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The storage and separation of hydrocarbons is of great importance for the petrochemical industry.
Herein, we report a fluorine-functionalized microporous indium (In) metal—organic framework (UPC-104)
for light hydrocarbon storage and separation. UPC-104 can be stable up to 300 °C, and can retain its
framework in acidic and alkaline aqueous solutions (pH 1-11). Remarkably, the material exhibits very high
H, (230.8 cm® g%, 2.06 wt% at 77 K and 1 bar), CoH, (187.0 cm® g™ at 273 K and 1 bar), and CzHe/CsHg
adsorption capacity (276.5 cm® g~ and 250.4 cm® g~* for CsHg and CsHg at 273 K and 1 bar), and shows
potential for the separation of light hydrocarbons (C,H,, CoHa4, CoHg, C3Hg, CsHg, n-C4H10, and i-C4Hig
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The storage and separation of light hydrocarbons is a very
important industrial process." Hydrocarbons include
alkynes, olefins, alkanes, and aromatics, and are important
raw materials for the production of various lifestyle and indus-
trial products. Light hydrocarbon gases (CH,;, C,H,, C,H,,
C,H,, C3Hg, C3Hg, n-C4H;p, and i-C,H;,) are important con-
stituents of hydrocarbons.*® Light hydrocarbon gases play a
vital role in the petrochemical industry due to their utilization
as fuels or raw materials. For example, methane can replace
gasoline and diesel as a clean fuel for automobiles, acetylene
and ethylene have been used as raw materials for the pro-
duction of industrial products such as acetic acid, rubber and
plastics, and propylene can be used for the production of
acrylonitrile, propylene oxide, and polypropylene.®® Therefore,
obtaining high-quality and high-purity light hydrocarbon gas
is the key to ensuring its effective use. It is of great significance
to study how to efficiently separate light hydrocarbon gases in
industrial production. Conventional light hydrocarbon separ-
ation usually adopts energy-intensive cryogenic distillation
technology.” In order to obtain a single product, it often
requires multi-step distillation and high reflux ratio. To this
end, how to realize the separation of light hydrocarbons with
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relative to CHy), as shown by single component gas sorption and selectivity calculations.

low energy consumption is a technical problem that urgently
needs to be solved in actual production.'®

Adsorption and desorption of gas using a porous material
at a specific temperature and pressure is an effective method
for separating gas mixtures. Metal-organic frameworks (MOFs)
are porous crystalline materials, and structurally and function-
ally regulated by reasonable choice of functional organic
ligands and various metal ions, and thus have potential appli-
cation value in the field of gas capture and separation."'™**
However, most MOFs based on low-valence transition metal
ions such as Cu®" and Zn** are prone to hydrolysis and hence
suffer from poor chemical stability,'” thus frequently limiting
their practical application. One way to solve this issue is to
introduce higher valence metal cations such as M** (M = In,
Al, Fe, Cr) or M** (Zr, Hf) cations to assemble MOFs for enhan-
cing thermal and chemical stabilities.""” However, this
makes it harder to control the formation of MOFs due to the
higher reactivity of these higher valence metal cations. One
important parameter is the charge density of the cation in
solution, which depends on the ionic radius and charge.
For instance, high pH has to be reached to produce metal
hydroxides for divalent cations, but it is much easier to
produce metal oxides or hydroxides for higher valence cations
over a larger pH range, which will restrict drastically the
conditions to produce crystalline MOFs from these reactive
cations.'®?® There are exceptions to the instability of
MOFs prepared with low valent cations. In particular, the
MOF-74/CPO-27/M-DOBDC (M = Fe**, Mg”") series is reason-
ably stable and exhibits excellent performance for hydrocarbon
separation.”'
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The lower abundance of In limits the use of compounds
and materials containing In. However, In-MOF exhibits very
low acute toxicity and high thermal and chemical stability. On
the other hand, the adsorbent can be reused in gas adsorption
and separation applications. Therefore, In-MOF can be
considered as an ideal candidate for gas adsorption and
separation.”” In this communication, we report a new In-MOF
{[In; 5(3-0)o.5(TPTA-F)(H,0)(OH), 5]-4DMF-4.5H,0}  (denoted
as UPC-104) based on a fluorine-functionalized tricarboxylate
ligand (H;TPTA-F = 2'-fluoro-[1,1":3,1"-terphenyl]-4,4",5"-tricarb-
oxylic acid) with C, symmetry. UPC-104 consists of two
different types of hollow cages with accessible diameters of
about 13.0 and 21.8 A. It is interesting that the material
demonstrates high hydrothermal and chemical stability.
Significantly, single component gas sorption and selectivity
calculations reveal that the porous UPC-104 exhibits high
C;3Hg, C3Hg, and C,H, adsorption capacity and shows high sep-
aration selectivity for C;H,, C3H, and C,H,, light hydrocarbons
relative to CHy, indicating that UPC-104 could be a promising
candidate for fuel gas purification and light hydrocarbon
storage and separation.

