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Metal—-organic frameworks (MOFs) based on high-connected nets
are generally very attractive due to their combined robustness
and porosity. Here, we describe the synthesis of BCN-348, a new
high-connected Zr-MOF built from an 8-connected (8-c) cubic Zr-
oxocluster and an 8-c organic linker. BCN-348 contains a minimal
edge-transitive 3,4,8-c eps net, and combines mesoporosity with
thermal and hydrolytic stability. Encouraging results from prelimin-
ary studies on its use as a catalyst for hydrolysis of a nerve-agent
simulant suggest its potential as an agent for detoxification of
chemical weapons and other pernicious compounds.

Being able to control the connectivity in reticular materials is
crucial for researchers to able to design and predict the final
structures and hone the properties of these materials." A
current goal is the generation of highly connected metal-
organic frameworks (MOFs), meaning those with a connectivity
> 8.2 This is mainly due to the tendency of such MOFs to
exhibit higher chemical, thermal and compositional stability
and interesting topologic profiles: for example, compared to
other MOFs, they can incorporate more defects without suffering
structural collapse, and their topologies are more constrained
and thus, easier to predict. To date, the most common strategies
to synthesise high-connected MOFs rely on the use of dendritic
organic linkers to connect low-connected clusters;’ the use of
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high-connected clusters (e.g. 12-connected (12-c) Zr-oxoclusters*
and their isoreticular rare-earth (RE) analogues)® or high-
connected cages that are linked by low-connected linkers;®
and/or the simultaneous use of high-connected linkers and
high-connected clusters/cages. However, even though the last
of these strategies should lead to high-connected nets, only a few
MOFs have actually been assembled that way. Indeed, upon
searching the Cambridge Crystallographic Data Centre (CCDC)
database (ConQuest v. 2.0.0, CCDC, Cambridge, UK),” we were
surprised to find only three high-connected MOFs: (i) one
assembled by the linkage of rare trinuclear Ni(u) clusters in a
cubic conformation by an octatopic linker, giving an eps net;®
and (ii) two assembled by connecting 12-c nonanuclear RE
clusters in a hexagonal prism conformation through an octato-
pic linker, affording a kece net (Fig. 1), and through a dodecatopic
linker, giving a kex net.’

Another unexpected observation was the absence of MOFs
assembled from (the archetypical) Zr-oxocluster and high-
connected linkers.'® To date, Zr-MOFs have been extensively
assembled from ditopic linkers (12-c cuboctahedron feu,* 8-c cube
beu'' and reo," 8-c hexagonal bipyramid hex,"® 6-c octahedron
peu’?); triangular tritopic linkers (8-c cube the," 6-c octahedron
spn,"® 6-c hexagonal kgd"’); square tetratopic linkers (12-c cuboc-
tahedron ftw,'® 12-c hexagonal prism shp,' 8-c cube csq,'®*°
sqc”! and scu,”® 6-¢ octahedron soc,” 6-c triangular prism stp,>*
6-c hexagonal she,* 4-c square Ivt);*° tetrahedral tetratopic linkers
(12-c icosahedral ith,'® 8-c cube flu,'® 6-c hexagonal gar);>” hex-
agonal hexatopic linkers (6-c hexagonal hxg);*® and trigonal prism
hexatopic linkers (12-c hexagonal prism alb).>

Herein we report the design, synthesis and functional vali-
dation of first Zr-MOF (hereafter called BCN-348; BCN stands
for Barcelona Material), which was assembled by combining 8-c
cubic Zr-oxoclusters with an 8-c octagonal linker, affording the
novel 3,4,8-c eps net (Fig. 1). In this framework, the octatopic
linker promotes the formation of cuboctahedral pores oriented in
the six square faces, resulting in a new face-sharing, Archimedean,
solid-stacking.®® BCN-348 is robust and exhibits remarkable por-
osity, as shown by the apparent Brunauer-Emmett-Teller (BET)
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Fig. 1 Schematic of the influence of octatopic TBCPB linker symmetry on
the formation of the minimal edge-transitive kce net, when a RE hydroxo/
fluorinated cluster is used (left),° and of the minimal edge-transitive eps
net, when a Zr oxo/hydroxo-cluster is used (right).

surface area of 2564 m” g~ and the presence of mesopores. We
exploited the exposed nature of the metal sites in the Zr-cluster
and the stability of this BCN-348 in aqueous media, by testing the
catalytic degradation of a nerve agent simulant assisted by the
Lewis-acidic Zr sites in the absence of an amine-based buffer.

