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ABSTRACT: Increasing the connectivity of structural units
presents a potentially valuable approach to improve hydrolytic
stability in metal−organic frameworks (MOFs). We herein
leverage this strategy by synthesizing the first tritopic benzo-
triazolate MOF, Zn5(OAc)4(TBTT)2 (H3TBTT = 2,4,6-tris(1H-
benzo[d][1,2,3]triazol-5-yl)-1,3,5-triazine), which exhibits open
metal sites, high connectivity, high porosity, and significant water
uptake capacity. The MOF adopts a previously unknown topology
with (3,6,6)-connectivity, which is supported by single-crystal
electron diffraction and elemental analysis. The framework
undergoes postsynthetic metal and anion exchange with NiCl2,
which increases the accessible pore volume and the net
hydrophilicity of the framework. With this exchange, the apparent
BET surface area increases from 1994 to 3034 m2/g, and the water uptake step shifts from 56 to 33% relative humidity (RH). The
high gravimetric capacity of the Ni-rich MOF, 0.98 g/g, translates to a working capacity of 0.64 g/g during a pressure swing cycle
between 20 and 40% RH at 25 °C. Combining this performance with a less than 2% loss in working capacity over 100 cycles, the
new material rivals the best MOF water sorbents to date.

■ INTRODUCTION
Although the usage of metal−organic frameworks (MOFs) for
water sorption applications such as atmospheric water
harvesting has been well established,1−4 the structure−function
relationships that dictate hydrolytic and water cycling stability
are still not fully understood. Empirically, it has been observed
that early metal carboxylate MOFs (e.g., zirconium-carbox-
ylate) or late-metal azolate MOFs (e.g., nickel-azolate) have
superior kinetic stability toward water.5 Among these,
frameworks made from ditopic benzotriazolate ligands and
late transition metals are particularly attractive for water
sorption applications.6−12

Reasoning that the combination of multitopic ligands with
highly connected secondary building units (SBUs) would
further improve hydrolytic stability due to the entropic penalty
for dissociation,13,14 we sought to develop and study materials
from multitopic triazolate linkers. Indeed, to our knowledge,
there are no known examples of MOFs bearing benzotriazolate
linkers having higher than ditopic connectivity. Herein, we
report a new MOF, Zn5(OAc)4(TBTT)2 (TBTT3− = 2,4,6-
tris(1H-benzo[d][1,2,3]triazol-5-yl)-1,3,5-triazine), that exhib-
its both high connectivity (via tritopic linker and six-connected
SBU) and kinetically inert late transition metal−benzotriazo-
late linkages (Figure 1). This framework adopts a novel
(3,6,6)-c net. This topology is structurally analogous to the

cubic pcu 6-c net of the well-known MFU-4l, but presents
auxiliary connected pentanuclear Kuratowski clusters within
the pores.15 The framework is susceptible toward postsynthetic
metal and anion exchange with NiCl2 to yield a Ni-rich
material with higher porosity, increased water capacity, and a
lower RH water-uptake step, analogous to that demonstrated
for CFA-1, which bears identical SBUs.6 The Ni-exchanged
framework is hydrolytically stable, demonstrating minimal
degradation over 100 water cycles, and has a working capacity
comparable to the top performing MOF water sorbents.

■ RESULTS AND DISCUSSION
Microcrystalline Zn5(OAc)4(TBTT)2 was synthesized by
solvothermal reaction between H3TBTT and Zn(OAc)2 in
N,N-dimethylformamide (Supplemental Sections 2, 3, 9, and
10). The MOF crystallites were structurally characterized by
electron diffraction (ED) as well as powder X-ray diffraction
(PXRD). The electron diffraction reveals a framework obeying
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F-centering. Structure refinement in the space group Fm3̅m
reveals a parent cubic framework with Zn5(OAc)4(BTa)6
nodes (BTa = benzotriazole). The benzotriazole arms are
connected via a triazine ring, which is disordered between
edge-connected cubic pores. The third benzotriazole group on
the triazine ring points into the cubic pore, forming an
additional auxiliary SBU that occupies every other pore,
resulting in disordered SBUs in this space group. The
composition that allows for each and every dangling
benzotriazolate to be coordinated to a Zn5(OAc)4-cluster is
the MOF formula Zn5(OAc)4(TBTT)2, which is supported by
all elemental analyses: CHN combustion, Zn determination by
inductively coupled plasma optical emissions spectrometry
(ICP-OES), and Zn determination by thermogravimetric
combustion to ZnO (Supplemental Sections 3 and 11).

