in the ESM). Due to the
gate opening in C,H,, its fitting of the adsorption isotherms at
298 K cannot obtain a reasonable value, thus its Q, value cannot
be estimated. The Q value for other gases gives the hierarchy of
C;Hg (33.6 kJ/mol) > C,Hg (27.3 kJ/mol) > CH, (26.4 kJ/mol),
implying stronger host-guest interactions for propane (Fig. S5 in
the ESM).

3.5 Breakthrough experiments

To evaluate the actual separation ability of ECUT-Th-10 in
natural gas, we further carried out breakthrough experiments at
298 K. Initially, we investigated the separation of equimolar C;Hg
and C,Hg mixtures (50:50, v/v), as both of them hold closer
molecule size and smaller size than the pore of six-fold imide-
sealed pockets that means inevitable co-adsorption and
consequently weak or no separation. As shown in Fig. S6 in the
ESM, C,Hy is first eluted through the bed within 32 min/g,
whereas C;Hg breaks through after 70 min/g, clearly showing
separation of C;Hg from C;Hy/C,Hg mixture. To confirm this, we
repeated the experiments twice, and repeatable results were

observed, suggesting excellent recyclability for the present MOF
adsorbent (Fig.S7 in the ESM). Then, equimolar 3-component
CH,/C,H¢/C;Hg mixture was measured, and all the components
show smaller size than the pore of six-fold imide-sealed pockets
(Fig. S8 in the ESM). Notably, clearly separation for C;Hy is also
observed, as evidenced by the sequence of outgoing gas such as
10 min/g for CH,, 20 min/g for C,H,, and 48 min/g for C;Hg.
Furthermore, we also measured the equimolar 3-component
C,H¢/C;H,y/CH,y mixture, where C,;H,, shows bigger size than
the pore of six-fold imide-sealed pockets. As expected, C;Hg can
be also completely separated from this mixture, and the retention
time for C,Hg and C,H,, is about 10 min/g and the corresponding
value for C;Hg is as long as 42 min/g (Fig. S9 in the ESM). Finally,
we carried out the breakthrough experiments with equimolar
quaternary CH,/C,H¢/C;Hy/CH,y mixture at 298 K and the
results are shown in Fig. 2(e). It is impressive that middle-size
separation of C;Hy from this quaternary mixture is observed, and
very long retention time up to 83 min/g is observed for C;Hg,
while CH,, C,Hy, and CH,, just render short retention time
within 15 min/g, implying excellent separation of C;Hg from this
quaternary mixture. The results suggest its superior application for
direct separation of propane from natural gas.

To further prove the separation of C;Hy from the natural gas,
the breakthrough experiments of ECUT-Th-10 were performed
using simulated natural gas including methane 85%, ethane 9%,
propane 3%, nitrogen 2%, and n-butane 1% (Fig. 2(f)). The
adsorption isotherm of N, was performed at 298 K (Fig. S10 in the
ESM). The low uptake of N, for ECUT-Th-10 indicated the
existence of N, in natural gas will not affect the separation ability.
The results of breakthrough experiments showed that C;Hg could
be retained for 42 min/g, which is longer than CH, (4 min/g),
C,Hg (11 min/g), and CH;, (11 min/g). The breakthrough
experiments were repeated in triplicate, and no obvious decease
was observed in the separation of C;Hg, indicative of the good
recyclability for ECUT-Th-10 (Fig. S11 in the ESM).