To prepare BCN-348, we combined ZrOCl,-8H,0 and 1,2,4,5-
tetrakis[3,5-bis(4-carboxyphenyl)phenoxymethyl]benzene (H;TBCPB)
in the presence of trifluoroacetic acid (TFA) and N,N-dimethyl-
formamide (DMF) under solvothermal conditions, which yielded
colourless cubic crystals. Single-crystal X-ray diffraction (SCXRD)
revealed an eps net, where the Zr-oxocluster exhibits an 8-
connected cubic shape with four missing positions induced by the
symmetry of the linker (Fig. 1). BCN-348 was solved in the cubic Fm3
space group, with a unit cell parameter of 59.677 A, resulting in a
large cell volume of 212530 A®. The resulting framework presents
two types of cages: a cuboctahedral cage with a diameter of 38.6 A,
which contains hexagonal (17.6 A) and rhombic (12.1 A) windows;
and a smaller, octahedral cage with a diameter of 26.3 A, which
contains the same hexagonal (17.6 A) windows (Fig. 2). In this
structure, the octatopic ligand occupies the square faces of the
cuboctahedral cages, which connect four different clusters, whereas
its branches occupy the edges of the octahedral cage, which
connects two clusters. Interestingly, this structure can also be
described as the stacking of face-sharing Archimedean solids: in
this case, cuboctahedra (Fig. 2d).*

Next, we performed topological analysis of the structure
using ToposPro 5.3.3.5 software’® and following literature
recommendations to deconstruct the linker into more-regular
triangular and square shapes, which revealed the formation of
a 3,4,8-c eps net.>” To the best of our knowledge, this topology
had never previously been observed in Zr- or RE-based
MOFs, and there is just one reported example of a structure
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(a Ni-based MOF) exhibiting this net.® Also, when we performed
a topological analysis without splitting the linker but instead,
treating it as an octagonal node, the connectivities of this node
and of the Zr-oxocluster were halved, resulting in a 4,4-c nbo-b
net. This finding proves that the eps net is a nbo-b-related net
and therefore, corroborates that BCN-348 is the first Zr-MOF
based on this related net.”**

Seeking to understand the formation of the aforementioned
eps net, we did a reticular survey.'” According to the RCSR
database, combining an octagonal-shape linker with a Zr-cluster,
which could be 12-c, 8-c, 6-c or 4-c (in the case of the most-
regular ones), would lead to the formation of kce (3,4,12-c), eps
(3,4,8-c), cye (6,8-c), cze (3,4,6-c), or cyt (4,8-c) nets, respectively.
Among these, we initially excluded both the cye and the cyt nets,
due to the mismatch between the proximity of two neighbouring
Zr-clusters in these nets as well as to the length of the TBCPB
linker that we had used. Regarding the kee net, this topology had
already been reported as resulting from the combination of the
TBCPB linker with a 12-c nonanuclear RE-cluster that exhibits
a hexagonal prism conformation (Fig. 1). However, the strong
Zr-O bonds always favour the formation of the hexanuclear
Zr-oxocluster, enabling defaults in its connectivity,''*?°>%
rather than being disordered in its 12-c hexagonal prism
conformation.'®?*® We hypothesise that together, these features
favoured the formation of the eps net rather than either the kce
net, which would have involved the formation of a disordered
12-c hexagonal prismatic Zr-cluster, or the cze net, which is less
connected than eps (Fig. 1).