Topological analysis of this structure reveals that there is a
single possible tiling that enables full coordination, which can
be represented as a (3,6,6)-c net in the space group Pa3̅ where
the TBTT3− linker is 3-connected, the SBU is 6-connected,
and the auxiliary cluster is also 6-connected (Figure 1). This
net can be derived from xbk (a 4,6,12-c net in Fm3̅m), where
half of the 12-connected nodes are eliminated or from pcu (a
6-c connected net in Pm-3m), where auxiliary nodes are added
to half of the cubic pores (Figure S8.1). The symmetry of the
idealized structure would descend from Pa3̅ to R3, due to the
presence of the noncentrosymmetric Kuratowski SBUs.

Given that no violations of F-centering systematic absences
are observed, there must be a substantial number of defects
within the structure, enabling a description as a disordered F-
centered lattice. These defects are presumably missing auxiliary
clusters, which leave dangling benzotriazole units pointed into
the pores (potentially capped by zinc acetate moieties). Each
local R3 domain of the idealized structure may be oriented
with respect to each other by disorder by an inversion center, a
mirror plane, or a 4-fold rotation, increasing the global
symmetry to the observed Fm3̅m.

As such, we present two different structural models. First, a
refinement of the ED data in Fm3̅m with a = b = c = 35.4 Å.
Here the parent cluster (Zn5(C6N3)6) and the triazine are well
found in the electron density. However, the auxiliary Zn cluster
and any dangling benzotriazole moieties are completely
disordered in the pore and not included in the model. Second,
a force field-optimized model structure of the idealized (3,6,6)-
c topology (Figure 1). The only symmetry preserved by the

topology and the geometry of the auxiliary cluster is a 3-fold
rotation axis along the (111)-vector, implying R3. The
primitive cell is a rhombohedral cell with dimensions a = b
= c = 35.4 Å and α = β = γ = 90°. This idealized cluster does
not obey the systematic absences as noted by the F-centering
(Figures 2, S4.3, and S4.4). Disagreement of the intensity for
low resolution reflections between the simulated PXRD

Figure 1. Model structure of Zn5(OAc)4(TBTT)2 and its underlying (3,6,6)-connected net (shown in its augmented form) depicting the assembly
from the three-connected tris(benzotriazolyl)triazine linker and 6-connected Kuratowski-cluster SBU. The SBUs depicted in blue and cyan are
crystallographically distinct.

Figure 2. (a) PXRD patterns (Cu Kα) of Zn5(OAc)4(TBTT)2 and
(Zn0.27,Ni0.73)5(OAc0.37,Cl0.63)4(TBTT)2 compared with the simulated
ED Fm3̅m pattern (blue ticks), with additional marked angles (red
ticks) corresponding to the R3 model. (b) 77 K nitrogen isotherms of
each (after 170 °C activation) (adsorption depicted by triangle and
circle markers and desorption depicted by square and diamond
markers).
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pattern from the Fm3̅m model and the experimental is
attributed to the omission of the auxiliary cluster from the
model and to disordered pore solvent. The simulated PXRD
pattern of the R3 model, which contains an auxiliary cluster,
(Figure S4.3) correctly reproduces the ratio of {111} to {200}
reflection intensities.

Noting the improved kinetic stability typically imparted by
Ni2+ ions, Zn5(OAc)4(TBTT)2 was subjected to postsynthetic
metal exchange with NiCl2 mimicking established procedures
(Scheme 1).6 The PXRD patterns of the Ni-rich MOF are
similar to the parent Zn5(OAc)4(TBTT)2 with no significant
loss in crystallinity or appearance of a secondary phase (Figure
2a). Inductively coupled plasma mass spectrometry (ICP-MS),
energy-dispersive X-ray spectroscopy (EDS), and thermogravi-
metric combustion to the metal oxides were used to determine
the Zn to Ni ratio as well as the acetate to chloride ratio,
yielding the formula of a maximally substituted material
(Zn0.27,Ni0.73)5(OAc0.37,Cl0.63)4(TBTT)2 (Supplemental Sec-
tions 3 and 11).

