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Two highly porous single-crystalline zirconium-based metal-organic
frameworks
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Herein we report two highly porous Zr-based metal-organic frameworks (MOFs, 1 and 2) constructed by the truncated octahedral
secondary building unit (SBU) of Zr6O4(OH)4(CO2)12 and the organic linear ligand of 4,4ʹ-stilbenedicarboxylic acid (H2sbdc) or
4,4′-azobenezenedicarboxylic acid (H2abdc). Both Zr-based MOFs are obtained as single crystals of suitable size for single-crystal
X-ray diffraction analysis. Furthermore, these two Zr-based MOFs have been fully characterized by powder X-ray diffraction
(PXRD) studies, thermogravimetric analysis (TGA), infrared spectroscopy (IR) and gas adsorption analysis. In particular, their
CO2 gas adsorption behaviors have been investigated and discussed.
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Metal-organic frameworks (MOFs) [1], composed of polytopic organic ligands linking metal ions or clusters, have been
emerging into an important class of porous solid-state materials at an exponential rate over the past two decades [2]. MOFs
have thus captured unparalleled attention from both academia
and industrial communities due to their structural regularity
and synthetic tunability by successful use of crystal engineering and/or reticular chemistry strategies [3–5]. In principal,
a structure-designated material can be targeted by judicious
selection of the organic ligands and the inorganic secondary
building units (SBUs) to match the vertex figures of a given
net [6–8]. These intriguing modular features render MOFs to
be a prominent platform for various applications in gas storage and separation [9,10], heterogeneous catalysis [11], sensing [12] and other areas [13–15].
Among a variety of inorganic SBUs encountered in
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MOFs, the zirconium (IV) truncated octahedral SBU,
Zr6O4(OH)4(CO2)12 [16], and related expanded analogues
[17] have recently been widely employed to construct a series
of porous MOFs with high thermal and chemical stability
[18–21]. However, it is still difficult to obtain single crystals
of Zr-based MOFs, which are large enough for single-crystal
X-ray diffraction analysis, tentatively due to the fast formation of high-affinity Zr–O bonds [22]. Herein, we report that
two highly porous Zr-based MOFs (1 and 2) are constructed
by the truncated octahedral SBU of Zr6O4(OH)4(CO2)12 and
the organic linear ligand of 4,4′-stilbenedicarboxylic acid
(H2sbdc) or 4,4′-azobenzenedicarboxylic acid (H2abdc),
both of which feature suitable size of single-crystals for
single-crystal X-ray diffraction. During the synthesis of
these two MOFs, acetic acid is indispensable as the modulator to tune the crystals’ size. Furthermore, a thorough
characterization of these two Zr-based MOFs has been conducted through powder X-ray diffraction (PXRD) studies,
thermogravimetric analysis (TGA), infrared spectroscopy
chem.scichina.com link.springer.com
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(IR) and gas adsorption analysis. In particular, their CO2 gas
adsorption behaviors have been investigated and discussed.
The ligand of H2abdc was synthesized according to the
reported procedure [23]. The ligand of H2sbdc was purchased from TCI (USA). The anhydrous zirconium (IV)
chloride (ZrCl4) was purchased from Acros (USA). All
solvents were purchased from Fisher Scientific (USA) and
used as received. CCDC 1451622 and 1451623 contains the
supplementary crystallographic data for this paper. The single-crystal X-ray diffraction data for 1 and 2 were collected
at the Advanced Photon Source on beamline 15-ID-B of
ChemMatCARS Sector 15 (λ=0.41328 Å, T=100 K). Powder
X-ray diffraction (PXRD) patterns were collected using a
Bruker D8 Advance X-ray diffractometer (Germany) at 40
kV, 40 mA for Cu-Kα (λ=1.5418 Å) with a scan speed of
0.2 s/step and a step size of 0.02° in the 2θ range of 3° to
50°. Gas adsorption measurements were performed using
a Micromeritics ASAP 2020 surface area analyzer (USA).
Thermogravimetric analysis (TGA) was performed under
nitrogen on a TA Instrument Q50 (USA) from 25 to 800
°C at a speed of 10 °C/min. Fourier transform infrared
spectoscopy (FT-IR) data were recorded on a PerkinElmer
Spectrum Two instrument (USA) utilizing a range of 4000 to
450 cm−1 with a resolution of 4 cm−1. Extended details can
refer to the Supporting Information online.
Synthesis of 1. A mixture of H2sbdc (68.4 mg, 0.255
mmol), ZrCl4 (60 mg, 0.255 mmol) and N,N′-dimethylformamide (DMF, 4 mL) with acetic acid (HAc, 0.6 mL) was
added into a 20 mL scintillation vial and then heated up to
120 °C for 48 h. The resulting octahedron-shaped colorless
crystals of 1 were obtained.
Synthesis of 2. Follow the similar reaction procedures with
that of 1 except using H2abdc (68.9 mg, 0.255 mmol) instead
of H2sbdc. And the resulting octahedron-shaped orange crystals of 2 were obtained.
Complexes 1 and 2 were synthesized under very similar reaction conditions and relatively large octahedral
single-crystals were harvested for single-crystal X-ray
diffraction analysis. It is found that acetic acid modulates the
MOF synthesis [22]. Acetic acid proved to be essential for
the formation of single crystals. Otherwise, only fine powder
samples would be obtained. Single-crystal X-ray diffraction
(SCXD) analysis reveals that both 1 and 2 crystallize in the
same cubic space group, Fm-3m, with empirical formula of
Zr6O4(OH)4(sbdc)6 and Zr6O4(OH)4(abdc)6, respectively. As
illustrated in Figure 1, these two Zr-based MOFs are built
on the Zr(IV) truncated octahedral SBUs connected by the
linear linkers of H2sbdc and/or H2abdc, which show the similar connectivity with the well-known UiO series. Basically,
each Zr-based SBU is composed of an inner octahedral core,
Zr6O4(OH)4, alternatively capped by 4 µ3-O and 4 µ3-OH
groups. All the octahedral edges are bridged by carboxylate
groups from the linear linkers, generating a truncated octah-
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Figure 1 (a) The fundamental secondary building unit (SBU) of 1 and 2 is a
six-center octahedral metal cluster, in which eight-coordinate Zr cations are
linked via carboxylate ligands; (b) the linear linkers of 4,4′-azobenzenedicarboxylic acid (H2abdc, left) and 4,4′-stilbenedicarboxylic acid (H2sbdc,
right); (c) the expanded face-centered-cubic network of 2 by connecting the
SBUs with abdc linkers; (d) a simplified polyhedral representation of the
same network structure of 1 and 2. The yellow truncated octahedron and
purple rectangles correspond, respectively, to Zr6 cluster coordination polyhedra and linear linkers (color online).

