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Abstract

Two non-interpenetrated zirconium metal-organic frameworks (Zr-MOFs), NPF-
200 and NPF-201, were synthesized via the assembly of elongated tetrahedral link-
ers with Zr,and Zr, clusters. They represent the first examples of MOFs to have the
B-UH,-like, 4,12,712T1 topology. Upon activation, NPF-200 exhibits the largest BET
surface area (5463 m2g-") and void volume (81.6%) among all MOFs formed from
tetrahedral ligands. Composed of negative-charged boron-centered tetrahedral link-
ers, NPF-201 is an anionic Zr-MOF which selectively uptakes photoactive [Ru(bpy),]**
for heterogeneous photo-oxidation of thioanisole.

The past two decades have witnessed the rapid development of metal-or-
ganic frameworks (MOFs) as a class of highly porous crystalline materials.!
The tunability of both organic linkers and inorganic metal cluster based sec-
ondary building units (SBUs), combined with large surface areas and conve-
nient chemical modification methods, has enabled potential applications of
MOFs in areas such as gas storage and separation, catalysis, chemical sens-
ing, and drug delivery, among others.2 Since many MOFs are water/mois-
ture-sensitive due to the reversible coordination bonding, considerable ef-
fort has been focused on MOFs with high thermal and chemical stability
for their ultimate practical applications.? Zirconium-based MOFs (Zr-MOFs)
represent a remarkable improvement to this end:* the high valence of Zr"
and large Zr'V-0 bond polarization can lead to a strong bonding between
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ZrVand carboxylate oxygens in the ligands. Since the discovery of UiO-66
in 2008,> Zr-MOFs with rich structural types, outstanding chemical stability,
and intriguing properties and functions have made significant progress.*
Nevertheless, this specific type of MOF is still in its early stage of develop-
ment. Its wider practical applications call for continuous discovery of new
structures with novel topologies, which is important to understanding the
fundamental correlation between framework structure and porosity, stabil-
ity, and interpenetration.®

Tetrahedral ligands are inherently three-dimensional, fully extended link-
ers that have received considerable attention in recent years.” However, to
date there are only five Zr-MOFs composed of tetrahedral ligands.2 Four of
them, including MOF-841 and PCN-521, have the non-interpenetrated flu
topology (CaF,, fluorite),® which can be considered as the "pseudo”-cubic
close packing of the 8-connected Zr clusters, where the octahedral cavity
is void space and all the tetrahedral interstitial cavities are occupied by tet-
rahedral ligands (Figure 1a).82 During the synthesis of MOF-841, Yaghi et al.
also discovered MOF-812 as a byproduct, which is essentially a 4,12-con-
nected net of a rare ith topology. This topology can be viewed as the body-
centered packing of 12-connected Zr, clusters, where half of the tetrahedral
interstitial cavities are occupied by tetrahedral ligands (Figure 1b). Although
little study has been performed on MOF-812, its discovery does reveal the
possibility for new topologies of Zr-MOFs based on other tetrahedral linkers.

Herein, we report two non-interpenetrated Zr-MOFs, NPF-200 and NPF-
201 (where NPF means Nebraska Porous Framework), based on elongated
tetrahedral linkers (Figure 1c). Both MOFs belong to the rare 4,72,712T1 topol-
ogy. Importantly, NPF-200 can be successfully activated and exhibits 81.6%
solvent-accessible volume and a BET surface area of 5463 m2g-', which is
the largest among the MOFs formed from tetrahedral ligands and also the
third largest among all Zr-MOFs. Additionally, the isostructural NPF-201, fea-
turing a tetravalent boron-centered linker, is an anionic Zr-MOF that selec-
tively uptakes [Ru(bpy),]?*.

