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& Metal-organic Frameworks

An Amino-Functionalized Metal-Organic Framework, Based on a
Rare Ba12(COO)18(NO3)2 Cluster, for Efficient C3/C2/C1 Separation
and Preferential Catalytic Performance

Weidong Fan,[a] Yutong Wang,[a] Qian Zhang,[b] Angelo Kirchon,[a] Zhenyu Xiao,[a]

Liangliang Zhang,*[a] Fangna Dai,[a] Rongming Wang,[a] and Daofeng Sun*[a]

Abstract: A barium(II) metal-organic framework (MOF) based
on a predesigned amino-functionalized ligand, namely
[Ba2(L)(DMF)(H2O)(NO3)1/3]·DMF·EtOH·2 H2O (UPC-33) [H3L =

4,4’-((2-amino-5-carboxy-1,3-phenylene)bis(ethyne-2,1-diyl))-
dibenzoic acid] has been synthesized. UPC-33 is a 3-dimen-
sional 3,18-connected network with fcu topology with a rare
twelve-nuclear Ba12(COO)18(NO3)2 cluster. UPC-33 shows per-
manent porosity and a high adsorption heat of CO2

(49.92 kJ mol�1), which can be used as a platform for selec-

tive adsorption of CO2/CH4 (8.09). In addition, UPC-33 exhib-
its high separation selectivity for C3 light hydrocarbons with
respect to CH4 (228.34, 151.40 for C3H6/CH4, C3H8/CH4 at
273k and 1 bar), as shown by single component gas sorption
and selectivity calculations. Due to the existence of �NH2

groups in the channels, UPC-33 can effectively catalyze
Knoevenagel condensation reactions with high yield, and
substrate size and electron dependency.

Introduction

Porous metal-organic frameworks (MOFs), or coordination
polymers, which can be self-assembled from organic linkers
and metal ions/clusters directly, have developed rapidly in the
fields of chemistry and material science. As a new type of
promising adsorbents, MOFs have been intensively investigat-
ed for applications in storage and separation of gases, such as
H2, O2, CH4, and CO2.[1–3] The biggest advantage of MOFs over
other porous materials such as activated carbon and zeolites is
the high surface area, and the tunable chemical and physical
properties of the pores.[4–6] MOFs have been recently been
studied for light hydrocarbon storage applications.[7, 8] For ex-
ample, UPC-21 shows a high C3H6 and C3H8 uptakes of 124.1
and 116.2 cm3 g�1 at 273 K.[9] In addition, MOFs have also been
employed as new solid sorbents for the separation of light hy-
drocarbons.[5, 10, 11] Several strategies have been adopted, includ-
ing tailoring pore surface function, tuning pore size and shape,

and utilizing structural flexibility, to enhance the efficiency of
selective gas separation.[12–14] Among them, the pore sizes and
shapes of the MOFs sorbents are of first and foremost impor-
tance for their separation performance. The pore size of the
adsorbent, which is comparable to or slightly larger than the
kinetic diameters of the adsorbate, will significantly promote
the separation selectivity of these light hydrocarbons. Thus,
the design and synthesis of MOFs with a narrow pores close to
4.4 � is crucial for their performances in the separation of
these light hydrocarbons (C1–C3) as the kinetic diameters
range from 3.3 to 4.4 �.[15] In addition, tailoring pore surface
function, such as the immobilization of polar functional groups
�OH, �NH2, and/or the formation of charge skeletons, is an-
other effective strategy to improve the efficiency of MOFs sep-
aration efficiency based on adsorbate-surface interaction.[16, 17]

Chen and Zhang explored a series of microporous MOFs with
pore and size control for energy adsorption separation of light
hydrocarbons.[5] The functional MOF materials, with highly or-
dered pores, also show great potential for catalytic applica-
tions.[18] Thus, Knoevenagel condensation reactions are an effi-
cient way to obtain valuable intermediate chemicals based on
C�C coupling. Conventionally, these reactions are catalyzed by
homogeneous catalysts. However, due to the low stability and
high recovery costs, it is difficult to recover the catalyst. There-
fore, it is highly desirable to develop a heterogeneous catalyst
having high stability and good recyclability.

