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ABSTRACT: The self-assembly of a custom-designed
bifunctional ligand featuring both 1,2,3-triazolate and
carboxylate donor groups with a pentanuclear zinc cluster
generated in situ affords a double-walled metal triazolate
framework (MTAF) material, MTAF-1 (Zn5(μ3-
O)2(C9N3H5O2)5(H

+)4(H2O)17(C3H7NO)10), which ex-
hibits a surface area of 2300 m2/g and demonstrates
interesting selective CO2 uptake performances.

Metal−organic frameworks (MOFs)1 have been promoted
into very promising candidates with potential applica-

tions in gas storage,2 separation,3 heterocatalysis,4 sensor,5 and
other areas6 because of their intriguing topologies and
structural tunability.7 Combining both metal ions and organic
linkers as the building blocks, MOFs have been variously
functionalized via judicious selections of the metal ions or
clusters and the custom design of multifunctional organic
ligands.8 Carboxylate-based linkers have been predominantly
employed for the construction of MOFs,7b,8a,b and recently
there is an escalating interest in utilizing azolate-based ligands
such as pyrazolate, 1,2,4-triazolate, 1,2,3-triazolate, and
tetrazolate to generate functional MOFs with surfaces featuring
exposed sites for various applications.9 Among those, 1,2,3-
triazolate-based ligands have rarely been developed10 despite
their interesting coordination nature and propensity to afford
high thermal, moisture, and chemical stability.11 Indeed, only
six MOF structures constructed from multitopic 1,2,3-triazolate
linkers have been reported,10 and most of them possess limited
surface areas, thus largely limiting their wide applications
particularly in gas storage and CO2 capture.

9

To combine the merits of the 1,2,3-triazolate group with the
diverse coordination nature of the carboxylate group, we
designed a bifunctional organic linker, 4-(1,2,3-triazol-4-yl)-
benzoate (tab; Figure 1a), which features both 1,2,3-triazolate
and carboxylate donor groups. The self-assembly of the tab
ligand with Zn(NO3)2 under solvothermal conditions affords a
porous MOF, termed MTAF-1 (MTAF denotes a metal
triazolate framework), that possesses a double-walled structure
and a pentanuclear zinc cluster as the secondary building unit
(SBU), as well as exhibits permanent porosity with a surface
area of 2300 m2/g and demonstrates interesting selective CO2

uptake performances.

The tab ligand employed herein was obtained by the Huisgen
cycloaddition, which is described as a case of “click” chemistry
and is sweepingly utilized in various fields of chemistry ranging
from biorelated applications to materials.12

Colorless block crystals of MTAF-1 were formed by reacting
the tab ligand with Zn(NO3)2·6H2O in N,N-dimethylforma-
mide (DMF) at 135 °C for 60 h. Single-crystal X-ray diffraction
analysis reveals that MTAF-1 crystallizes in the space group
I4cm.13 It adopts the Zn5(μ3-O)2(CO2)5(C2N3)5 cluster as the
SBU, which can also be considered as two trigonal-prismatic
SBUs of Zn3(μ3-O)(CO2)3(C2N3)2 and Zn3(μ3-O)-
(CO2)2(C2N3)3 fused through a six-coordinated Zn atom.
The central six-coordinated Zn atom (Zn1) connects with two
μ3-O atoms and four N atoms from four 1,2,3-triazolate groups
of four different tab ligands. The other four Zn atoms are five-
coordinated and divided into two types (Zn2 and Zn3). Zn2 is
coordinated with one μ3-O atom, three O atoms from two
carboxylate groups of two different tab ligands, and one N atom
from the 1,2,3-triazolate group of another tab ligand; in
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Figure 1. (a) tab; (b) pentanuclear zinc cluster SBU; (c) structure of
MTAF-1.
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contrast, Zn3 links with a μ3-OH atom, two N atoms from two
1,2,3-triazolate groups of two different tab ligands, and two
carboxylate O atoms from one carboxylate group of another tab
ligand. Each pentanuclear zinc cluster SBU is connected by 10
organic ligands embraced with 5 carboxylate groups and 5
1,2,3-triazolate groups to afford a rare double-walled three-
dimensional (3D) framework (Figure 1c). The double-walled
structure of MTAF-1 is different from the double-inter-
penetrating MOFs and is also distinct from the other double-
walled MOF constructed from the binary ligands.14 Indeed,
MTAF-1 represents the first example of a double-walled MOF
based upon a unitary organic linker, and this kind of double-
walled arrangement has prevented the formation of inter-
penetration and can enhance the robustness of the framework.
Topologically, MTAF-1 can be described as a noninterpene-

trating pcu network. The pentanuclear zinc cluster SBUs are
bridged by tab ligands to form rectangular channels of 11.583 Å
× 9.947 Å (atom-to-atom distance) along the a or b axis
(Figure 2, left) and square channels of 9.984 Å × 9.984 Å

(atom-to-atom distance) along the c axis (Figure 2, right).
MTAF-1 is highly porous and has a solvent-accessible volume
of 72% calculated using PLATON.15