The two tetrahedral linkers, L, and L., were synthesized by Sonogashira
coupling, followed by saponification in basic aqueous solution (see Support-
ing Information (SI), section S-3, for detailed procedures). Colorless crystals
of NPF-200 [Zr(u;-O),(u5-OH),1,[Zry(1,-O(H)),,](L,),, were obtained via a sol-
vothermal reaction of ZrCl, with L, in N,N-dimethylformamide (DMF) with
benzoic acid as modulating agent®at 120 °C for 48 h. Single-crystal X-ray
diffraction reveals that NPF-200 crystallizes in the cubic space group Pm3n,
consistent with the truncated octahedral shape of the single crystals (S|, Fig-
ure S7). The experimental powder X-ray diffraction (PXRD) patterns of NPF-
200 are in excellent agreement with the simulation (Figure 2a), demonstrat-
ing the material's bulk purity.
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NPF-200 is a non-interpenetrated framework that is composed of two
different types of 12-connected Zr clusters (Zr,and Zr,) linked by tetrahedral
ligands (Figure 1c). Overall, it is a trinodal net with the 4,12,12T1 topology
with point symbol (428.632.85),(430.630.85)(4¢),, which is the same observed for
that of B-UH,."°It is noteworthy that NPF-200 represents the first MOF struc-
ture that exhibits this rare topology. The Zr,and Zr clusters in NPF-200 can
be envisioned as the topological close packing phase A15 (Figure 1d),"" one
of the Frank—Kasper phases used to describe the structures of intermetal-
lics with A,B stoichiometry (e.g., Nb,Sn)™?and certain self-assembled macro-
molecules. 2 In a typical cubic unit cell, B atoms (as Zr, clusters in NPF-200)
occupy the body-centered cubic sites while a pair of A atoms (as Zr, clus-
ters in NPF-200) occupy the face-centered sites, furthering linking in infinite
chains along the [100], [010], and [001] directions. Therefore, Zr, clusters in
NPF-200 lie in the center of the 12-fold distorted icosahedron (as B atoms
in A15), and Zr clusters lie in the center of a 14-fold Kasper polyhedron (as
A atoms in A15) (Figure Te). Each tetrahedral ligand is connected with three
Zr, clusters and one Zr,cluster (Figure 1e), just like the H-atoms in B-UH.,.
(Figure 1d). Since the A15 phase has exclusively tetrahedral interstices (see
SI, section S-7, for detailed description), NPF-200 can also be considered,
as part of its tetrahedral interstitial cavities are occupied by tetrahedral li-
gands (Figure 1e). On average, 24 tetrahedral ligands occupy 46 interstitial
tetrahedra in each unit cell, giving rise to a 52.2% occupancy compared to
50% in MOF-812. Further, five well-defined cages with sizes ranging from
12 to 20 A can be identified in NPF-200 (Figure 1f and SI, Figures S15-519).

The Zr, cluster in NPF-200 is the commonly observed, 12-connected
Zr(u5-0),(u-OH), in many Zr-MOFs (i.e., UiO-66 and its isoreticular fcu se-
ries®), which can be simplified as a cuboctahedron (SI, Figure S20). In con-
trast, the Zr, cluster in NPF-200 is best described as Zr,(u,-O(H)),,, with eight
Zr atoms connecting 12 u,-O(H), forming a cubic Zr cluster in which the
eight vertices are occupied by Zr atoms capped by 12 u,-O(H) occupying
the edges (Figure 1¢; see S|, section S-2, for details). The simplified Zr, clus-
ter in NPF-200 corresponds to a slightly distorted icosahedron (S, Figure
S21), which nevertheless is more regular compared to that of the Zr, clusters
in MOF-812 (SI, Figure S20), likely due to the coordination of four mono-
dentate carboxylate groups in the latter. In NPF-200, each Zr atom in the Zr,
cluster coordinates with three 11,-O(H) and three oxygen atoms from carbox-
ylates, forming a distorted octahedral coordination geometry. Compared to
the Zr, cluster, the Zr, cluster is much less common. Zhou et al. previously
reported an example of cubic Zr, cluster, Zr,(u,-O)(OH),, in PCN-221, where
each edge of the Zr, cube is bridged by a carboxylate group, and the sim-
plified SBU corresponds to a cuboctahedron with O, symmetry (Sl, Figure
S21)."Our result represents the second example of Zr, cluster in Zr-MOF.
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The thermal stability of NPF-200 was assessed by thermogravimetric anal-
ysis. The high decomposition temperature around 450 °C reveals the excel-
lent thermal stability of the material at elevated temperature (S|, Figure S25).
NPF-200 shows remarkable stability in acidic and basic conditions (Figure
2b). After soaking in aqueous solutions with pH values ranging from 1 to 11
(prepared with HCI and NaOH respectively) for 24 h, the PXRD patterns of
NPF-200 are almost unchanged, suggesting the preserved crystallinity (Fig-
ure 2b). The N, adsorption of NPF-200 after water treatment (SI, Figure S11)
exhibits only a minimal deviation from that of the pristine sample, indicating
the framework is highly robust. However, NPF-200 does start to lose crys-
tallinity after being soaked in a strongly basic solution (pH 12) (Figure 2b).