Nitrogen adsorption isotherms at 77 K reveal apparent
Brunauer−Emmett−Teller (BET) surface areas of 2088 ± 11
and 3034 ± 17 m2/g and pore volumes of 1.07 and 1.49 cm3/g
f o r Z n 5 ( O A c ) 4 ( T B T T ) 2 a n d
(Zn0.27,Ni0.73)5(OAc0.37,Cl0.63)4(TBTT)2, respectively (Figure
2b, Supplemental Section 5). We attribute the diminished
surface area of the parent MOF to the steric bulk of acetate
anions as well as the disordered, dangling ligands within the
pores from defects. Based on the chloride-capped structural
model, the expected surface area is 3028 m2/g and accessible
pore volume is 1.35 cm3/g, similar to that for the Ni-rich
framework.

Water sorption measurements reveal high capacities for both
Z n 5 ( O A c ) 4 ( T B T T ) 2 a n d
(Zn0.27,Ni0.73)5(OAc0.37,Cl0.63)4(TBTT)2. At 25 °C, the max-
imum gravimetric water uptake is 0.82 g H2O/g MOF for the
parent Zn MOF, and 0.98 g H2O/g MOF for the Ni-rich
framework. The maximum capacity decreases to 0.72 and 0.91
g/g after the third water cycle for the Zn-rich and Ni-rich
materials, respectively (Figure 3, Supplemental Section 6). The
critical relative humidity (RH), defined by the RH of the
inflection point, occurs at 56% RH for the Zn-rich framework
and shifts to 33% RH after exchange with Ni. The sharp uptake
in adsorbed water, following a shallow uptake at low RH, is
consistent with a capillary condensation mechanism preceded
by prewetting on strongly interacting sites (such as the open
metal sites and triazine nitrogens). After cycling, both MOFs
retain their crystallinity (Figures S4.1 and S4.2).

The Ni-rich MOF’s water sorption was measured at variable
temperature (15, 25, and 35 °C) and the isosteric enthalpy was
calculated to be 48 kJ/mol at the capillary condensation event,

indicating slightly stronger binding than that for bulk water at
44 kJ/mol (Figure S6.3).

In order to demonstrate the cycling stability of the Ni-rich
MOF, we performed 100 adsorption−desorption cycles at 25
°C between 20 and 40% RH with 1 h equilibration periods for
each half cycle (Figure 4). The RH range was chosen such that

the cycling would encompass the entire sharp sorption event.
Over the course of this experiment, the working capacity
decreased less than 2%, a performance comparable to that of
Ni-CFA-1, one of the more stable, high-capacity MOFs for
water sorption.16,17 After cycling, the material retains
crystallinity (Figure S4.2), consistent with our hypothesis

Scheme 1. Postsynthetic Metal and Anion Exchange of Zn5(OAc)4(TBTT)2 with NiCl2

Figure 3. Isotherm for the adsorption of water vapor for the Zn and
Ni-rich MOFs, as measured by the third cycle (adsorption depicted
by triangle and circle markers and desorption depicted by square and
diamond markers). Inset: The isosteric enthalpy of adsorption, ΔH,
for the Ni-rich material.

Figure 4. Pressure swing adsorption−desorption water cycling at 25
°C between 20 and 40% RH with 1 h adsorption and 1 h desorption
cycles for (Zn0.27,Ni0.73)5(OAc0.37,Cl0.63)4(TBTT)2.
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that a high connectivity, Ni-triazolate MOF should show
excellent hydrolytic stability.

■ CONCLUSIONS
The foregoing results report the first example of a tritopic
benzotriazolate MOF, which indeed shows a novel topology,
with a (3,6,6)-c net. Post synthetic metal exchange of the
parent framework Zn5(OAc)4(TBTT)2 with nickel yields
(Zn0.27,Ni0.73)5(OAc0.37,Cl0.63)4(TBTT)2, which exhibits high
water cycling stability, which we assign to a combination of
high kinetic stability of the Ni-benzotriazolate bonds, as well as
high connectivity in both ligand and SBU. These new
materials, which contain a high density of Kuratowski clusters,
provide a complement to other MOFs bearing the same or
similar clusters.11,15,18−21
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