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ABSTRACT: Zirconium-based metal−organic frame-
works (Zr-MOFs) based on edge-transitive nets such as
fcu, spn, she, csq, and ftw with diverse potential
applications have been widely reported. Zr-MOFs based
on the highly connected 6,12-connected alb net, however,
remain absent on account of synthetic challenges. Herein
we report the ligand-directed reticular syntheses and
isoreticular expansion of a series of Zr-MOFs with the
edge-transitive alb net from 12-connected hexagonal-
prismatic Zr6 nodes and 6-connected trigonal-prismatic
linkers, i.e., microporous NU-1600, mesoporous NU-
1601, and mesoporous NU-1602. These Zr-MOFs exhibit
remarkable activities toward the destruction of a nerve
agent (soman) and a nerve agent simulant (DMNP).

Metal−organic frameworks (MOFs),1−3 composed of
inorganic nodes and organic linkers, are a class of porous

crystalline materials with a wide range of applications, including
but not limited to heterogeneous catalysis,4−9 selective
sensing,10−12 water remediation,13,14 and gas storage and
separation.15−19 Reticular chemistry20−25 permits the rational
top-down design and precise assembly ofMOFs at themolecular
level from the diverse choices of inorganic and organic building
units. Consequently, MOFs have highly programmable
structures with tunable pore sizes and apertures, high surface
areas, and diverse functionality.7,15−17,26−29

Zirconium-based MOFs28,30 (Zr-MOFs) represent a remark-
able MOF subclass on account of the strong Zr−O coordination
bond, and they have received considerable attention in the field
since the first Zr-MOFi.e., UiO-66 (where “UiO” denotes
“University of Oslo”) with Zr6 inorganic building blocks and the
12-connected (12-c) fcu topologywas reported.3 Tremen-
dous efforts have been devoted to the development of Zr-MOFs
based on edge-transitive netsi.e., nets with one type of edge
because of the upsurge in reticular chemistry and versatile
connectivity of polynuclear Zr clusters.28 Many applications of
these Zr-MOFs have been investigated, from heterogeneous
catalysis4,8 to water capture.31,32 These edge-transitive networks

include but are not limited to spn (e.g., MOF-808;31 triangle and
trigonal antiprism), she (e.g., PCN-224;33 square and hexagon),
hxg (e.g., pbz-MOF-1;34 hexagon), the (e.g., NU-120035/BUT-
12;36 triangle and cube), csq (e.g., PCN-22237/MOF-54538 and
NU-1000;39 square and cube), flu (e.g., PCN-521;22 tetrahe-
dron and cube), reo (e.g., DUT-51;40 cube); ftw (e.g., MOF-
52538 and MOF-1211;41 square and cuboctahedron), ith (e.g.,
MOF-812;31 tetrahedron and icosahedron), and shp (e.g.,
PCN-223;42 square and hexagonal prism) (see Table S2 for a
complete list). Nevertheless, an important class of Zr-MOFs
based on a highly connected edge-transitive net, the 6,12-c alb
net,21,24,43 (trigonal prism and hexagonal prism; “alb” denotes
“aluminum diboride”), has yet to be reported, most likely
because of the lack of synthetic accessibility of the rigid trigonal-
prismatic ligands and suitable assembly conditions. Higher
connectivity in MOF structures permits an increased degree of
controllability and designability. It is important to note that the
synthesis of alb-MOFs based on rare-earth polynuclear clusters
and indium trimers employing reticular chemistry has been
reported recently by the Eddaoudi group.24,43

Herein we report the reticular synthesis of a Zr-MOF with the
rare 6,12-c alb net, NU-1600, constructed from threefold-
disordered Zr6 nodes42,44 and the peripherally extended
triptycene (H6PET-1) ligands