Supercritical CO, exchange™ was employed to activate NPF-200 to avoid
channel collapse. With a pore volume of 2.17 cm3g~", NPF-200 has N, up-
take at 77 K of 1403 cm®g~", SA;, (Brunauer-Emmett-Teller surface area) of
5463 m*g~", and SA ., (Langmuir surface area) of 6877 m?g-". Based on
the calculated value by PLATON, the solvent-accessible volume is 81.6%.¢ It
is noted that NPF-200 has the largest surface area, pore size, and solvent-
accessible volume among all MOFs constructed from tetrahedral ligands.
The calculated volumetric surface area of NPF-200 is 2125 m2cm~-3, which is
outstanding among many well-known MOFs (SI, Table S3). For certain gas
uptake applications, a large volumetric surface area is crucial."”

Isoreticular expansion®is a useful strategy to increase the pore size and
surface area for Zr-MOFs."? It is, however, interesting to note that the ligand
elongation in NPF-200 did not result in the expected flu topology as in PCN-
521. The increased rotational freedom from L, (in PCN-521) to L, (in NPF-
200) likely plays a role here. In order to fulfill the coordination and topolog-
ical requirement in NPF-200 (i.e., binding with one Zr;and three Zr, clusters
in 4,12,12T1 topology), the tetrahedral ligand L, needs to adopt a C,, sym-
metry so that the two peripheral benzoates are perpendicularly orientated
to one pseudo-mirror plane and two peripheral benzoates lying in the other
(Figure 3a). Such conformation is made possible by the triple-bond spacer
between the two phenyl rings that promotes low to no torsional barrier for
the vicinal phenyl rings.?’Indeed, other conformations of L, are possible, as
exemplified in MOF Cu,L, reported by Lin et al., where all four peripheral
benzoates are perpendicularly orientated to the mirror planes (Figure 3b).”f
Conversely, in PCN-521, all four peripheral benzoates of L,, which has D,
symmetry, lie in the two mirror planes to meet the requirement of coordina-
tion to four Zr, clusters in the flu topology (Figure 3c). Further, in the absence
of spacer, the reduced rotational freedom between the two phenyl rings in
L, makes it unfavorable to adopt a zero dihedral angle, which is required to
adopt a conformation similar to that of L, to form the 4,72,72T7 topology.

The success in synthesizing NPF-200 offers a general way of construct-
ing non-interpenetrated Zr-MOFs with exceptional high porosity. We next
set out to synthesize an isostructure of NPF-200 using a boron-centered
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tetrahedral linker L, (Figure 1d; see SI, section S-2, for synthetic details) that
has essentially the same size and dimensionality as L,. Since L, is inherently
negatively charged, the resulting MOF is expected to be an anionic Zr-MOF.
Both single-crystal XRD (SI, section S-4) and the PXRD pattern (Figure 2a)
show that the product from the solvothermal reaction of ZrCl,and L,, called
NPF-201, is isostructural with NPF-200. However, activation of NPF-201 was
not successful, and SA;,, of NPF-201 was only 534 m?g-", probably due to
the framework collapse induced by the extraframework countercation, tetra-
butylammonium. Nevertheless, NPF-201 still exhibits good thermal stability
(thermal decomposition temperature of 400 °C, SI, Figure S26) and chem-
ical stability in solution (SI, Figure S10), which enable its potential applica-
tions in the solvated state, including heterogeneous catalysis.