To disclose the separation mechanism, we further carried out
additionally comparative experiment. Due to the high similarity of
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our MOF with UiO-66 in the structural aspect, in conjunction
with the difference in the aspect of tetrahedral cage, UiO-66 was
selected to give a comparative research. UiO-66 was synthesized
by solvothermal method [45]. The purity of the as-synthesized
UiO-66 was confirmed by PXRD tests (Fig. S12 in the ESM). The
tetrahedral cage in UiO-66 is about 8 A, which is bigger than the
molecular size of methane, ethane, propane, and butane.
Accordingly, middle-size separation is not expected for UiO-66.
Then, we first tested the single component isotherms of CH,,
CHy CiHg and n-CHy, at 298 K, respectively, giving the
adsorption capacity in the hierarchy of n-C,H,, (4.5 mmol/g) >
C;Hj (4.0 mmol/g) > C,H, (2.3 mmol/g) > CH, (0.5 mmol/g) (Fig.
3(a)). The results mean that the adsorption capacity of these gases
increases along with increasing molecular size of gas molecules,
completely excluding the selective adsorption of middle-size
molecule as observed in ECUT-Th-10. Gate opening in UiO-66 is
also not observed for butane, since it affords bigger tetrahedral
cage than the molecular size of butane. Moreover, the
corresponding C;Hg/C,H,,, C;Hg/C,H,, and C;Hg/CH, adsorption
selectivity was also calculated, giving S = 0.4, 2.0, and 32 at the
onset of adsorption, respectively (Fig. 3(b)). This value is fairly less
than that observed in our MOF such as S = 60, 9.31, and 54.5,
respectively, which is mainly due to the reduced size and
enhanced host-guest interactions from the six-fold imide-sealed
pockets in ECUT-Th-10. The adsorption ratio at 13 kPa in UiO-
66 is 0.65 for C;Hg/CH,, 193 for C;Hg/C,H, 26.15 for
C;Hg/CH,, indicative of the hard propane extraction (Fig. 3(c)).
The absence of middle-size separation was further confirmed by
breakthrough experiments from the equimolar quaternary
CH,/C,H¢/C;Hy/CH,, mixture at 298 K, where the breakthrough
sequence also obeys the order of molecular size (Fig. 3(d)). In light
of these comparative experiment results, we can reason the
mechanism of middle-size separation in ECUT-Th-10 from the
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C,H/CH

38 T4 10
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unique six-fold imide-sealed pockets that gives matchable size and
enhanced host-guest interactions with propane over other gases
such as methane, ethane, and butane.

3.6 Theoretical calculation

To obtain the structural information after adsorption of gas
molecules, we then carried out density functional theory (DFT)
calculation. It is found that the adsorption of these gas molecules is
located at both six-fold imide-sealed pockets and three-fold imide-
sealed pockets. The calculated binding energies between these gas
molecules and three-fold imide-sealed pockets are —24.66 kJ/mol
(CH,)), -3684 K/mol (CHy), -9697 kJ/mol (CiH), and
-8042 KkJ/mol (CH,y), respectively. This means that the
adsorption of CH,, C,H,;, C;Hg, and C,H,; is thermodynamically
spontaneous, owing to their molecular size less than the pore of
the three-fold imide-sealed pockets. The results also indicate
preferable adsorption of C;Hg over other gas molecules and next
preferable adsorption of C,H,, over CH, and C,H,.

At the six-fold imide-sealed pocket, the binding energies are
calculated to be —34.74 kJ/mol (CH,), —48.98 kJ/mol (C,Hj),
—55.61 kJ/mol (C;Hy), and —39.79 kJ/mol (C,H,,), respectively.
Notably, the adsorption of C,H,, in the six-fold imide-sealed
pocket will induce a sharp structural change (Fig. S13 in the ESM),
due to that the size of C,H,, is bigger than the pore of the six-fold
imide-sealed pocket.

Thus, to accommodate C,H,, in the six-fold imide-sealed
pocket, gate opening will occur, consistent with the experimental
results. In addition, it is found that C;Hy in the six-fold imide-
sealed pocket is stabilized by multiple (C)H(*)-(*)O(C)
interactions from imide units with a distance of 3.10(3)-3.55(3) A
(Fig.4). By contrast, weak (C)H(*)--(")O(C) interactions are
observed for CH, with a distance of 4.17(3)-4.30(3) A and C,Hj
with a distance of 3.22(3)-3.89(3) A (Figs. S14 and S15 in the

(b)
35
30+
25+
2
2 20-
o
% 1) —9—50/50 C,H,/CH,
e —9—50/50 C,H,/C,H,
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Time (min/g)
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Figure3 The adsorption and selectivity of UiO-66. (a) The adsorption isotherms of UiO-66 for CH,, C,H, C;Hg, and C,H,. (b) The IAST selectivity data of UiO-66
for different gases. (c) The adsorption ratio for ECUT-Th-10 and UiO-66 at 13 kPa. (d) Experimental breakthrough curves of UiO-66 for CH,/C,Hy/C;Hy/C,H,

(25/25/25/25, vIv/v/v) 4-component mixture at 298 K.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



Figure4 The (C)H(*) -(*)O(C) interaction between C;Hg and six-fold imide-
sealed pockets. The H atoms in the framework were omitted for clarity.