25,45 with a rigid trigonal-prismatic
shape. Single-crystal X-ray diffraction (SCXRD) analysis
revealed that the 6-c trigonal-prismatic PET-1 ligands and the
12-c Zr6 nodes act as rare hexagonal-prismatic secondary
building units (SBUs), leading to the assembly of 3-periodic
NU-1600 with the alb net (Figure 1). NU-1600 is microporous,
with an apparent Brunauer−Emmett−Teller (BET) surface area
of 2085 m2 g−1 and an experimental pore volume (PV) of 0.82
cm3 g−1, as revealed by its N2 adsorption isotherm at 77 K. The
expanded mesoporous isoreticular structuresi.e., NU-1601
and NU-1602, with experimental PVs of up to 2.36 cm3 g−1
can be readily synthesized (Figure S1) with extended ligands,
namely, H6PET-2 andH6PET-3, respectively. On account of the
Lewis acidic Zr sites, NU-1600 exhibits excellent catalytic
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performance toward the destruction of nerve agent simulants in
the presence of both liquid and solid bases.
The alb net, constructed from 6-c trigonal-prismatic SBUs

and 12-c hexagonal-prismatic SBUs, is one of themost intriguing
binodal edge-transitive nets.21 The (6,12)-c alb net is a highly
connected net that could potentially be realized in Zr-MOFs by
rational design and precise control of the geometry of the
organic linkers. In this work, the augmented alb (alb-a) net was
used to illustrate the topological network. Threefold-disordered
Zr6 nodes have been observed in PCN-22342 and NU-90444

with the overall topology of the 4,12-c shp net, where the Zr6
nodes can be viewed as rare hexagonal-prismatic SBUs. We
anticipated that the use of rigid trigonal-prismatic PET-1 ligands
would guide the in situ formation of 12-c Zr6 nodes as
hexagonal-prismatic SBUs, thus resulting in a 3-periodic
structure with the alb net.

Indeed, single crystals of NU-1600 (Figure 2) with suitable
sizes for SCXRD investigation were obtained after careful fine-
tuning of the synthetic conditionsi.e., ZrCl4, PET-1, and
acidic modulators were dissolved in N,N-diethylformamide
(DEF), and the mixture was then kept at 130 °C for 4 days.
SCXRD analysis revealed that NU-1600 crystallizes in space
group P2/m (a = 21.632(1) Å, b = 12.2815(5) Å, c = 21.627 (1)
Å, and β = 119.975(2)° at 100 K) with an ideal formula Zr6(μ3-
O)2(μ3-OH)6(HCOO)(OH)(H2O)(PET-1)2, without consid-
ering the missing-linker defects (Table S1 and Figure S2). Each
PET-1 ligand of NU-1600 is coordinated to six Zr6 nodes, and
each threefold-disordered Zr6 node is coordinated to 12 PET-1
linkers, rendering the expected 6,12-c alb net. The 12-c Zr6 node
of NU-1600, which can be viewed as a hexagonal-prismatic SBU,
is different from the 12-c Zr6 node of UiO-66i.e., a
cuboctahedron SBU (Figure S3). To the best of our knowledge,
the alb net was a missing edge-transitive net for the well-

Figure 1. Top-down design and synthesis of a highly connected Zr-MOF with rigid trigonal-prismatic linkers, NU-1600, based on the 6,12-c edge-
transitive alb-net. Atom color scheme: C, gray; Zr, bright green; O, red. H atoms have been omitted for the sake of clarity.
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developed functional Zr-MOFs until we uncovered it. NU-1600
can alternatively be further analyzed as an (3,3,12)-c alb-derived
ury net if the ligand is deconstructed into two 3-c SBUs.24,43

NU-1600 contains one type of diamond-shaped channels with
a dimension of ca. 1.1 nm along the b axis and two-dimensional
honeycomb-shaped channels in the ac plane (Figure S4). The
microcrystalline sample of NU-1600 was synthesized with sizes
of 1−2 μm, as revealed by scanning electron microscopy (SEM)
(Figure S11). The phase purity of the bulk NU-1600 was
confirmed by the well-matched simulated and as-synthesized
powder X-ray diffraction (PXRD) patterns (Figure S5). The
permanent porosity of NU-1600 was confirmed by the N2