The phase purity of MTAF-1 was confirmed by powder X-
ray diffraction (PXRD) studies. Thermogravimetric analysis
(TGA) of the fresh MTAF-1 sample reveals a weight loss of
about 42% from 30 to ∼220 °C corresponding to the loss of
guest solvent molecules of 10 DMF and 17 H2O trapped in the
channels; it is followed by a steady plateau from ∼220 to 420
°C before complete decomposition of the framework (Figure
S2 in the Supporting Information, SI). The thermal stability of
up to ∼420 °C was further confirmed by TGA studies on the
solvent-free MTAF-1 sample (Figure S2 in the SI), highlighting
the robustness of the double-walled framework.
To assess the permanent porosity of MTAF-1, we performed

gas adsorption studies on the activated sample. As shown in
Figure 3, the N2 adsorption isotherm at 77 K reveals that
MTAF-1 exhibits an uptake capacity of 514 cm3/g at the
saturation pressure with typical type I adsorption behavior, as
was expected for microporous materials. Derived from the N2

adsorption data, MTAF-1 possesses a Brunauer−Emmett−
Teller surface area of 2020 m2/g (P/P0 = 0.01−0.15),
corresponding to a Langmuir surface area of 2300 m2/g (P/
P0 = 0.9). Ar adsorption at 87 K (Figure S3 in the SI) reveals
similar surface area values for MTAF-1, further validating its
permanent porosity and framework robustness in the absence
of guest solvent molecules. The surface area of MTAF-1 also
surpasses those of other MOFs constructed from pyrazolate-,
1,2,4-triazolate-, or tetrazolate-based ligands and represents the

second highest among the 1,2,3-triazolate-based MOFs.10 The
pore-size distribution analysis based on the Ar adsorption data
at 87 K revealed that the pore size of MTAF-1 is predominantly
around 10 Å, which is close to the channel sizes observed
crystallographically.
We investigated the CO2 uptake performances of MTAF-1.

As shown in Figure 4a, MTAF-1 can uptake substantial

amounts of CO2 with the uptake capacities of 11.1 wt % at 273
K and 5.6 wt % at 298 K under 1 atm of pressure. These values
are moderate compared to some porous MOFs with open
metal sites or amine functional groups16,17 and can be
tentatively attributed to the relatively modest heats of
adsorption of 20−25 kJ/mol (22 kJ/mol at zero coverage)
over the CO2 loading range (Figure S5 in the SI), as is
commonly observed in porous MOFs without open metal
sites.16

We also evaluated MTAF-1 for the selective uptake of CO2
over N2, which is related to postcombustion CO2 capture
application. The N2 adsorption isotherm at 273 K indicates that
MTAF-1 can adsorb a very small amount of N2 (0.19 wt % at 1
bar; Figure 4a), meaning a selective uptake capacity of 40 for
CO2/N2 at 273 K and 1 bar. Given that our attempts to
measure the low-pressure N2 adsorption isotherms at 298 K
could not generate meaningful data points because of the
extremely low N2 uptake capacity, we decided to utilize the
adsorption isotherms at 273 K to assess the potential of MTAF-
1 for possible postcombustion CO2 capture application. We
employed the ideal adsorption solution theory (IAST),18 which
has been shown to be valid for calculating the gas selectivity of
MOFs,19 to estimate the adsorption selectivity of MMPF-4 for
CO2/N2 in postcombustion flue-gas streams, typically
composed of 15% CO2 and 85% N2. The selectivity SA/B in a
binary mixture of components A and B is defined as (xA/yA)/
(xB/yB), where xi and yi are the mole fractions of component i

Figure 2. Space-filling mode of MTAF-1 viewed from the a or b
direction (left) and the c direction (right).

Figure 3. N2 adsorption isotherm of MTAF-1 at 77 K.

Figure 4. (a) Gas adsorption isotherms of MTAF-1 (red, CO2 at 273
K; black, CO2 at 298 K; blue, N2 at 273K). (b) IAST-predicted
adsorption selectivity of the mixture of CO2 and N2 for MTAF-1 at
273 K.
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(i = A, B) in the adsorbed and bulk phases, respectively. As
shown in Figure 4b, MTAF-1 is calculated to exhibit an
adsorption selectivity of 35 for CO2 over N2 at 273 K and 1 bar.
To the best of our knowledge, both the selective uptake
capacity observed experimentally and the adsorption selectivity
estimated from IAST of MTAF-1 for CO2 over N2 are the
highest yet reported for azolate-based MOFs9,16 and are also
among the highest for porous MOFs without open metal
sites.16b The high selective uptake of CO2 over N2 for MTAF-1
could be mainly attributed to the large quadrupole moment of
CO2 compared to N2, and the exposed N atoms of the 1,2,3-
triazolate groups could also afford stronger interactions with
CO2 compared to N2, as illustrated in recent studies.20

In summary, a double-walled porous MOF, MTAF-1, has
been constructed based upon the custom-designed tab ligand
featuring 1,2,3-triazolate and carboxylate donor groups and the
in situ generated pentanuclear zinc cluster SBU. MTAF-1
possesses a Langmuir surface area of 2300 m2/g and
demonstrates interesting selective uptake of CO2 over N2.
The strategy of employing a bifunctional linker with both the
azolate and carboxylate groups as donor groups represents a
promising way to construct highly porous azolate-based MOFs
for various applications, particularly gas storage and CO2
capture. Ongoing work in our laboratories includes the custom
design of new variants of 1,2,3-triazolate-based ligands for the
construction of functional MTAF materials and exploration of
their use for applications in sensor, catalysis, and CO2 capture.
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