In this contribution, we have designed a novel amino func-
tionalized ligand, 4,4’-((2-amino-5-carboxy-1,3-phenylene)bis(e-
thyne-2,1-diyl))dibenzoic acid (H3L), and synthesized an amino
functionalized metal-organic framework (UPC-33) with an open
channel based on a rare Ba12(COO)18(NO3)2 cluster. The pore
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size distribution of UPC-33 is ~4.3 �, which is close to the ki-
netic diameter of light hydrocarbons (C1–C3). The amino-func-
tionalized UPC-33 exhibits high selectivity to light hydrocar-
bons (C3) and CO2 relative to CH4 at room temperature. The
selectivity of UPC-33 for C3H8/CH4 is comparable to FJI�C1,
and higher than that of USTA-35a, or JLU-Liu22.[19–22] Addition-
ally, UPC-33 demonstrates high substrate size and electron de-
pendency catalytic properties for Knoevenagel condensation
reactions.

Results and Discussion

Crystal structures of UPC-33

Single crystal X-ray diffraction reveals that UPC-33 crystallizes
in the trigonal system with a space group R3̄. The crystallo-
graphic data are summarized in Table S1 (Supporting Informa-
tion) and the selected bond lengths and bond angles of the
compound are listed in Table S2. The fundamental building
unit of UPC-33 contains two barium ions, one crystallographi-
cally equivalent L3� ligand, one third of the coordinated NO3

�

ion, two coordinated H2O molecules, and one coordinated
DMF molecule. It adopts a twelve nuclear Ba12(COO)18(NO3)2

cluster, with two NO3
� ions connecting to six Ba atoms in the

inner ring, and another six Ba atoms in the outer ring. As
shown in Figure 1, Ba1 is nine-coordinated by nine oxygen
atoms: six oxygen atoms (O1–O6) from four different L3� li-
gands, two oxygen atom (O7–O8) from NO3

� ions, and one
oxygen atom (O9) from coordinated DMF molecules (Fig-
ure 1 a). The average Ba1–O distance is 2.888 �. Six identical
Ba1 are connected by two NO3

� ions and six carboxylates to
form an octahedral configuration (Figure 1 c). Ba2 is eight-coor-
dinated by eight oxygen atoms, six oxygen atoms (O10–O15)
from five different L3� ligands, and two oxygen atom (O16–
O17) from two coordinated H2O molecules (Figure 1 b). The
average Ba2–O distance is 2.756 �. Six identical Ba2 are con-

nected by twelve carboxylates to form a positive hexadole ring
with a distance of 6.323 � between adjacent two Ba2 and a
distance of 12.641 � between diagonal Ba2 (Figure 1 d). The
octahedron formed by six Ba1 is embedded in the six Ba2-
formed six-membered rings by carboxylic oxygen to form a
twelve nuclear barium cluster (Figure 1 e). This is the first
twelve nuclear barium cluster that is constructed from an
amino functionalized ligand, which enrichs the structure of co-
ordination chemistry. Every Ba12(COO)18(NO3)2 cluster connects
to eighteen planar triangular L3� ligands with lower symmetry,
and each L3� ligand connects to three Ba12(COO)18(NO3)2 clus-
ters to form a 12-c net. Alternatively, this 12-c network can
also be described as a three-dimensional network formed by
corners sharing of rhombic cages (Figure 1 j) ; the rhombic
cages are defined by eight Ba12(COO)18(NO3)2 clusters at the
corners and twelve L3� ligands on the surface. From the view-
point of topology, we can simplify the [Ba12(COO)18(NO3)2] units
into eighteen connected nodes and simplify the L3� ligand
into three connected nodes. Thus, the UPC-33 adopts a classi-
cal fcu architecture with a topological point symbol of
{324·436·56} (Figure 1 f–i).

The volume of the rhombic cage is 7906.0 �3. UPC-33 has
two open diamond windows in the cage with 9.54 � 12.93 �
(atom to atom distance) viewed along the [1 0 0] and [0 1 0] di-
rection. Using the SQUEEZE program in the PLATON[23] software
package to subtract the solvent contribution, the calculated
solvent availability of the UPC-33 is 55.8 % (15112.0 �3 out of
the 27064.0 �3 unit cell volume), and 1541 electrons were re-
moved from the unit-cell contents. In the R3̄ space group, the
asymmetric unit is 1/18 of the unit cell, so the asymmetric unit
would have contributed 1541/18 = 85.6 electrons, correspond-
ing to one DMF molecule (40 electrons), one C2H5OH molecule
(26 electrons), and two H2O molecules (20 electrons).