ESM). Thereby, (C)H(*)--(*)O(C) interactions from the imide
units enhancing the host-guest interaction for C;Hg are also
responsible for the middle-size separation. All the results indicate
that the cooperative effect between six-fold imide-sealed pockets
and three-fold imide-sealed pockets is beneficial for separation of
propane from natural gas.

4 Conclusions

In summary, we reported a novel MOF, ECUT-Th-10, which
holds the UiO-66-type structure, but is constructed by diimide-
based ligands and enables an interpenetrated structure with the
formation of unique six-fold imide-sealed pockets. These
structural merits are beneficial to separating propane from the
methane/ethane/propane/butane  mixture, demonstrated an
extremely rare case of middle-size separation, suggesting its big
potential in direct generation of propane from natural mixture.
The pocket-like cage exhibits an excellent molecular sieving effect
to block larger C,H,;, while imide units within this pocket-like
cage provide multiple (C)H(*)--(*)O(C) interactions with
propane, thus enhancing the host-guest interactions for propane,
consequently reducing the co-adsorption for methane, ethane, and
propane and performing highly selective adsorption towards
propane.
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1. Experimmental section
Synthesis of ECUT-Th-10a: The as-synthesized ECUT-Th-10 was exchanged with methanol three times every day. After 3-day exchange,
the products were evacuated at 100°C under dynamic vacuum to obtain ECUT-Th-10a for confirming the porosity.
Synthesis of UiO-66: ZrCls (0.227 mmol, 0.053 g) and 4-Aminobenzoic acid (0.227 mmol, 0.034 g) were dissolved in N,N’-
dimethylformamide (DMF, 3 mL) at room temperature. Then the mixture was placed into autoclave and transferred to muffle furnace. The
autoclave was heated at 120°C for 24 h. After that, the system was cooled down to room temperature. The obtained UiO-66 were washed by
DMF and dried for further use.
Synthesis of activated UiO-66: The as-synthesized UiO-66 was exchanged with methanol three times every day. After 3-day exchange, the
products were evacuated at 60°C under dynamic vacuum to obtain activated UiO-66.
X-ray Crystallography

X-ray diffraction data of ECUT-Th-10 was collected at 298 K on a Bruker-Appex (II) diffractometer using graphite monochromated
MoKo, radiation (A=0.71073 A). The data reduction included a correction for Lorentz and polarization effects, with an applied multi-scan
absorption correction (SADABS). The crystal structure was solved and refined using the SHELXTL program suite. Direct methods yielded
all non-hydrogen atoms, which were refined with anisotropic thermal parameters. All hydrogen atom positions were calculated
geometrically and were riding on their respective atoms. CCDC 2103477 contains the supplementary crystallographic data of
ECUT-Th-10. The data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data

request/cif.
Gas adsorption experiments.

The gas sorption isotherms were collected on a Belsorp-max. Roughly 100 mg of ECUT-Th-10 were taken for the nitrogen adsorption
experiments at 77 K. The adsorption isotherms for CHs, C2Hs, C3Hs, and n-CsHio were obtained at temperature of 273 K and 298 K,
respectively. In addition, the adsorption experiments for C4Hip were also performed in 280 K and 290 K. Liquid nitrogen and water bath
were used to maintain the experimental temperatures of 77 K, 273 K, and 298 K. Roughly 100 mg of activated UiO-66 were also taken for
the single-component adsorption isotherms. The adsorption isotherms for different alkane were measured at 298 K.