Colorless block crystals of UPC-104 were obtained by a
solvothermal reaction between H;TPTA-F and In(NO3);-4.5H,0
in N,N'-dimethylformamide (DMF) at 100 °C for three days
(ESIf). The phase purity of UPC-104 was confirmed using
powder X-ray diffraction (PXRD). Single-crystal X-ray structural
analysis reveals that UPC-104 crystallizes in the trigonal system
with the Rec space group, and the asymmetric unit contains
one and a half In" ions, one fully deprotonated TPTA-F~
ligand (Fig. 1a), a half bridging p;-O*~ moiety, one coordinated
water molecule, and a half coordinated hydroxyl. Every In™
ion is typically six-coordinated by four carboxylate oxygen
atoms from four TPTA-F>~ ligands, one oxygen atom from
bridging ps-0>~, and one oxygen atom from a coordinated
water molecule or hydroxyl, giving an octahedral coordination
configuration (Fig. 1b). Two In1 and one In2 are connected to
each other through one p;-O>~ and six -COO™, to form a
classic [Ins(p3-0)(COO)e] cluster. Each TPTA-F*~ ligand
connects to three [In;(p;-O)(COO)s] clusters using its three
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Fig. 1 (a and b) Ligand used in this work, and the trinuclear metal clus-
ters in UPC-104. (c) Two types of hollow cages in UPC-104. (d, e, and f)
Topological analysis of UPC-104.
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carboxylate groups, with the average bond length of 2.162 A.
UPC-104 consists of two different types of hollow cages: the
larger cage is formed by 12 metal clusters connected by
ligands with an accessible diameter of about 21.8 A, and the
smaller cage is formed by six metal clusters with an accessible
diameter of about 13.0 A (Fig. 1c, and Fig. S1t). From the view-
point of topology, we can simplify both the [In;(p;-O)(COO)s]
cluster as a six-connected node and the TPTA-F>~ ligand as a
three-connected node. As a result, UPC-104 adopts a
3,6-c uninodal net with a topological point symbol of
{4-6%},{4%-67-8°} (Fig. 1d-f).

The solvent accessible volume of UPC-104 calculated using
PLATON is 70.8% (35075 A’ out of the 49486 A’ unit cell
volume), and 7375 electrons were removed from the unit-cell
contents.”® In the Rec space group, the asymmetric unit is 1/36
of the unit cell; so, the asymmetric unit would have contribu-
ted 7375/36 = 205 electrons, corresponding to four DMF mole-
cules (4 x 40 electrons) and four and a half H,O molecules
(4.5 x 10 electrons).”*

Hydrothermal and chemical stability are important for host
materials with the potential for industrial application, and can
be demonstrated using powder X-ray diffraction (PXRD)
(Fig. 2). The PXRD pattern of UPC-104 heated at different
temperatures showed similar diffraction peaks at least up to
300 °C, demonstrating its high thermal stability, which is con-
sistent with the results observed from thermogravimetric ana-
lysis (TGA) (Fig. S671). By soaking the crystals of UPC-104 in the
acid (HCI) or alkali (NaOH) aqueous solution, it was confirmed
that the framework of UPC-104 can be stable in the pH range
of 1-11. The excellent thermal and chemical stabilities may be
attributed to the synergistic effect of [In;(p;-O)(COO)s] clusters
and the strong coordination interactions between In™ and
carboxylate groups.

The permanent porosity of UPC-104 was confirmed by its
N, adsorption isotherm (Fig. 3a). After desolvation, UPC-104
exhibits a N, gas uptake of 749.49 cm® g~', revealing a
Brunauer-Emmett-Teller (BET) surface area of 2592.54 m> g~
(Langmuir 2912.65 m* g™'), a pore volume of 0.121 cm® g™,
and a primary pore size distribution of ~11.2 A (Fig. 3b),
which are slightly less than the crystallographic data deter-
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Fig. 2 Powder X-ray diffraction (PXRD) of UPC-104.
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Fig. 3 (a and b) N, sorption isotherm (77 K) and pore-size distribution
for UPC-104. (c and d) H, sorption isotherm (77 K and 87 K) and adsorp-
tion heat (Q) for UPC-104.