Next, we confirmed the phase purity of the bulk BCN-348
sample by powder X-ray diffraction (PXRD): the experimental
results matched the simulated ones that we had obtained by
SCXRD (Fig. S1, ESIt). We then studied the porosity of BCN-348
by running N,-sorption experiments at 77 K. BCN-348 exhibits
an apparent Brunet-Emmett-Teller (BET) area of 2564 m”> g
in an isotherm between type-Ib and type-IV (Fig. S3-S5, ESIf).
The total pore volume was found to be 1.14 cm® g at P/P, =
0.95. The pore-size distribution, based on DFT models, revealed
the presence of mesopores of 27.3 A and 31.7 A (Fig. S6, ESIt).
Moreover, BCN-348 was thermally stable up to 508 °C (Fig. S7,
ESIT), and it maintained its phase crystallinity when incubated
in water for 1 h, 12 h and 24 h (Fig. S2, ESIt). The fact that BCN-
348 combines mesoporosity with thermal and hydrolytic stabi-
lity illustrates the feasibility of using high-connected clusters
and linkers to assemble robust porous MOFs.

Among the most promising recent applications for Zr-MOFs
is their use as hydrolytic catalysts for the detoxification of
highly toxic organophosphate compounds—namely pesticides,
and nerve agents and their simulants.** These detoxification
processes imply the activation of the P-X (X= O, S, F) bond by
zirconium Lewis acidic and hydroxide basic sites at the oxo-
hydroxide Zr-cluster. Consequently, pore size and polarity,
framework connectivity, and stability together define the access of
water molecules and toxic substrate molecules to the catalytically
active metal cluster. To date, most of these Zr-MOF-assisted catalytic
processes have been done using simulants with ester P-O bonds,
together with corrosive and toxic basic buffers (N-ethylmorpholine).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Structuralillustrations of BCN-348, highlighting (a) the cuboctahedral cage assembled with 6 organic moieties located in the square faces; (b) the
octahedral cage assembled with 12 partial organic moieties located at the edges; (c) the overall structure of BCN-348 across the c-axis; (d) the assembly
of face-sharing cuboctahedron stacking; and (e) the spatial distribution of octahedral cages around the cuboctahedral cavity.

Importantly, the toxicity of common nerve agents such as Soman
(GD), Sarin (GB) and Cyclosarin (GF) is determined by labile P-F
bonds. Consequently, there is pronounced interest in the develop-
ment of new detoxification materials that could hydrolyse the P-F
bonds of hazardous chemicals in unbuffered aqueous solutions.

Seeking to exploit the accessible pore structure and hydro-
lytic stability of BCN-348, we tested its catalytic activity in the
removal of the simulant diisopropylfluorophosphate (DIFP),
which contains a P-F bond. We ran the hydrolysis in an
aqueous unbuffered dispersion of BCN-348 using a DIFP/MOF
ratio of 1.5:1. The removal of DIFP from the solution was first
followed by GC. The half-life of detoxification is 72.2 min with
quantitative removal of the toxic simulant after 24 hours
(Fig. 3). To have a deep insight into the detoxication mechanism,
we performed additional >'P NMR and "H NMR analysis in D,O.
The results confirmed that DIFP is removed from the super-
natant solution after 24 hours, with diisopropylphosphate (DIP)
appearing as the main hydrolytic product (72.8%). However,
there was still a fraction of 27.2% of unreacted DIFP molecules,
which were mostly adsorbed by BCN-348 (Table S2 and Fig. S8-
S10, ESIt). These results confirm the highly accessible porous
structure and exposed nature of the Zr metal sites in the metal
clusters.

In conclusion, we have reported the design, synthesis and
functional validation of BCN-348, a new mesoporous high-
connected Zr-MOF, which we assembled by connecting an 8-c
cubic Zr-oxocluster through an 8-c organic linker. Topologically,
BCN-348 exhibits a minimal edge-transitive eps net, unlike its RE
analogue, which exhibits the minimal edge-transitive kce net.
Moreover, BCN-348 combines mesoporosity with the presence of
Lewis-acid open metal sites and hydrolytic stability, permitting

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Hydrolysis of DIFP catalysed by BCN-348 (denoted as "MOF cat.”).

