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A strategy for building highly connected robust MOFs from linear
ligands is exemplified by the construction of MTAF-4, a rare (6,9)-
connected MOF, based on the custom-designed bifunctional linear
ligand, 4-(1,2,3-triazol-4-yl)-benzoate, that connects two types of
highly connected zinc cluster moieties generated in situ. MTAF-4 is
robust and permanently microporous and is capable of adsorbing
CO,, H, and CH,4 under high pressures.

The past two decades have witnessed the exponential development
of metal-organic frameworks (MOFs)" as a new type of functional
materials. MOFs are built from multidentate organic ligands and
metal ions or in situ generated metal ion clusters (also known
as secondary building units (SBUs)) through coordination bonds.
They feature tunable pore sizes, controllable surface areas, and
functionalizable pore walls, which can be achieved via custom-
design of functional organic ligands and judicious selection of
SBUs.? The designable and modular® features of MOFs have offered
them great potential for a plethora of applications, such as gas
storage,” gas separation,’ catalysis,® CO, capture,” sensors® and
others.” Among various types of MOFs, highly connected structures
have been widely pursued given their framework robustness
and remarkable surface areas. This is well exemplified by the
(3,24)-connected rht-topology MOFs'® which hold the record of
experimental Brunauer-Emmett-Teller (BET) surface area'®?
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and the (4,8)-connected scu-topology MOFs'! which exhibit excellent
gas adsorption performances. Existing approaches to constructing
highly connected MOF structures heavily rely on the utilization of
multitopic organic ligands (e.g: the rht-topology MOFs are mainly
based on hexacarboxylate ligands'® and the scu-topology MOFs are
built from octacarboxylate ligands''), which requires multistep
complex organic synthesis. In this contribution, we report an
alternative strategy of employing the linear bifunctional ligand with
two distinct donor groups that can facilitate the in situ generation of
multinuclear metal clusters as highly bridged nodes to afford the
highly connected robust MOF structure.

As we and others reported previously,'® the 1,2,3-triazolate
donor group featuring three nitrogen atoms as coordination sites
favors the formation of highly connected multinuclear metal
clusters particularly when in combination with a carboxylate
donor group. This makes triazolate-carboxylate bifunctional
ligands promising candidates for the construction of highly
connected robust MOFs with the in situ formed multinuclear
metal clusters as highly bridged nodes. Bearing these above in
mind, herein, we employed a custom-designed bifunctional
linear ditopic ligand, 4-(1,2,3-triazol-4-yl)-benzoate (tab), that
features both 1,2,3-triazolate and carboxylate donor groups
(Fig. 1a), and the self-assembly of the tab ligand with Zn(NO3),
under solvothermal conditions afforded a rare (6,9)-connected
robust MOF, termed MTAF-4 (MTAF denotes a metal-triazolate
framework), which is based on the in situ generated tetranuclear
(Fig. 1b) and heptanuclear (Fig. 1c) zinc cluster moieties serving
as 6- and 9-connected nodes respectively. MTAF-4 is permanently
microporous with a BET surface area of ~1600 m* g ' and is
capable of adsorbing CO,, H, and CH, under high pressures.

The colorless pyramid-shaped crystals of MTAF-4 were harvested
by reacting the bifunctional linear ligand, tab, with Zn(NO;),-6H,0
in N,N-dimethylformamide (DMF) at 135 °C for 3 days. Single-crystal
X-ray diffraction analysist reveals that MTAF-4 crystallizes in
the space group P6;/mmc with a formula [Zn,(p4-0),05(tab)g,,],-
[Zn4(p4-O)(tab)s]. It adopts two types of SBUs: one is Zn,(p4-O)-
(CO,)¢ (Fig. 1b) and the other is Zn,(js-0),(CO,)5(C,N3)6
(Fig. 1c). The SBU of Zn,(4-0)(CO,)s is ubiquitous in Zn-based
MOFs and serves as a 6-connected node as widely observed in
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Fig. 1 Schematic representation of (a) 4-(1,2,3-triazol-4-yl)-benzoate (tab)
ligands as linear linkers; (b) tetranuclear zinc clusters as 6-connected nodes; (c)
heptanuclear zinc clusters as 9-connected nodes (color scheme: C, gray; O, red; N,
blue; Zn, turquoise).