Gas adsorption and separation

The establishment of permanent porosities is one of the im-
portant goals in MOF research. The as-synthesized crystals of
UPC-33 were exchanged three times with dry acetone. The
acetone-exchanged samples were degassed at 353 K for
12 hours, until the exhaust gas rate was 5 mm Hg min�1, to pro-
duce the activated phases of UPC-33 for gas sorption meas-
urements. As can be seen from Figure S1 (Supporting Informa-
tion), the active phase is highly crystalline and remains almost
identical to its as-synthesized phase. The permanent porosity
of UPC-33 was confirmed by the reversible N2 sorption meas-
urements at 77 K and 1 bar, which showed a type I adsorption
isotherm performance with a saturated adsorption amount of
324 cm3 g�1 (Figure 2). The Brunauer–Emmett–Teller (BET) and
Langmuir surface areas are 933.8 and 1230.3 m2 g�1, calculated
from the N2 sorption isotherm. The pore volume is calculated
as 0.50 cm3 g�1 for UPC-33, smaller than the theoretical pore
volume of 0.62 cm3 g�1, which is a typical of the flexible MOF
because of the structural contractions during activation. The
pore size distribution is determined with NLDFT&&Please
define&& and calculated from N2 adsorption isotherms at
77 K, corresponding to a pore size of 4.3 � for UPC-33, which

Figure 1. (a) and (b) Coordination environment of Ba1 and Ba2; (c) and (d)
The octahedral configuration of Ba1 and the six-membered ring of Ba2; (e)
and (f) The octahedron is embedded in the six-membered ring; (g) and (h)
The simplified model of Ba12(COO)18(NO3)2 cluster and H3L ; (i) The topological
structure of UPC-33 ; (j) The cage structure with 2D open channels of UPC-
33.
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matches well with the kinetic diameters of C3 light hydrocar-
bons of ~3.3–4.4 �. Therefore, we speculate that UPC-33 can
be used to separate light hydrocarbons with different kinetic
diameters.

Since CO2 is a dominant component of greenhouse gas and
a main contaminant of natural gas, it is meaningful to investi-
gate the capacity of CO2 and the selectivity of CO2/CH4. The
low pressure CO2 adsorption isotherms were measured at 273
and 298 K (Figure 3 a, b). The CO2 uptake of UPC-33 is
68.1 cm3 g�1 (13.38 wt.%) at 273 K and 31.8 cm3 g�1 (6.25 wt.%)
at 298 K under 1 bar, respectively. The adsorption heat (Qst) of
CO2 in UPC-33 is 49.92 kJ mol�1 calculated from the Clausius–
Clapeyron equation (Figure 3 c and Table 1), indicating a strong
adsorbate–adsorbant interaction. This value is comparable to
known MOFs with �NH2 groups, such as bio-MOF-11
(45 kJ mol�1), CAU-1 (48 kJ mol�1), NH2-MIL-53 (Al) (50 kJ mol�1),
and significantly higher than that of PCN-6 (35 kJ mol�1),
HKUST-1 (35 kJ mol�1), MOF-5 (34 kJ mol�1), MIL-53 (Cr)

(32 kJ mol�1), NOTT-140 (25 kJ mol�1), and UMCM-1
(12 kJ mol�1).[24] The higher CO2 uptake capacity of UPC-33
prompted us to further investigate the selectivity of CO2 ad-
sorption over CH4. The predicted CO2/CH4 selectivity (for equi-
molar gas-phase mixtures) by IAST mode at 273 K and 1 bar
has been calculated to be 33.12 for UPC-33 (Figure 3 d). It
should be noted that these values are lower than those of
Mg–MOF-74 (CO2/CH4 : 105) and SIFSIX-3-Zn (CO2/CH4 : 231),[25]

comparable to UTSA-16 (CO2/CH4 : 30),[26] and higher than ZIF-
79 (CO2/CH4: 5.4),[27] SIFSIX-2-Cu (CO2/CH4 : 5.3),[25] and PCN-88
(CO2/CH4 : 5.3).[28] This makes UPC-33 a good candidate for CO2

capture and separation from natural gas.
Considering the moderate pores in UPC-33, its low-pressure