adsorption isotherm at 77 K with an estimated apparent BET
surface area of 2085 m2 g−1 (Figures 3 and S14). It is interesting
to note that the experimental total PV of 0.82 cm3 g−1 is higher
than the simulated valuei.e., 0.69 cm3 g−1for the structure
when PET-1 has 100% occupancy inside NU-1600 but agrees
well with the simulated PVi.e., 0.83 cm3 g−1when PET-1
has 70% occupancy (Table S5). In fact, the best crystallographic
refinement of the SCXRD data was obtained for NU-1600 when
the occupancy level of PET-1 is around 70%, indicating the
presence of missing-linker defects.46−48 The pore size

distribution based on a density functional theory (DFT)
model from the N2 adsorption isotherm revealed one type of
main pore centered at 1.2 nm (Figure 3B), which agrees with the
size of the diamond-shaped channels. Extra pores ranging from
1.5 to 2.2 nm could be associated with themissing-linker defects.
Highly connected edge-transitive nets induce higher degrees

of designability with precise choices of building units. They offer
more possibilities toward elongated isoreticular structures
without catenation.24,26,49−51 Solvothermal reactions of longer
peripherally extended triptycene ligandsi.e., H6PET-2 and
H6PET-3and ZrCl4 under synthetic conditions similar to
those for NU-1600 yielded colorless hexagonal block crystals of
NU-1601 and NU-1602, respectively. SCXRD studies revealed
that both materials have noncatenated structures crystallizing in
space group P2/m (NU-1601: a = 28.130(3), b = 16.735(2), c =
28.174(3) (1) Å, and β = 120.036(4)° at 275 K; NU-1602: a =
31.678(8), b = 19.591(4), c = 31.774(1) Å, and β = 119.631(2)°
at 275 K). The phase purities of bulk NU-1601 and NU-1602
were confirmed by the well-matched simulated and as-
synthesized PXRD patterns (Figures S6 and S7). Topological
analysis revealed that NU-1601 and NU-1602 have the same
underlying 6,12-c alb topology as NU-1600 with threefold-

Figure 2. (A) Structures of organic ligands used in this work. (B) Representative structures of NU-1600, NU-1601, and NU-1602 viewed along the b
axis. (C−E) Optical images of single crystals of (C) NU-1600, (D) NU-1601, and (E) NU-1602.
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disordered Zr6 nodes and extended PET ligands as 12-c
hexagonal-prismatic and 6-c trigonal-prismatic SBUs, respec-
tively.
N2 adsorption isotherms of NU-1601 and NU-1602 at 77 K

after supercritical CO2 activation revealed that both structures
are mesoporous MOFs with experimental total PVs of 1.75 and
2.36 cm3 g−1, respectively, at P/P0 = 0.95. NU-1601 and NU-
1602 exhibited N2 uptakes of 1133 and 1531 cm3 g−1,
respectively at 77 K and P/P0 = 0.95. The pore size distributions
of NU-1601 and NU-1602 based on DFT models from the N2
adsorption isotherms revealed main pores centered at 1.4 and
1.7 nm, respectively, which agree with the sizes of the diamond
channels. Similar to NU-1600, the extra mesoporesi.e., 2.2
and 2.7 nmcan be attributed to missing-linker defects. The
apparent BET areas of NU-1601 and NU-1602 were estimated
to be 3970 and 4500 m2 g−1, respectively, after the four BET
consistency criteria were satisfied with correlation coefficients
higher than 0.995 (Figures S15 and S16 and Table S4).52

Zr-MOFs have been widely evaluated for the hydrolysis of
dimethyl 4-nitrophenyl phosphonate (DMNP), a nerve agent
simulant mimicking the reactivity of organophosphonate-based
nerve agents, on account of Lewis acidic sites on the Zr6
nodes.4,53−58 However, systematic studies of isoreticular

MOFs with similar Zr6 nodes and pore sizes ranging from
micropore to mesopore are still limited. Herein, taking

Figure 3. (A) Experimental N2 adsorption and desorption isotherms at
77 K and (B) DFT pore size distributions for NU-1600, NU-1601, and
NU-1602.