IRMOF series." In comparison, the SBU of Zn,(114-0),(CO,)3(C2N3)e
has not been presented in existing MOFs, and represents a new
heptanuclear zinc cluster moiety bridged by carboxylate and
1,2,3-triazolate groups. The new heptanuclear zinc cluster can
be considered as two clusters of Zn,(u;-0)(CO,);(C,N3); and
Zn,(p3-0)(C,N3)6 fused through the central five-coordinate Zn
atom (Fig. 1c). The central Zn atom connects with two p,;-O
atoms along the axial direction and three 2-positioned N atoms
of three different 1,2,3-triazole groups of three tab ligands in
the equatorial plane; on one side of the equatorial plane, each
of the three four-coordinate Zn atoms bonds the p,-O atom, two
O atoms of two different carboxyl groups of two tab ligands, and
one 1 (or 3)-positioned N atom of the triazole group of one tab
ligand in the equatorial plane of the central Zn atom; on the
other side, each of the three four-coordinate Zn atoms connects
with the p,-O atom and three N atoms of three different triazole
groups of three tab ligands, with one residing in the equatorial
plane of the central Zn atom. Every Zn,(j14-0),(CO,);5(C,N3)e
SBU serves as the nine-connected node to link six Zn,(p,-O)-
(CO,)6 SBUs and three other Zn,(p4-0),(CO,)3(C3N3)s SBUS
through nine linear tab linkers, and each Zn,(u,-O)(CO,)s
SBU serves as the six-connected node bridges, six Zn,(j4-O),-
(CO,)3(C,N3)s SBUS, via six tab linkers. This thereby affords an
unprecedented (6,9)-connected binodal three-dimensional (3D)
net, with the topology of wyg (Fig. S1, ESIT) whose vertex symbol
is (3%4'%.5°.6%),(3%4%5%. In the overall network of MTAF-4, the
ratio of 6-connected tetranuclear and 9-connected heptanuclear
zinc clusters is 1:2. There exist regular triangular pores with an
edge length of ~9.9 A (atom to atom distance) along the ¢ axis
(Fig. 2a), and proximately square channels (edge length of ~11.5 A,
atom to atom distance), each of which is split by one tab ligand
across the diagonal, are observed along the (1,—1,1) direction
(Fig. 2b). MTAF-4 is porous and possesses a solvent-accessible
volume of 59.5% as calculated using PLATON."*

The phase purity of MTAF-4 was verified by powder X-ray
diffraction (PXRD) studies, which revealed that the diffraction
patterns of the fresh sample are consistent with the calculated
ones (Fig. S2, ESIf). Thermogravimetric analysis (TGA) of the
fresh MTAF-4 sample indicates a weight loss of ~35% from
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Fig. 2 (a) Packing picture of MTAF-4 from the c direction; (b) packing picture of
the MTAF-4 view along the (1,—1,1) direction.

30 to 200 °C corresponding to the loss of guest solvent mole-
cules trapped in the channels. It is followed by a steady plateau
from 200 °C to 410 °C before complete decomposition of the
framework (Fig. S3, ESI}), highlighting the robustness and high
thermal stability of this highly connected MOF structure.

To examine the permanent porosity of MTAF-4, gas sorption
analysis was performed on the activated sample. As shown in Fig. 3a,
the nitrogen adsorption isotherm at 77 K reveals that MTAF-4
exhibits an uptake capacity of ~420 cm® g~ ' at the saturation
pressure with typical type I adsorption behavior, a characteristic of
microporous materials. Derived from the N, adsorption data, MTAF-
4 possesses a BET surface area of 1590 m> g~ " (P/P, = 0.0001 - 0.1)
[corresponding to a Langmuir surface area of 1790 m*> g~ * (P/P, =
0.9)], which is slightly lower than the theoretically calculated BET
surface area of ~2000 m*> g~'. The surface area of MTAF-4 was
further confirmed by the Ar adsorption isotherm at 87 K (Fig. $4,
ESIt), which revealed similar surface area values. Density functional
theory (DFT) pore size distribution analysis based on the Ar adsorp-
tion data at 87 K indicated that the pore size of MTAF-4 is narrowly
distributed at around 12.0 A (Fig. S5, ESIT), which is in good
agreement with the channel width observed in crystal structure
(Fig. 2b). MTAF-4 can retain its framework integrity after gas
adsorption analysis as confirmed by PXRD studies, which further
highlights its framework robustness in the absence of guest species
(Fig. S2, ESIY).