Other Instrumentation:

The powder X-ray diffraction (PXRD) patterns were recorded on Bruker AXSD8 Discover powder diffractometer at 40 kV, 40 mA for
Cu Ko, (\= 1.5406 A) at room temperature. Thermal gravimetric analysis (TGA) was performed using a TGA Q500 thermal analysis
system from room temperature to 800 °C under N> condition at a constant rate of 10 °C/min.

Calculation of Isosteric Heat of Adsorption
The unary isotherm data for CHs4, C2Hs, C3Hs, and n-C4Hio in ECUT-Th-10a at 273 K and 298 K were fitted with with the dual-site

Langmuir-Freundlich model

bApVA beVB

P s— 1
14b,p' DB g o

q = qA,sat

The isosteric heats of adsorption were calculated from the dual-site Langmuir-Freundlich isotherms for ECUT-Th-10a using

Olnp
=RT?
o, ( p l @)

Where p is the pressure, T is the temperature, R is the gas constant (8.314 J mol! K-!). By drawing the InP vs 1/T plot of gas at various
loading, Oy = -slopexR.

The obtained parameter and figure were listed as follows.
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Table S1 The parameters for Qs calculation for ECUT-Th-10

CH,4 CaHs CsHs
ao -3210.26781 -3283.68205 -4063.74446
aj 445.61884 1.00994 290.75002
a -61.96387 -0.57674 -120.24012
a3 0.42231 0.095374 17.89921
ay 0.1146 -0.0000274 0.13205
as -0.01061 -0.0000000637 -0.1655
bo 15.96694 18.78962 17.19628
b -1.79773 -0.21069 -0.09449
b2 0.18093 0.00159 0.000616
Ty 298 298 298
T2 273 273 273
R? 0.99848 0.99805 0.99941

CH, 298K

CH, 273K

Loading (mg/g)

7.0+

InP

CH 298K CH, 273K

Loading (mg/g)

CH 208K C.H, 273K

0 20 40

T T T T T
60 80 100 120 140 160
Loading (mg/g)
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Calculation of selectivity via ideal adsorption solution theory (IAST)

The adsorption selectivity of C3Hs/CH4 (50/50), C3Hs/C2Hs (50/50), and C3Hs/C4Hio (50/50) in ECUT-Th-10a and UiO-66 was
established by the Ideal Adsorbed Solution Theory (IAST). The adsorption selectivity was calculated from

S = QA/QB

ads 2
¢ YA/J’B

where the ¢ga, and gs represent the molar loadings in ECUT-Th-10a or UiO-66 that is in equilibrium with a bulk fluid mixture with mole

fractions ya, and yg = 1 - ya. The molar loadings, also called gravimetric uptake capacities, are expressed in mol kg™

Table S2. Dual-site Langmuir-Freundlich parameter fits for CH4, C:Hs, C3Hsg, and nC4H1o in ECUT-Th-10 at 298 K.

Site A Site B
g Asat ba VA {B,sat bs
mol kg! Pa™ mol kg! Pa™”
CH,4 2.5 9.040E-07 1 0.6 5.185E-06
CoHe? 3.1 1.002E-05 1
C:Hy 3.7 1.679E-05 1 0.62 3.795E-04
nCsHio 2.5 2.30771E-20 445 2.2 1.28601E-13
a The fit was based on 1-site Langmuir.
0.5 s 18] e,
) 1.6
0.4
1.4+
Ss Fiay
g 1 £ 10]
g 0.2 % 991
0.1 0.4
0.2
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Table S3. 1-site Langmuir parameter fits for CHa, C2Hs, C3Hs, and nC4Ho in UiO-66 at 298 K.

{sat b
mol kg! Pa™!
CH4 10.9 4.575E-07
C2He 33 2.576E-05
CsHs 5.1 3.156E-05
nCsHio 53 7.411E-05
054 CH, 251 GHe
0.4- 2.0
E 0.3 E 1.5
E E
£ £
= 0.2 = 1.0
S s
0.1 0.5
0.0+ T T T T T 0.0 T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Pressure (kPa) Pressure (kPa)
4
ch e
T 21 F]
g &
1 4

0 T T T T T y y y y 0
20 40 60 80 100 0 20 40 60 80 100

Pressure (kPa) Pressure (kPa)

Breakthrough experiments.