(b) DIFP removal plotted against time.

its use as a catalyst for the hydrolytic degradation of toxic
chemicals without any assistance from a buffer, which we
confirmed on DIFP, a nerve-agent simulant. Our study augments
the collection of reticular Zr-MOFs and highlights the endless
possibilities of assembling regular, high-connected, molecular

Chem. Commun., 2023, 59, 7803-7806 | 7805
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building blocks in symmetric reticular materials, thus further
paving the way to new high-connected frameworks.

This work has received funding from the European Union’s

Horizon 2020 research and innovation programme, under
grant agreement No 101019003, the Catalan AGAUR (project
2021 SGR 00458), the CERCA Programme/Generalitat de Cata-
lunya, and the Spanish MCIN/AEI/10.13039/501100011033 (Pro-
ject PID2020-113608RB-100). ICN2 is supported by the Severo
Ochoa Centres of Excellence programme, Grant CEX2021-
001214-S, funded by MCIN/AEI/10.13039.501100011033.

Conflicts of interest

There are no conflicts to declare.

Notes and references

1

[SSIN &)

w1

<]

e}

10

11

12

13

14
15

7806 |

(@) O. M. Yaghi, M. O’Keeffe, N. W. Ockwig, H. K. Chae, M. Eddaoudi
and J. Kim, Nature, 2003, 423, 705-714; (b) M. O’Keeffe,
M. A. Peskov, S. ]J. Ramsden and O. M. Yaghi, Acc. Chem. Res.,
2008, 41, 1782-1789; (¢) M. J. Kalmutzki, N. Hanikel and
O. M. Yaghi, Sci. Adv., 2018, 4, eaat9180; (d) H. Jiang, D. Alezi and
M. Eddaoudi, Nat. Rev. Mater., 2021, 6, 466-487.

V. Guillerm and M. Eddaoudi, Acc. Chem. Res., 2021, 54, 3298-3312.
(@) J. F. Eubank, H. Mouttaki, A. J. Cairns, Y. Belmabkhout,
L. Wojtas, R. Luebke, M. Alkordi and M. Eddaoudi, J. Am. Chem.
Soc., 2011, 133, 14204-14207; (b) F. Moreau, D. I. Kolokolov,
A. G. Stepanov, T. L. Easun, A. Dailly, W. Lewis, A. ]J. Blake,
H. Nowell, M. ]J. Lennox, E. Besley, S. Yang and M. Schréder, Proc.
Natl. Acad. Sci. U. S. A., 2017, 114, 3056-3061; (c) J. F. Eubank,
F. Nouar, R. Luebke, A. J. Cairns, L. Wojtas, M. Alkordi, T. Bousquet,
M. R. Hight, J. Eckert, J. P. Embs, P. A. Georgiev and M. Eddaoudi,
Angew. Chem., Int. Ed., 2012, 51, 10099-10103; (d) O. K. Farha,
I. Eryazici, N. C. Jeong, B. G. Hauser, C. E. Wilmer, A. A. Sarjeant,
R. Q. Snurr, S. T. Nguyen, A. O. Yazaydin and J. T. Hupp, J. Am.
Chem. Soc., 2012, 134, 15016-15021.

J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou, C. Lamberti,
S. Bordiga and K. P. Lillerud, J. Am. Chem. Soc., 2008, 130,
13850-13851.

D. X. Xue, A. J. Cairns, Y. Belmabkhout, L. Wojtas, Y. Liu, M. H. Alkordi
and M. Eddaoudi, J. Am. Chem. Soc., 2013, 135, 7660-7667.

F. Nouar, J. F. Eubank, T. Bousquet, L. Wojtas, M. J. Zaworotko and
M. Eddaoudi, J. Am. Chem. Soc., 2008, 130, 1833-1835.

L. J. Bruno, J. C. Cole, P. R. Edgington, M. Kessler, C. F. Macrae,
P. McCabe, J. Pearson and R. Taylor, Acta Crystallogr., Sect. B: Struct.
Sci., 2002, 58, 389-397.