The anionic charge of the framework of NPF-201 was further confirmed
by dye exchange experiments. As expected, NPF-201 does not adsorb the
anionic dye, acid orange 7, but strongly adsorbs the cationic methylene
blue (Figure 4a). The adsorbed methylene blue can be further exchanged
by soaking in 0.5 M NH,Cl solution (Figure 4a). To the best of our knowl-
edge, NPF-201 represents the first example of anionic Zr-MOF.?" This feature
opens enormous opportunities to incorporate functional cationic guests into
Zr-MOFs for a variety of applications.?? Here, a photoactive cationic transi-
tion metal complex, [Ru-(bpy),]**, was incorporated into NPF-201 via ion ex-
change to form Ru@NPF-201 (Figure 4b,c). The loading level of [Ru(bpy),]**,
0.37 Ru complex per ligand, was determined using NMR spectroscopy of
an acid-digested sample (SI, Figure S8). This loading value is close to the
ideal uptake (0.5 per ligand), suggesting the successful incorporation of the
metal complex inside the framework. RU@NPF-201 exhibits the character-
istic emission band of [Ru(bpy),]?* at 600 nm (Figure 4d) and can be used
as a heterogeneous catalyst in photooxidation of thioanisole. Indeed, while
NPF-201 does not show any activity at all, RU@NPF-201 gives rise to the
sulfoxide product in an excellent yield (98%), with a catalytic activity com-
parable to that of [Ru(bpy),]?*, indicating that the reaction is not diffusion
limited (SI, section S-9 and Table S2). Importantly, RU@NPF-201 exhibits ex-
cellent recyclability: after five times of reuse, no decrease of catalytic activ-
ity is observed (SI, Table S2).

In summary, we have synthesized two new non-interpenetrated Zr-MOFs
with the rare B-UH,-like, 4,72,712T1 topology using elongated tetrahedral
linkers. NPF-200 exhibits high permanent porosity (2.17 cm3g-"), large sur-
face area (5463 m?g~"), and exceptional stability, which make it a promising
candidate material for gas storage. Anionic NPF-201 successfully incorpo-
rates photoactive [Ru(bpy),]** via cation exchange, and the resulting hybrid
material exhibits good photocatalytic activity and recyclability toward the
photo-oxidation of thioanisole. Our work points to a new direction for de-
signing functional Zr-MOFs with new topologies using elongated tetrahe-
dral linkers.
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Figure 1. Tetrahedral linkers and Zr clusters, their topological representations (C, gray; O, red;
Zr, cyan), and augmented topology of (a) PCN-521 and MOF-841 (flu topology), (b) MOF-
812 (ith topology), and (c) NPF-200 and 201 (4,72,12T1 topology). The blue, cyan, purple, and
gold polyhedra represent 4-, 8-(Zr,), 12-(Zr,), and 12-(Zr,)-connected nodes, respectively. (d)
Frank-Kasper A15 phase and crystal structure of B-UH,. (e) The connectivity of the tetrahe-
dral linker, Zr,, and Zr, cluster. (f) Five different pore structures featured in NPF-200 and 201.
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Figure 2. (a) PXRD of NPF-200 and NPF-201. (b) PXRD of NPF-200 after treatment at acidic
and basic conditions. (c) N, adsorption isotherms and pore size distribution of NPF-200.
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Figure 3. Conformation of peripheral benzoates in (a) L, in NPF-200 (two peripheral ben-
zoates lying in one mirror plane), (b) L, in MOF Cu,L,, and (c) L, in PCN-521 (four peripheral
benzoates lying in two mirror planes). Green and yellow colors highlight the benzoate rings
lying in the mirror planes.
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Figure 4. (a) Selective ion exchange of NPF-201: as prepared (1), after soaking in acid orange
7 for 24 h (2), after subsequent washing with DMF (3), after soaking in methylene blue for 24
h and subsequent washing with DMF (4), and after further soaking in 0.5 M NH,Cl solution
(5) and washing with DMF (6). Photographs of single crystals of NPF-201 before (b) and af-
ter (c) uptake of [Ru(bpy),]?*. (d) UV-vis (black) and fluorescence (red) spectra of NPF-201,
[Ru(bpy),]?*, and Ru@NPF-201. (e) Photocatalytic oxidation of thioanisole.

Supporting Information is available in this archive and on the ACS Publications website at
doi 10.1021/jacs.6b04608.
= Materials, general experimental procedures, synthesis of NPF-200 and NPF-201, char-
acterizations of compounds, topology analysis, photocatalytic studies, and crystal-
lographic data (PDF)
= X-ray crystallographic data for NPF-200 (CIF)
= X-ray crystallographic data for NPF-201 (CIF)
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