The breakthrough experiments were performed at 298 K. Bulk ECUT-Th-10a (around 500 mg) were filled into stainless steel column
(® 46 mmx150 mm). First, the helium gas (100 mL/min) was introduced into the column for 30 min. Then the different gas mixture
C2He/C3Hs (50/50, v/v), CH4/CoHe/CsHs (33/33/33, v/viv), C:He/CsHs/CaHio (33/33/33, v/v/v), CHa/CoHe/C3Hs/CsHio (25/25/25/25,
v/v/v/v), and simulated natural gas passed through the column with 2 mL/min for 2-component and 3-component) and 1 mL/min for
4-component and simulated nature gas. The eluted gas stream from the column is monitored by a Hiden mass-spectrometer. Prior to each
cycling experiment, the adsorption bed was regenerated by He flow for 3h at 333 K to ensure complete removal of adsorbed gas.
Density Functional Theory Calculations

The density functional theory (DFT) calculations were performed by using the Vienna Ab initio Simulation Package (VASP) code with
the projector augmented wave (PAW) method.["?] The exchange-functional was treated using the generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) functional.l}} Wave functions were expanded using a plane-wave basis set with kinetic energy
cutoff of 400 eV and the geometries were fully relaxed until the residual force convergence value on each atom being less 0.02 eV/A. The
Brillouin zone integration was performed using 2x2x2 Monkhorst-Pack k-point sampling for a primitive cell.*] The self-consistent
calculations applied a convergence energy threshold of 10~ eV. Spin-polarization was considered in all calculations.’] The vdW interaction
was controlled via zero damping DFT-D3 method. The above parameters have been optimized until the energy change is negligible.
The single molecular adsorption energy of those alkanes were calculated with following equation!®!:

Th—MOF+ - Th—MOF( )
AG=[AG _ () —AG - — xAG]

where the L means alkane molecules, such as methane, ethane, propane or butane.



2. Characterization

Table S4. The crystal data and structure refinements for ECUT-Th-10

Compound ECUT-Th-10
Formula Cs4H36NsOsThs
Formula weight 2273.31
Color Light orange
Crystal system cubic
Space group Fd-3m
a(A) 39.5857(7)
b(A) 39.5857(7)
c(A) 39.5857(7)
o 90.00

B 90.00

Y 90.00
Volume (A%) 62032(3)
Z 16
Temperature for data collection (K) 296
Range for data collection 6(°) 2to 25
No. of measured reflections 14203
No. of unique reflections 2599
No. of parameters 116

No. of restraints 94
Goodness-of-fit on F? 0.969

Final R indexes[1>26(I)]

Final R indexes [all data]

R1=0.0673, wR>=0.1912

R1=0.1180, wR2=0.2128

ARy = Z||Fo|—|Fe|l/Z|Fo|. "WR2 = [Zw (Fo—F2)2/Zw (Fo2)?]'2.
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Table S5 Selected bond length (A) and angles (°) for ECUT-Th-10

Bond length

Th(1)-O2)#5 2.276(3) Th(1)-O(1)#7 2.461(8)
Th(1)-O(3)#3 2.494(4) Th(1)-O(1) #8 2.461(8)
Th(1)-O(1)#6 2.461(8)

Symmetrical code: #1 +X,5/4-7Z,5/4-Y; #2 +X,7/4-Y,3/4-Z; #3 -1+Y,5/4-X,1/4-Z; #4 +Z,1+X,-1+Y; #5 5/4-Y,1+X,1/4-Z; #6
1/4-X+Y,1/4-Z; #7 +Z,+Y+X; #8 1/4-Z,+Y,1/4-X