We evaluated the gas storage performances of MTAF-4 under
high pressures. As shown in Fig. 3b, MTAF-4 demonstrates a
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Fig. 3 (a) N, adsorption isotherm of MTAF-4 at 77 K; (b) high pressure CO5;
(c) CHy4; and (d) H, total sorption isotherms at different temperatures.

Chem. Commun., 2013, 49, 10516-10518 | 10517


http://dx.doi.org/10.1039/c3cc45986a

Published on 18 September 2013. Downloaded by University of South Florida on 15/10/2013 14:02:59.

total CO, adsorption capacity of 17.4 mmol g~ at 240 K and 11
bar, 15.8 mmol g~ " at 270 K and 24 bar, and 13.5 mmol g ' at
300 K and 30 bar. The high-pressure CO, adsorption capacity of
MTAF-4 at room temperature outperforms those of conventional
zeolites™ and activated carbons'® under the similar conditions; it
also surpasses those of some benchmark MOFs, such as
10.2 mmol g of MOF-505 and 10.7 mmol g~ " of HKUST-1 at
298 K under a pressure of 35 bar,"” although MOF-505 and
HKUST-1 have larger surface areas than MTAF-4. The higher
CO, storage capacity of MTAF-4 compared to those of MOF-505
and HKUST-1 could be presumably attributed to the existence of
uncoordinated nitrogen atoms of 1,2,3-triazole groups, as
exposed nitrogen atoms have been previously demonstrated to
serve as Lewis base sites to facilitate CO, adsorption in MOFs.®
Notwithstanding, due to the moderate surface area, the high-
pressure CO, adsorption performance of MTAF-4 is still moderate
compared to some high-surface area porous MOFs.*”*"%%171¢

The high-pressure CH, and H, sorption isotherms at a variety of
temperatures were also measured. The methane uptake capacity
was converted into cm*(STP)/em® using the density of MTAF-4
(0.670 g cm ™) calculated from the crystallographic data without
guest solvent molecules. As shown in Fig. 3c, MTAF-4 can adsorb
190 em’(STP)/em® and 162 cm’(STP)/em® at 240 K and 270 K
respectively. At 300 K, the total methane uptake capacity of
MTAF-4 is 105 cm*(STP)/em® at 35 bar and 135 cm®(STP)/em?® at
64 bar. In terms of high-pressure H, adsorption performances,
under a pressure of 64 bar, MTAF-4 is capable of adsorbing 4.52
Wwt% at 77 K, 3.54 wt% at 100 K, and 0.55 wt% at 300 K (Fig. 3d).
The high-pressure CH, and H, adsorption capacities of MTAF-4 are
moderate compared to those of some high-surface area MOFs,
particularly those with open metal sites.*° This can be presumably
ascribed to the moderate surface area of MTAF-4 together with the
lack of strong binding sites for CH, and H, molecules, as evidenced
by the relatively low heats of adsorption (Fig. S7 and S8, ESIY).

In conclusion, a rare (6,9)-connected MOF, MTAF-4, was
constructed by linking the in situ generated six-connected and
nine-connected zinc cluster moieties through the bifunctional
linear organic ligand of 4-(1,2,3-triazol-4-yl)-benzoate. MTAF-4
demonstrates high thermal stability and framework robustness
as well as permanent porosity, which affords it the capability to
adsorb CO,, H, and CH, under high pressures. The strategy of
employing bifunctional linear ditopic organic ligands to con-
nect highly connected multinuclear metal-containing SBUs
generated in situ represents a new approach to building highly
connected robust porous MOFs. Given the ease of extending
and functionalizing the ditopic linear organic ligands, it is
anticipated that highly connected robust porous MOFs with
higher surface areas and different pore functionalities can be
readily achieved for various applications. This line of research
is currently underway in our laboratory. Ongoing work in our
laboratories also includes the custom-design of new variants of
1,2,3-triazole-based ligands for the construction of functional
MTAF materials and exploring them for application in CO,
capture, sensor and catalysis.
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¥ X-ray crystal data for MTAF-4: C;osHgoN36035Z115, for = 3598.58,
hexagonal, P6,/mmc, a = 20.1753(4) A, b = 20.1753(4) A, ¢ = 25.0329(6) A,
V=28824.3(3) A, Z=1, T =228(2) K, peaica = 0.677 g cm >, Ry (I > 20(1)) =
0.0615, WR, (all data) = 0.1947.
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