Figure 4. (A) Hydrolysis reaction of DMNP. (B) Hydrolysis profiles of
DMNP with NU-160X (X = 0, 1, 2) using 6 mol % catalyst loadings in
the presence of different bases: N-ethylmorpholine and linear PEI. (C)
First 10 min of the hydrolysis profile shown in (B) for clarity. Solid lines
are used as guides. (D) Conversion vs time data for NU-1600 and NU-
1600/PEI for the hydrolysis of soman. Dotted lines correspond to first-
order fits.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.9b06179
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/jacs.9b06179


advantage of the missing-linker defects in NU-160X (X = 0, 1,
2), which expose the Lewis acidic sites on the Zr nodes, we
explored the hydrolysis of DMNP using microsized (1−4 μm)
crystals of NU-160X (X = 0, 1, 2) (Figures S11−S13) in the
presence of liquid N-ethylmorpholine and solid linear
polyethylenimine (PEI) (Figures 4, S17, and S18). The initial
half-life of DMNP in the presence of N-ethylmorpholine with
NU-1600 (6 mol % catalyst loading) was quite short (t1/2 ≈ 1
min), with a turnover frequency (TOF) of 0.21 s−1. Under the
same conditions, the hydrolysis of DMNP exhibited similar
TOFs, namely, 0.22 and 0.15 s−1 for catalyst loadings of 3 and
1.5 mol %, respectively (Tables S6 and S7).
Moreover, NU-1600 can efficiently hydrolyze DMNP in the

presence of a solid basei.e., linear PEIwith t1/2 ≈ 3 min and
TOF = 0.05 s−1. After washing with water, the NU-1600/PEI
composite displays similar reactivity, confirming the heteroge-
neous nature of the PEI base (Figure S19), which is more
practical for protective suit and mask applications.54 NU-1601
andNU-1602 show similar performance as NU-1600 toward the
hydrolysis of DMNP, but the hydrolysis is slightly slower (t1/2≈
3.2 and 2.5min, respectively). These data suggest that the higher
degree of missing-linker defects in NU-1600 compared with
either NU-1601 or NU-1602, as illustrated by thermogravi-
metric analysis (TGA) under air flow (Figures S8−S10 and
Table S3), induces a larger number of Lewis acidic Zr catalytic
sites for the hydrolysis to occur, since the particle sizes of these
isostructural materials are similar.
The NU-1600/PEI composite enhances the hydrolysis rate of

an actual nerve agent, soman (GD), compared with NU-1600.
The conversion of GD to the nontoxic pinacolyl methylphos-
phonic acid (PMPA) as a function of time is shown in Figure 4D,
and 31P NMR spectra show the conversion of PMPA (Figures
S20−S22). The enhanced reactivity arising from the solid-phase
PEI base is clear, with 50% of GD reacting in the presence of
NU-1600/PEI sample in under 12 min, compared with only
20% of GD reacting on baseline NU-1600 after 400 min. The
rate constants calculated from a first-order kinetic model are 6.2
× 10−4 and 5.4 × 10−2 min−1 for NU-1600 and NU-1600/PEI,
respectively. These results demonstrated that the NU-1600/PEI
composite can efficiently detoxify the chemical warfare agent.
In conclusion, we have rationally designed and synthesized a