C3H8 and C3H6 uptakes were also measured under 1 bar. As ex-
pected, the C3H8 and C3H6 adsorption amount for UPC-33
reaches up to 111.8 cm3 g�1 and 114.2 cm3 g�1 at 273 K and

Figure 2. The N2 sorption isotherms at 77 K and (inset) pore size distribution
for UPC-33.

Figure 3. (a) and (b) The CH4, C2H6, C2H4, C2H2, C3H8, and C3H6 adsorption isotherms at 273 K and 298 K for UPC-33 ; (c) The Qst for CH4, C2H6, C2H4, C2H2, C3H8,
and C3H6; (d) and (e) The C2H6/CH4, C2H4/CH4, C2H2/CH4, C3H8/CH4, and C3H6/CH4 selectivity at 298 K, calculated by the IAST method (V/V: 50/50 and 10/90) ; (f)
The C3H6/C2H2, C3H6/C2H4, and C3H6/C2H6 selectivity at 298 K, calculated by the IAST method (V/V: 50/50 and 10/90).

Table 1. Single component gas adsorption data for UPC-33.

Gas T [K] Vads [cm3 g�1] Amount [mmol g�1] Amount [wt.%] Qst

[kJ mol�1]

CO2 273 68.1 3.04 13.38 49.92
298 31.8 1.42 6.25

CH4 273 9.7 0.43 0.69 3.56
298 7.0 0.31 0.50

C2H2 273 65.1 2.91 7.57 15.02
298 44.3 1.98 5.15

C2H4 273 43.6 1.95 5.46 10.31
298 31.1 1.39 3.89

C2H6 273 51.8 2.31 6.93 13.86
298 35.0 1.56 4.68

C3H6 273 114.2 5.10 21.42 48.93
298 94.3 4.21 17.68

C3H8 273 111.8 4.99 21.96 18.39
298 93.6 4.18 18.39
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1 bar. In practice, C3H8 and C3H6 gases are stored at ambient
temperature. Therefore, C3H8 and C3H6 adsorption experiments
were carried out at room temperature (298 K). UPC-33 exhibits
an adsorption amount of 93.6 and 94.3 cm3 g�1 for C3H8 and
C3H6 at 298 K and 1 bar, which are slightly lower than that of
UPC-21 (103.0 and 110.1 cm3 g�1),[9] and higher than FJI–C4
(74.7 cm3 g�1 for C3H8).[29] Considering its practical application,
we also tested the reproducibility of UPC-33 for C3H8 and C3H6

storage. About 100 mg of the desensitized sample was loaded
onto the ASAP2020-M analyzer, and four cycles of C3H8 and
C3H6 adsorption at 298 K were recorded without the reactiva-
tion process between each cycle. The absorption of C3H8 and
C3H6 was only 2.9 % and 3.5 % lesser after four cycles, indicat-
ing that UPC-33 was promising in refillable C3H8 and C3H6 stor-
age (Figure 4 a, b).

The small pore size and inherent permanent porosity of
UPC-33 have prompted us to investigate the potential applica-
tion of light hydrocarbons separation. Single component gas
sorption isotherms of UPC-33 for various light hydrocarbons
(CH4, C2H2, C2H4, and C2H6) were performed at both 273 and
298 K. As expected, UPC-33 can take up a large amount of
C2H6 (51.8 cm3 g�1), C2H4 (43.6 cm3 g�1), and C2H2 (65.1 cm3 g�1),
but a small amount of CH4 (9.7 cm3 g�1) at 273 K and 1 bar (Fig-
ure 3 a). It should be noted that the adsorption capacity of
UPC-33 for C2H6 (35.0 cm3 g�1), C2H4 (31.1 cm3 g�1), C2H2