Bond angles

O(2)-Th(1)-O(2)#5 89.1(8) O(1)#8- Th (1)-O(1)#7 126.4(5)
O2)#5-Th(1)-O(3)#3 69.8(3) O(1)#8- Th (1)-O(3)#3 72.0(4)
O(2)#5-Th(1)-0(3) 69.8(3) O(1)- Th (1)-0(3) 138.2(3)
O(2)-Th(1)-O(3)#3 69.8(3) O(1)#8- Th (1)-O(3) 138.2(3)
0O(2)-Th(1)-0(3) 69.8(3) O(1)#6- Th (1)-O(3) 72.0(4)
O(2)-Th(1)-O(1)#6 81.9(4) O(1)- Th (1)-O(3)#3 72.0(4)
O(2)-Th(1)-O(1) 141.5(3) O(1)#7- Th (1)-0(3) 72.0(4)
O(2)-Th(1)-O(1)#7 141.5(3) O(1)#6- Th (1)-O(3)#3 138.2(3)
O)#5-Th(1)-O(1)#8 141.5(3) O(1)#7- Th (1)-O(3)#3 138.2(3)
O)#5-Th(1)-0(1) 81.9(4) O(1)#8- Th (1)-O(1)#6 74.2(5)
O2)#5-Th(1)-O(1)#6 141.5(3) O(1)#6- Th (1)-O(1)#7 82.3(6)
O(2)-Th(1)-O(1)#8 81.9(4) O(1)#8- Th (1)-O(1) 82.3(6)
O)#5-Th(1)-O(1)#7 81.9(4) O(1)#6- Th (1)-O(1) 126.4(5)
O3)#3-Th(1)-0(3) 122.1(8) O(1)- Th (1)-O(1)#7 74.2(5)

Symmetrical code: #1 +X,5/4-Z,5/4-Y; #2 +X,7/4-Y,3/4-Z; #3 -1+Y,5/4-X,1/4-Z; #4 +Z,1+X,-1+Y; #5 5/4-Y,1+X,1/4-Z; #6
1/4-X+Y,1/4-Z; #7 +Z,+Y,+X; #8 1/4-Z,+Y,1/4-X
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Fig. S1 The optical microscope image of ECUT-Th-10.
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Fig. S2 Powder X-ray diffraction pattern of ECUT-Th-10 and simulated pattern from single crystal data.
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Fig. S3 Thermal analysis of ECUT-Th-10 from room temperature to 800°C.
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Fig. S4 The adsorption isotherms of ECUT-Th-10 for CH4, C2He, C3Hg and CsHjo at 273 K, respectively.
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Fig. SS The isosteric heat of adsorption for CH4, CoHe and C3Hg in ECUT-Th-10.
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Fig. S6 Experimental breakthrough curves of ECUT-Th-10 for C:H¢/C3Hs (50/50, v/v) binary mixture at 298
K.
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Fig. S7 Experimental breakthrough curves at 298 K on ECUT-Th-10 with CoHe/C3Hs (50/50, v/v) binary

mixture for three cycles.
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Fig. S8 Experimental breakthrough curves of ECUT-Th-10 for CH4/C;He¢/CsHs (33/33/33, v/v/v)

3-component mixture at 298 K.
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Fig. S9 Experimental breakthrough curves of ECUT-Th-10 for C,He/C3Hs/CsHio (33/33/33, v/v/v)

3-component mixture at 298 K.
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Fig. S10 The adsorption isotherm of ECUT-Th-10 for N, at 298 K.
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Fig. S11 Experimental breakthrough curves at 298 K on ECUT-Th-10 with simulated natural gas for another

two times.
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Fig. S12 Powder X-ray diffraction pattern of synthesized UiO-66 in this work and simulated UiO-66.
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(a)

(d)

Fig. S13 The three-fold imide-sealed pockets without CsHio (a) and with CsHio (b). The three-fold
imide-sealed pockets without CsHio (c) and with CsHio (d). The adsorption of CsHio in the three-fold
imide-sealed pockets does not cause structure change since the O--O distance between the three imide ligands
remained more or less identical. However, this distance was enlarged almost 1 A to accommodate C4Hio in

six-fold imide-sealed pockets, leading to the obvious distortion of the structure.
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Fig. S14 The calculated (C)H(®") --«(*>)O(C) interactions between CHs and imide units in ECUT-Th-10.
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Fig. S15 The calculated (C)H(®") ---(*>)O(C) interactions between C>Hs and imides units in ECUT-Th-10.
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