series of missing Zr-MOFs, the NU-160X series (X = 0, 1, 2),
with the edge-transitive 6,12-c alb topology. The highly
connected alb net provides a blueprint for programmable
noncatenated MOF structures with tunable surface areas and
tailorable porosities ranging from microporous to mesoporous.
These structurally defective Zr-MOFs display notable activities
toward the efficient destruction of a nerve agent as well as its
simulant in the presence of liquid and solid bases. This research
illustrates the power of reticular chemistry for the rational design
and synthesis of functional highly connected materials and paves
the way for correlating unique material properties with desired
functionalities.
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Speybroeck, V.; Gascon, J. Metal−organic and covalent organic
frameworks as single-site catalysts. Chem. Soc. Rev. 2017, 46, 3134−
3184.
(10) Hu, Z.; Deibert, B. J.; Li, J. Luminescent metal-organic
frameworks for chemical sensing and explosive detection. Chem. Soc.
Rev. 2014, 43, 5815−5840.
(11) Cui, Y.; Yue, Y.; Qian, G.; Chen, B. Luminescent functional
metal−organic frameworks. Chem. Rev. 2012, 112, 1126−1162.
(12) Dolgopolova, E. A.; Rice, A. M.; Martin, C. R.; Shustova, N. B.
Photochemistry and photophysics of MOFs: Steps towards MOF-
based sensing enhancements. Chem. Soc. Rev. 2018, 47, 4710−4728.
(13) Drout, R. J.; Robison, L.; Chen, Z.; Islamoglu, T.; Farha, O. K.
Zirconiummetal−organic frameworks for organic pollutant adsorption.
Trends Chem. 2019, 1, 304−317.
(14)Mon,M.; Bruno, R.; Ferrando-Soria, J.; Armentano, D.; Pardo, E.
Metal−organic framework technologies for water remediation:
Towards a sustainable ecosystem. J. Mater. Chem. A 2018, 6, 4912−
4947.
(15) Mason, J. A.; Oktawiec, J.; Taylor, M. K.; Hudson, M. R.;
Rodriguez, J.; Bachman, J. E.; Gonzalez, M. I.; Cervellino, A.;
Guagliardi, A.; Brown, C. M.; Llewellyn, P. L.; Masciocchi, N.; Long,
J. R. Methane storage in flexible metal−organic frameworks with
intrinsic thermal management. Nature 2015, 527, 357−361.
(16) Cadiau, A.; Adil, K.; Bhatt, P. M.; Belmabkhout, Y.; Eddaoudi, M.
A metal-organic framework−based splitter for separating propylene
from propane. Science 2016, 353, 137−140.
(17) Cui, X.; Chen, K.; Xing, H.; Yang, Q.; Krishna, R.; Bao, Z.; Wu,
H.; Zhou, W.; Dong, X.; Han, Y.; Li, B.; Ren, Q.; Zaworotko, M. J.;
Chen, B. Pore chemistry and size control in hybrid porous materials for
acetylene capture from ethylene. Science 2016, 353, 141−144.
(18) Liao, P.-Q.; Huang, N.-Y.; Zhang, W.-X.; Zhang, J.-P.; Chen, X.-
M. Controlling guest conformation for efficient purification of
butadiene. Science 2017, 356, 1193−1196.
(19) Banerjee, D.; Cairns, A. J.; Liu, J.; Motkuri, R. K.; Nune, S. K.;
Fernandez, C. A.; Krishna, R.; Strachan, D. M.; Thallapally, P. K.
Potential of metal−organic frameworks for separation of xenon and
krypton. Acc. Chem. Res. 2015, 48, 211−219.
(20) Yaghi, O. M.; O’Keeffe, M.; Ockwig, N. W.; Chae, H. K.;
Eddaoudi, M.; Kim, J. Reticular synthesis and the design of new
materials. Nature 2003, 423, 705−714.
(21) Delgado-Friedrichs, O.; O’Keeffe, M.; Yaghi, O. M. Three-
periodic nets and tilings: Edge-transitive binodal structures. Acta
Crystallogr., Sect. A: Found. Crystallogr. 2006, 62, 350−355.
(22) Zhang, M.; Chen, Y.-P.; Bosch, M.; Gentle, T.; Wang, K.; Feng,
D.; Wang, Z. U.; Zhou, H.-C. Symmetry-guided synthesis of highly
porous metal−organic frameworks with fluorite topology. Angew.
Chem., Int. Ed. 2014, 53, 815−818.
(23) Yaghi, O. M. Reticular chemistryConstruction, properties, and
precision reactions of frameworks. J. Am. Chem. Soc. 2016, 138, 15507−
15509.
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Furukawa, H.; Cascio, D.; Stoddart, J. F.; Yaghi, O. M. Synthesis,
structure, and metalation of two new highly porous zirconium metal−
organic frameworks. Inorg. Chem. 2012, 51, 6443−6445.
(39) Mondloch, J. E.; Bury, W.; Fairen-Jimenez, D.; Kwon, S.;
DeMarco, E. J.; Weston, M. H.; Sarjeant, A. A.; Nguyen, S. T.; Stair, P.
C.; Snurr, R. Q.; Farha, O. K.; Hupp, J. T. Vapor-phase metalation by
atomic layer deposition in a metal−organic framework. J. Am. Chem.
Soc. 2013, 135, 10294−10297.
(40) Bon, V.; Senkovskyy, V.; Senkovska, I.; Kaskel, S. Zr(IV) and
Hf(IV) based metal-organic frameworks with reo-topology. Chem.
Commun. 2012, 48, 8407−8409.
(41) Muldoon, P. F.; Liu, C.; Miller, C. C.; Koby, S. B.; Gamble Jarvi,
A.; Luo, T.-Y.; Saxena, S.; O’Keeffe, M.; Rosi, N. L. Programmable