(44.3 cm3 g�1), and CH4 (7.0 cm3 g�1) are comparable to that of
UTSA-35a[8] and UTSA-36a[15] at 298 K and 1 bar (Figure 3 b).
The magnitude of the adsorption enthalpies reveals the affinity
of the pore surface toward adsorbents, which plays a signifi-
cant part in determining the selectivity of adsorption.[30] To
evaluate the affinity of this light hydrocarbons in UPC-33, the
adsorption heat is calculated by the Clausius–Clapeyron equa-
tion. The adsorption enthalpy of CH4, C2H2, C2H4, C2H6, C3H6,
and C3H8 are 3.56, 15.02, 10.31, 13.86, 48.93, and 18.52 kJ mol�1

at zero coverage, respectively (Figure 3 c and Table 1).
The C3 light hydrocarbons with higher adsorption enthalpy

[Qst(C3H6)>Qst(C3H8)>Qst(C2H2)>Qst(C2H6)>Qst(C2H4)>Qst(CH4)]
may provide a stronger affinity for the skeleton, which results
in preferential adsorption of these gases on the skeleton of
UPC-33. Thus, it may have a high selectivity for C3 light hydro-
carbons relative to CH4. Therefore the potential for separation
of CH4 from C3 light hydrocarbons is appraised by ideal solu-
tion adsorbed theory (IAST) for binary equimolar components
(Figure 3 d). At 1 bar and 273 K, the selectivities of C3H8 and
C3H6 with respect to CH4 are 151.50 and 228.34, which are

higher than C2H2, C2H4, and C2H6 to CH4 of 11.36, 5.32, and
6.64, respectively. It should be noted that these values are
lower than FJI-C4 (293.4 for C3H8/CH4),[29] but greatly higher
than UPC-21 (75 for C3H6/CH4, 67 for C3H8/CH4),[9] or FJI-C1
(78.7 for C3H8/CH4).[31] The results indicate that UPC-33 is a pro-
spective absorbent for effectively selective adsorptive separa-
tion of CH4 from C3 hydrocarbons at 273 K. The high adsorp-
tion selectivity of C3/CH4 can be attributed to the narrow pore
size distribution of UPC-33 to match the kinetic diameter of C3

light hydrocarbon, resulting in its high C3/CH4 sieving effects.
Meanwhile, the selectivity of C3H6 to C2H2, C2H4, and C2H6 was
10.83, 13.00, and 6.93 at 1 bar and 273 K, respectively. These
values are higher than the selectivity of C3H8 with respect to
C2H2, C2H4, and C2H6 that are 4.84, 8.17, and 6.79, which means
that UPC-33 can also selectively adsorb C3H6 from C2 hydrocar-
bons at 273k. Although the selectivity decreases at room tem-
perature, UPC-33 can still effectively separate light hydrocar-
bons (Figure 3 d–f and Table 2).

Knoevenagel condensation reaction

The excellent stability of UPC-33 for heat, together with the
presence of �NH2 group decorated channels and optimized
pores satisfy the essential prerequisites for the framework as a
heterogeneous catalyst. It has been demonstrated that frame-
works constructed with barium(II) ions can catalyze many or-
ganic reactions, such as cyanosilylation reactions.[32] Here, we
have explored the heterogeneous catalytic activity of UPC-33
to Knoevenagel reactions involving malononitrile and aromatic
aldehydes to give benzylidene malononitrile (Table 3), which

Figure 4. Cycles of C3H8 (a) and C3H6 (b) adsorption for UPC-33 at 298 K.

Table 2. Adsorption selectivity of hydrocarbon at 1 bar for different
molar fraction of binary mixtures.

Binary gas mixtures Molar fraction Selectivity
(273 K)

Selectivity
(298 K)

CO2/CH4 50:50 33.12 8.09
10:90 32.70 9.04

C2H2/CH4 50:50 11.36 7.78
10:90 9.94 7.19

C2H4/CH4 50:50 5.32 4.48
10:90 4.78 4.18

C2H6/CH4 50:50 6.64 4.80
10:90 5.78 4.34

C3H6/CH4 50:50 228.34 42.40
10:90 87.69 24.76

C3H8/CH4 50:50 151.50 41.77
10:90 49.18 22.30

C3H6/C2H2 50:50 10.83 3.80
10:90 10.82 3.81

C3H6/C2H4 50:50 13.00 5.70
10:90 13.01 5.84

C3H6/C2H6 50:50 6.93 4.90
10:90 6.90 5.31

C3H8/C2H2 50:50 4.84 3.78
10:90 5.05 3.71

C3H8/C2H4 50:50 8.17 5.66
10:90 8.62 5.61

C3H8/C2H6 50:50 6.79 4.88
10:90 7.20 5.12
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exhibits a wide scope of important chemical intermediate
properties.