mined using single crystal X-ray diffraction. The H, uptake
capacity of UPC-104 at 77 K (Fig. 3c) is up to 230.8 cm® g™*
(2.06 wt%), which is comparable to those of well-known micro-
porous MOF materials (Table S5f). The H, adsorption iso-
therms at 77 K and 87 K were collected, and the adsorption
enthalpy (Qs) was calculated using the Clausius—-Clapeyron
equation. The value at the zero coverage for UPC-104 is calcu-
lated to be 5.84 k] mol ™" (Fig. 3d), which is higher than that of
MOF-5 (5.2 k] mol™),”® and is comparable to that of NOTT-122
(6.0 kJ mol™").>°

Due to its unique pore structure with open metal sites and
high physicochemical stability, UPC-104 possesses potential
application for light hydrocarbon adsorption and separation.
Thus, low-pressure C3;Hg and Cs;Hg uptakes were further
measured under 1 bar. As expected, the C;Hs and Cs;Hg
adsorption amounts for UPC-104 reach up to 276.5 cm’® g~*
and 250.4 cm® g~' at 273 K and 1 bar, respectively, which is a
record in the reported MOF materials for C;Hg and Cs;Hg
uptake (Fig. 4a). In practice, C3Hg and C3Hg gases are normally
stored at ambient temperature. Therefore, the C;Hg and C;Hg
adsorption experiments were carried out at room temperature
(298 K). Exhilaratingly, UPC-104 exhibits adsorption amounts
of 253.9 and 232.8 cm® g™ for C;Hg and C;Hg (Fig. 4b),
respectively, which is dramatically higher than those of
UPC-21 (116.2 and 124.1 cm’ g7 '), UPC-33 (94.3 and
93.6 ecm® g7'),*! FJI-C1 (160.9 cm® g~' for C3Hg) and FJI-C4
(74.7 em® g™ for C3Hg)."® In addition, UPC-104 exhibits higher
C,H,, C,H,, C,Hg, n-C4Hy, and i-C4H;, adsorptions of 187.0,
139.1, 180.6, 176.1, and 178.8 cm® ¢~' at 273 K and 1 bar,
respectively (Fig. 4a). The acetylene uptake capacity of UPC-104
is comparable to those of the reported MOFs (Table S67), such
as MgMOF-74 (184 cm?® g7'),*” NOTT-101 (184 cm® g™"),%® and
ZJU-10a (174 cm® g'),*° and even higher than those of some
well-known MOFs, UTSA-20 (150 cm® g '),*® MOF-505
(148 em® g7"),*® and UMCM-150 (129 cm® g7').”® Even when
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Fig. 4 The CH,4, CyHg, CoHy CoHp, CsHg, CsHg, N-C4Hio, and i-C4Hgo
adsorption isotherms at 273 K (a) and 298 k (b), respectively, for
UPC-104; the SeleCtiVity for C2H6, C2H4, C2H2, C3H8, C3H5, n'C4H10,
and i-C4H;i0 over CH4 at 273 K (c) and 298 k (d), respectively, for
UPC-104.

the temperature was raised to 298 K, the C,H,, C,H,, C,Hs,
n-C4H,, and i-C4H;, adsorption amounts could also reach up
to 131.0, 108.7, 133.8, 165.1, and 164.8 cm® g~' (Fig. 4b).
Clearly, UPC-104 might be a good candidate for C,H,, C;H,
and C,H,, storage under ambient conditions.

Compared with C,H,, C3H, and C,H, adsorption, the
amount of CH, (26.6 cm® g™ for 273 K, and 18.1 cm® g™ for
298 K, at 1 bar) adsorbed by UPC-104 is very low, which should
be related to the weak guest-host interactions between gas
molecules and the MOF framework. The magnitude of the
adsorption enthalpies reveals the affinity of the pore surface
toward adsorbents, which plays a significant part in determin-
ing the adsorptive selectivity. To evaluate the affinity of such
light hydrocarbons in UPC-104, the enthalpies of adsorption
were calculated by the Clausius-Clapeyron equation. The
adsorption enthalpies of CH,4, C,H,, C,H,4, C,Hg, C3Hg, C3Hg,
n-C,H,o, and i-C,H,, were 8.8, 10.3, 10.4, 15.1, 14.6, 26.5, 19.7,
and 41.7 k] mol ™" at zero coverage, respectively (Fig. 4d).