Y. S. Xue, J. L. Lu, W. W. Cheng, J. Wei, N. N. Chen, J. Dai and
J. Q. Tao, Transition Met. Chem., 2018, 43, 9-19.

Z. Chen, Z. Thiam, A. Shkurenko, L. ]J. Weselinski, K. Adil, H. Jiang,
D. Alezi, A. H. Assen, M. O’Keeffe and M. Eddaoudi, J. Am. Chem.
Soc., 2019, 141, 20480-20489.

Z. Chen, S. L. Hanna, L. R. Redfern, D. Alezi, T. Islamoglu and
0. K. Farha, Coord. Chem. Rev., 2019, 386, 32-49.

S. Yuan, W. Lu, Y.-P. Chen, Q. Zhang, T.-F. Liu, D. Feng, X. Wang,
J. Qin and H.-C. Zhou, J. Am. Chem. Soc., 2015, 137, 3177-3180.

V. Bon, V. Senkovskyy, I. Senkovska and S. Kaskel, Chem. Commun.,
2012, 48, 8407-84009.

M. Perfecto-Irigaray, G. Beobide, O. Castillo, I. da Silva, D. Garcia-
Lojo, A. Luque, A. Mendia and S. Pérez-Yaiiez, Chem. Commun.,
2019, 55, 5954-5957.

L. H. Xie, X. M. Liu, T. He and J. R. Li, Chem, 2018, 4, 1911-1927.

(@) B. Wang, X. L. Lv, D. Feng, L. H. Xie, J. Zhang, M. Li, Y. Xie,
J. R. Li and H. C. Zhou, J. Am. Chem. Soc., 2016, 138, 6204-6216;

Chem. Commun., 2023, 59, 7803-7806

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32
33

34

View Article Online

ChemComm

(b) T. F. Liu, N. A. Vermeulen, A. J. Howarth, P. Li, A. A. Sarjeant,
J. T. Hupp and O. K. Farha, Eur. J. Inorg. Chem., 2016, 4349-4352.
H. Furukawa, F. Gandara, Y.-B. Zhang, J. Jiang, W. L. Queen,
M. R. Hudson and O. M. Yaghi, J. Am. Chem. Soc., 2014, 136,
4369-4381.

R. Wang, Z. Wang, Y. Xu, F. Dai, L. Zhang and D. Sun, Inorg. Chem.,
2014, 53, 7086-7088.

W. Morris, B. Volosskiy, S. Demir, F. Gandara, P. L. McGrier,
H. Furukawa, D. Cascio, J. F. Stoddart and O. M. Yaghi, Inorg.
Chem., 2012, 51, 6443-6445.

D. Feng, Z. Y. Gu, Y. P. Chen, ]J. Park, Z. Wei, Y. Sun, M. Bosch,
S. Yuan and H. C. Zhou, J. Am. Chem. Soc., 2014, 136, 17714-17717.
D. Feng, Z. Y. Gu, J. R. Li, H. L. Jiang, Z. Wei and H. C. Zhou, Angew.
Chem., Int. Ed., 2012, 51, 10307-10310.

H. L. Jiang, D. Feng, K. Wang, Z. Y. Gu, Z. Wei, Y. P. Chen and
H. C. Zhou, J. Am. Chem. Soc., 2013, 135, 13934-13938.

C. W. Kung, T. C. Wang, J. E. Mondloch, D. Fairen-Jimenez,
D. M. Gardner, W. Bury, J. M. Klingsporn, J. C. Barnes, R. van
Duyne, J. F. Stoddart, M. R. Wasielewski, O. K. Farha and J. T. Hupp,
Chem. Mater., 2013, 25, 5012-5017.

S. Wang, H. G. T. Ly, M. Wahiduzzaman, C. Simms, I. Dovgaliuk,
A. Tissot, G. Maurin, T. N. Parac-Vogt and C. Serre, Nat. Commun.,
2022, 13, 1-8.

P. T. K. Nguyen, H. T. D. Nguyen, H. N. Nguyen, C. A. Trickett,
Q. T. Ton, E. Gutiérrez-Puebla, M. A. Monge, K. E. Cordova and
F. Gandara, ACS Appl. Mater. Interfaces, 2018, 10, 733-744.