In general, a mixture of 1.0 mmol of aldehyde, and 1.0 mmol
of malononitrile in CH2Cl2 (3 mL) were placed in a round-
bottom flask and stirred at room temperature in the presence
of UPC-33 (10 wt.%). The reaction was monitored by TLC, and
the reaction was completed within 5 h. Next, the reaction mix-
ture was filtered and washed several times with CH2Cl2 to re-
cover the catalyst. The filtrate was dried over Na2SO4. The re-
covered catalyst can be reused after heating at 100 8C under
vacuum for 6 h, without loss of activity. The PXRD of the recov-
ered catalyst confirms that the integrity of the framework is
maintained even after three reaction cycles (Figure S1). Table 3
summarizes the results of the diverse substrates. As a control
experiment, the catalyst was removed after 30 min, which re-
sulted in complete shutdown of the reaction as monitored by
using GC-MS (Figure S4). The Knoevenagel condensation yield
of benzaldehyde and malononitrile reached 98.2 % at room
temperature after 5 hours. It should be noted that these
values are comparable to PCN-124 (99 %),[33] Cz-MOF (99 %),[34]

and PCP-1 (96 %),[35] which makes UPC-33 a candidate for the
C�C coupling reaction. The aromatic aldehydes with bulky and
electron-donating groups reduce the reaction rate and yield
(Table 3, entries 7 and 8), which are not suitable for the frame-
work cavity.

The catalytic mechanism is similar to that of proposed by
Zhang.[36] In the first step, the active sites (amino groups) in
the pores of UPC-33 reacted with benzaldehyde to form the
imine intermediate (benzaldimine). In the second step, the
active site was regenerated after the reaction of malononitrile
and the benzaldimine (Figure 5).

Conclusions

In conclusion, we have developed and characterized a novel
microporous Ba-MOF UPC-33 based on pre-designed amino-
functionalized ligands. UPC-33 exhibits high adsorption heat
of CO2 (49.92 kJ mol�1) and selectivity of CO2/CH4 (8.09). UPC-
33 has the right pore size to maximize the interaction between
the gas and framework, so it exerts a high separation selectivi-
ty for C3 light hydrocarbons relative to CH4 (228.34, 151.40 for
C3H6/CH4, C3H8/CH4 at 273 k and 1 bar) and can selectively

adsorb absorb C3H6 from C2 hydrocarbons. These results indi-
cate that UPC-33 may be a promising candidate for fuel gas
purification and light hydrocarbon separation in the near
future. In addition, the presence of Lewis basic �NH2 groups
allows UPC-33 to act as a catalyst for size and electronically se-
lective Knoevenagel condensation reactions. Benefitting from
the straightforward design of MOFs with modifiable perform-
ances, we are developing customizable adsorbents for specific
gas separations and exploring heterogeneous catalysts for cat-
alyze organic reactions.

Experimental Section

Materials and methods

All chemical reagents are available from commercial sources and
can be used without further purification. The H3L was synthesized
by Sonogashira coupling reaction and then hydrolyzed with dilute
HCl. (Scheme S1 in the Supporting Information). The 1H NMR spec-
trum is recorded on a 400 MHz Varian INOVA spectrometer and ref-
erenced to the residual solvent peak. Powder X-ray diffraction
measurements of UPC-33 are performed on an analytical X-Pert
pro diffractometer with CuKa radiation (l= 1.54184 �). Thermogra-
vimetric analysis (TGA) are performed on a Mettler Toledo TGA
under N2 flow and heated from room temperature to 900 8C (at
10 8C min�1). Elemental analyses (C, H, N) are obtained on a Perki-
nElmer 240 elemental analyzer. The photoluminescence (PL) spec-
trum is measured using Hitachi F-7000 fluorescence spectropho-
tometer at room temperature. Infrared (IR) spectroscopy spectra
are collected on a Nicolet 330 FTIR spectrometer in the 4000–
400 cm�1 region. The gas adsorption isotherm is performed on the
surface area analyzer Micromeritics ASAP-2020.