edron (connecting the oxygen atoms from twelve carboxylate groups). The truncated octahedral SBUs are linked by
H2sbdc and H2abdc, forming into the fcu-topology extended
networks of 1 and 2. The structure of 1 and/or 2 contains
two different types of polyhedral cage cavities: an octahedral
cage that is face sharing with 8 tetrahedral cages and edge
sharing with 8 additional octahedral cages, as shown in Figure S1 (Supporting Information online).
The phase purities of 1 and 2 were verified by PXRD studies, which indicate that the diffraction patterns of the fresh
samples are consistent with the calculated ones (Figure S2
and Figure S3). TGA was performed on the fresh samples
of 1 and 2 (Figure S4). A continuous weight loss of ~64%
from 25 to 170 °C is observed in compound 1, which corresponds to the loss of guest solvent molecules trapped in the
cavities. The plot is followed by a plateau at the range of 170
to 350 °C, before it falls into decomposition. Then the stepwise-like ligand decomposition ends at 560 °C with a weight
loss of ~20%. The compound 2 exhibits a similar weight loss
process. But the ligand decomposition of 2 happens between
405 and 550 °C. Thus the substantial weight loss in the beginning indicates that these two MOFs demonstrate very high
porosity, accommodating a large amount of guest molecules.
Moreover, the two Zr-based frameworks also show certain
thermal stability. However, compared to UiO-66 [16], the
less thermal stability of 1 and 2 can be tentatively attributed
to the ligand extension from terephthalic acid to H2sbdc or
H2abdc.
To examine the permanent porosity of 1 and 2, gas adsorption studies were performed on the activated samples. The
activation conditions are detailed in the Supporting Informa-
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Figure 2 (a) N2 adsorption isotherm of 1 at 77 K; (b) N2 adsorption isotherm of 2 at 77 K; (c) CO2 adsorption isotherms of 1 measured at 273 and 298 K; (d)
CO2 adsorption isotherms of 2 measured at 273 and 298 K (color online).

tion. As shown in Figure 2(a) and (b), the N2 adsorption
isotherms at 77 K for 1 and 2 are observed with uptake capacities of ~780 and ~600 cm3/g, respectively, at the saturation
pressure with typical type I adsorption behavior, which is a
characteristic of microporous materials. Derived from the
N2 adsorption data, 1 possesses a Brunauer-Emmett-Teller
(BET) surface area of ~2890 m2/g (P/P0=0.0001–0.1) and
a corresponding Langmuir surface area of ~3237 m2/g
(P/P0=0.9). Similarly, 2 shows a BET surface area of ~2122
m2/g (P/P0=0.0001–0.1) and a Langmuir surface area of
~2363 m2/g (P/P0=0.9). Moreover, density functional theory
(DFT) pore size distribution analysis based on the N2 adsorption data at 77 K indicates that the pore sizes of 1 and 2
are both narrowly distributed at around 13.6 Å, which is in
good agreement with the channel width observed in crystal
structures (Figure S5 and Figure S6).
Moreover, we evaluated the CO2 uptake performances of
1 and 2. As shown in Figure 2(c), 1 can adsorb substantial
amounts of CO2 with a capacity of 10.7 wt% (54.7 cm3/g)
at 273 K and 6.77 wt% (34.5 cm3/g) at 298 K under 1 atm
pressure. In comparison, 2 demonstrated a lower CO2 uptake
capacity with 8.83 wt% (44.9 cm3/g) at 273 K and 5.20 wt%
(26.5 cm3/g) at 298 K under 1 atm pressure, as illustrated in
Figure 2(d). Despite the fact that both Zr-based MOFs are
characterized by high surface areas, the values of CO2 uptake
capacity under low pressure are very moderate compared to
other porous MOFs with open metal centers or Lewis base
sites. This can be attributed to the absence of functional sites
interacting with CO2 molecules, which is explained by the relatively low heats of adsorption of CO2 (21.7 and 18.8 kJ/mol

at the initial range, Figure S10) calculated for 1 and 2.
In summary, two highly porous single-crystalline Zr-based
MOFs with fcu topology, 1 and 2, have been built based upon
the truncated octahedral SBU of Zr6O4(OH)4(CO2)12 and the
linear ligand of H2sbdc and H2abdc. Large single-crystals
have been obtained by using the modulator of acetic acid. A
thorough characterization of these two Zr-based MOFs has
been conducted by virtue of SCXD, PXRD, TGA, FT-IR and
gas adsorption analysis. In particular, CO2 gas adsorption
behaviors have been described and tentatively interpreted.
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