D. Feng, W. C. Chung, Z. Wei, Z. Y. Gu, H. L. Jiang, Y. P. Chen,
D. J. Darensbourg and H. C. Zhou, J. Am. Chem. Soc., 2013, 135,
17105-17110.

(@) H. Wang, X. Dong, ]J. Lin, S. J. Teat, S. Jensen, ]J. Cure,
E. V. Alexandrov, Q. Xia, K. Tan, Q. Wang, D. H. Olson,
D. M. Proserpio, Y. J. Chabal, T. Thonhauser, J. Sun, Y. Han and
J. Li, Nat. Commun., 2018, 9, 1-11; (b) Y. Zhang, X. Zhang, J. Lyu,
K. I. Otake, X. Wang, L. R. Redfern, C. D. Malliakas, Z. Li,
T. Islamoglu, B. Wang and O. K. Farha, J. Am. Chem. Soc., 2018,
140, 11179-11183.

M. Schulz, A. Gehl, J. Schlenkrich, H. A. Schulze, S. Zimmermann
and A. Schaate, Angew. Chem., Int. Ed., 2018, 57, 12961-12965.

D. Alezi, I. Spanopoulos, C. Tsangarakis, A. Shkurenko, K. Adil,
Y. Belmabkhout, M. O’Keeffe, M. Eddaoudi and P. N. Trikalitis,
J. Am. Chem. Soc., 2016, 138, 12767-12770.

Z. Chen, P. Li, X. Wang, K. I. Otake, X. Zhang, L. Robison, A. Atilgan,
T. Islamoglu, M. G. Hall, G. W. Peterson, ]J. F. Stoddart and
O. K. Farha, J. Am. Chem. Soc., 2019, 141, 12229-12235.

Y. C. Qiu, S. Yuan, X. X. Li, D. Y. Du, C. Wang, J. S. Qin, H. F. Drake,
Y. Q. Lan, L. Jiang and H. C. Zhou, J. Am. Chem. Soc., 2019, 141,
13841-13848.

V. A. Blatov, A. P. Shevchenko and D. M. Proserpio, Cryst. Growth
Des., 2014, 14, 3576-3586.

M. O’Keeffe and O. M. Yaghi, Chem. Rev., 2012, 112, 675-702.

Z. Chen, H. Jiang, M. Li, M. O’Keeffe and M. Eddaoudi, Chem. Rev.,
2020, 120, 8039-8065.

(a) M. ]. Katz, J. E. Mondloch, R. K. Totten, J. K. Park, S. T. Nguyen,
O. K. Farha and J. T. Hupp, Angew. Chem., Int. Ed., 2014, 53, 497-501;
(b) E. Lopez-Maya, C. Montoro, L. M. Rodriguez-Albelo, S. D. Aznar
Cervantes, A. A. Lozano-Pérez, J. L. Cenis, E. Barea and
J. A. R. Navarro, Angew. Chem., Int. Ed., 2015, 54, 6790-6794;
(¢) J. E. Mondloch, M. J. Katz, W. C. Isley, P. Ghosh, P. Liao,
W. Bury, G. W. Wagner, M. G. Hall, J. B. Decoste, G. W. Peterson,
R. Q. Snurr, C. J. Cramer, J. T. Hupp and O. K. Farha, Nat. Mat.,
2015, 14, 512-516; (d) T. Islamoglu, Z. Chen, M. C. Wasson,
C. T. Buru, K. O. Kirlikovali, U. Afrin, M. R. Mian and O. K. Farha,
Chem. Rev., 2020, 120, 8130-8160; (e) L. Gonzalez, R. Gil-San-Millan,
J. A. R. Navarro, C. R. Maldonado, E. Barea and F. J. Carmona,
J. Mater. Chem. A, 2022, 10, 19606-19611; (f) R. Gil-San-Millan,
E. Lopez-Maya, A. E. Platero-Prats, V. Torres-Pérez, P. Delgado,
A. W. Augustyniak, M. K. Kim, H. W. Lee, S. G. Ryu and
J. A. R. Navarro, J. Am. Chem. Soc., 2019, 141, 11801-11805.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cc01831h