Synthesis of UPC-33

UPC-33 was prepared by the solvothermal reaction. A mixture of
H3L (6.0 mg, 0.016 mmol) and Ba(NO3)2·6 H2O (60.0 mg, 0.17 mmol)
was ultrasonically dissolved in DMF: C2H5OH: H2O (V:V:V = 5:2:1,
2 mL) solution in 10 mL vial. The mixture was heated at 100 8C for
4300 min, and then cooled to room temperature. Light yellow
block crystals were acquired with a yield of 35 % based on H3L.
FTIR (KBr): ñ= 3465 (w), 3387 (s), 1668 (s), 582 (s), 1515 (w), 1381
(s), 1314 (w), 1247 (w), 1095 (s), 856 (m), 789 (w), 722 cm�1 (w); ele-
mental analysis calcd (%) for C33H38Ba2N3.33O13: C 41.14, H 3.95, N,
4.84; found: C 41.36, H 3.72, N 4.79.

Table 3. Knoevenagel reactions catalyzed by UPC-33.

Entry[a] R t [h] Yield [%][b]

1 4-NO2Ph 5 98.2
2 4-MePh 5 93.4
3 Ph 5 89.0
4 4-FPh 5 86.1
5 4-PhPh 5 83.1
6 1-naphthyl 5 80.3
7 4-PhOPh 5 53.8
8 4-MeOPh 5 36.2

[a] Reaction conditions: activated sample UPC-30 (10 wt.%), an aldehyde
(1.0 mmol), malononitril (1.0 mmol, 0.066 g), CH2Cl2 (3 mL), room temper-
ature. [b] GC yield.

Figure 5. Catalytic reaction mechanism for the Knoevenagel condensation.
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Crystal structure determinations

The crystallographic data of UPC-33 was collected on an Agilent
Xcalibur Eos Gemini diffractometer with (Cu) X-ray Source (CuKa

l= 1.54184 �). Absorption correction was carried out by multi-scan
method, using the SADABS program to apply the empirical absorp-
tion correction.[37] The structures were solved by direct methods
and refined by the full-matrix least-squares method on F2, and all
non-hydrogen atoms were refined with anisotropic thermal param-
eters.[38] All the hydrogen atoms attached to carbon atoms were
placed in calculated positions and refined using the riding model,
and the water hydrogen atoms were located from the difference
maps. In UPC-33, the final structure has a large number of void
volumes containing a plurality of residual electron density peaks,
which can be attributed to the disordered solvent molecules, and
could not be crystallographically defined satisfactorily. According
to crystallographic data combined with elemental and thermogra-
vimetric analyses, the solvent molecules were proposed to be one
DMF, one EtOH, and two H2O molecules for UPC-33. The crystal
and refinement parameters are listed in Table S1.
CCDC 1570710 (UPC-33) contains the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by The Cambridge Crystallographic Data Centre.

Gas sorption measurements

Gas adsorption–desorption measurements of N2, CO2, CH4, C3H6,
C3H8, C2H2, C2H6, and C2H4 on UPC-33 were collected on the Micro-
meritics ASAP 2020 surface area and pore size analyzer. The tem-
peratures of 77 K, 273 K, and 298 K were maintained with a liquid
nitrogen bath, an ice-water bath, and under room temperature, re-
spectively. The measurements were carried out at 77 K (N2), 273 K
(CO2, CH4, C3H6, C3H8, C2H2, C2H6, and C2H4), and 298 K (CO2, CH4,
C3H6, C3H8, C2H2, C2H6, and C2H4). The Brunauer–Emmett–Teller
(BET) surface area and pore size distribution data were calculated
from the N2 adsorption isotherms at 77 K based on a non-local
density functional theory (NLDFT) model in the Micromeritics
ASAP2020 software package (assuming a slit pore geometry).
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tivity for C3 light hydrocarbons with re-
spect to CH4 and effectively catalyze
Knoevenagel condensation reactions.
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