The light hydrocarbons with higher adsorption enthalpies
[Qst(i-CaH1o0) > Qst(C5Hg) > Qse(n-C4Hyo) > Qst(C2Hg) > Qge(C3Hg) >
Qst(C2H,) > Qs(CoH,) > Qg (CH,4)] may provide stronger affinity
with a skeleton, which results in these gases being preferen-
tially adsorbed onto the skeleton of UPC-104. Thus, it may
have high selectivity of C,H,, C3H, and C,H, light hydro-
carbons relative to CH,. Therefore, the potential for the separ-
ation of CH, from C,H,, C;H, and C,H, light hydrocarbons
was appraised by the ideal solution adsorbed theory (IAST) for
binary equimolar components (Fig. S7t). At 1 bar and 273 K,
the selectivities of i-C,H;,, C3Hg, and C;Hg to CH, are 241.5,
126.9, and 122.5, which are higher than n-C,H;,, C,Hs, CoHy,
and C,H, to CH, for 26.1, 14.3, 8.5 and 12.0, respectively
(Fig. 4c). At 1 bar and 298 K, the selectivities of i-C,H;o, C3Hsg,
and C;Hg to CH, are 163.7, 79.0, and 97.9, which are also
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higher than n-C4H,0, C,Hs, C;H,4, and C,H, to CH, for 28.5,
12.3, 8.9 and 11.8, respectively (Fig. 4d). It should be noted
that these values compare with those for gea-MOF-1
(200, C4H;4/CH, = 5/95),>" UPC-21 (75 for C3H¢/CH,, 67 for
C;Hg/CH,), and FJI-C1 (78.7 for C;Hg/CH,).'® The results indi-
cate that UPC-104 is a prospective adsorbent for the separation
of C4H, and C;H,, hydrocarbons from CH, at 298 K. The high
adsorption selectivity of C,H,~-C;H,,/CH, could be attributed to
the special pore shape and internal surface functionality
(fluoro-) of pores in the MOFs.

To better understand the adsorption performance of
UPC-104 at the molecular level, we have performed the GCMC
simulations using the Sorption code.*” To probe the distri-
bution features of the C;Hg molecules in UPC-104, we further
analyzed the density distribution of the center mass of C;Hg
molecules from GCMC simulations. As shown in Fig. 5, the
results from GCMC simulations at 298 K and 5 kPa indicate
that C3He molecules in UPC-104 mainly adhere to the cages,
which may have strong overlapping potentials. As for the
whole structure, the C3;Hg molecules prefer to locate in the
open In™ sites, fluorine groups and the electron-dense aro-
matic rings within the framework.

To further probe the advantages of the open In"" sites and
fluorine groups for gas adsorption, DFT calculations were per-
formed on UPC-104. The optimized structures and the corres-
ponding adsorption energies are presented in Fig. S33.1 The
adsorption energies of the C,H, and C3He molecules at the
open In"" site in UPC-104 are —30.93 and —48.53 k] mol™", and
for that at the fluorine site in UPC-104 are —28.39, and
—39.14 k] mol™'. The distance between the H atom of
C,H,/C3H¢ and the fluorine group is 2.3 and 2.56 A, which is
smaller than the sum of the van der Waals radius of the H and
F atoms (2.61 A), indicating the existence of a strong F---H-C
hydrogen bond.>> The phenomenon might be due to the
enhancement of the polarization on the C;Hg molecule
induced by the functional groups via the electrical field-
quadrupole interactions.

In summary, an ultra-stable microporous In-MOF UPC-104
based on a fluorine-functionalized tricarboxylate ligand has
been synthesized and structurally characterized. In the pre-
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Fig. 5 Density distribution of the center of CsHg in UPC-104 obtained
from GCMC simulations at 5 kPa and 298 K.
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sented structure, the [In;(p;-O)(COO)s] clusters are linked by
the tricarboxylate ligands to form a highly porous framework
with two different types of hollow cages. Single component gas
sorption and selectivity calculations reveal that UPC-104
exhibits very high hydrogen, acetylene and propene/propane
adsorption capacity and shows potential for the separation of
C4H,, C3H,, and C,H,, light hydrocarbons from CH,, indicating
that UPC-104 could be a promising candidate for fuel gas puri-
fication and separation of light hydrocarbons. GCMC and first-
principle calculations indicate that the functional fluorine
groups and open metal sites could enhance the gas—framework
interactions. Benefitting from the straightforward design of
MOFs with modifiable performance, development of customiz-
able and stable adsorbents for energy gas storage and sepa-
ration, such as C,H,/C,H,, C3He/C3Hg, etc., is currently
underway.
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