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.9b06179
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

F

http://dx.doi.org/10.1021/jacs.9b06179


topology in new families of heterobimetallic metal−organic frame-
works. J. Am. Chem. Soc. 2018, 140, 6194−6198.
(42) Feng, D.; Gu, Z.-Y.; Chen, Y.-P.; Park, J.; Wei, Z.; Sun, Y.; Bosch,
M.; Yuan, S.; Zhou, H.-C. A highly stable porphyrinic zirconiummetal−
organic framework with shp-a topology. J. Am. Chem. Soc. 2014, 136,
17714−17717.
(43) Chen, Z.; Jiang, H.; O’Keeffe, M.; Eddaoudi, M. Minimal edge-
transitive nets for the design and construction of metal-organic
frameworks. Faraday Discuss. 2017, 201, 127−143.
(44) Lyu, J.; Zhang, X.; Otake, K.-i.; Wang, X.; Li, P.; Li, Z.; Chen, Z.;
Zhang, Y.; Wasson, M. C.; Yang, Y.; Bai, P.; Guo, X.; Islamoglu, T.;
Farha, O. K. Topology and porosity control of metal−organic
frameworks through linker functionalization. Chem. Sci. 2019, 10,
1186−1192.
(45) Li, P.; Li, P.; Ryder, M. R.; Liu, Z.; Stern, C. L.; Farha, O. K.;
Stoddart, J. F. Interpenetration isomerism in triptycene-based hydro-
gen-bonded organic frameworks. Angew. Chem., Int. Ed. 2019, 58,
1664−1669.
(46) Valenzano, L.; Civalleri, B.; Chavan, S.; Bordiga, S.; Nilsen, M.
H.; Jakobsen, S.; Lillerud, K. P.; Lamberti, C. Disclosing the complex
structure of UiO-66 metal organic framework: A synergic combination
of experiment and theory. Chem. Mater. 2011, 23, 1700−1718.
(47) Wu, H.; Chua, Y. S.; Krungleviciute, V.; Tyagi, M.; Chen, P.;
Yildirim, T.; Zhou, W. Unusual and highly tunable missing-linker
defects in zirconium metal−organic framework UiO-66 and their
important effects on gas adsorption. J. Am. Chem. Soc. 2013, 135,
10525−10532.
(48) Liu, L.; Chen, Z.; Wang, J.; Zhang, D.; Zhu, Y.; Ling, S.; Huang,
K.-W.; Belmabkhout, Y.; Adil, K.; Zhang, Y.; Slater, B.; Eddaoudi, M.;
Han, Y. Imaging defects and their evolution in a metal−organic
framework at sub-unit-cell resolution. Nat. Chem. 2019, 11, 622−628.
(49) Liu, T.-F.; Feng, D.; Chen, Y.-P.; Zou, L.; Bosch, M.; Yuan, S.;
Wei, Z.; Fordham, S.; Wang, K.; Zhou, H.-C. Topology-guided design
and syntheses of highly stable mesoporous porphyrinic zirconium
metal−organic frameworks with high surface area. J. Am. Chem. Soc.
2015, 137, 413−419.
(50) Lin, Q.; Bu, X.; Kong, A.; Mao, C.; Zhao, X.; Bu, F.; Feng, P. New
heterometallic zirconium metalloporphyrin frameworks and their
heteroatom-activated high-surface-area carbon derivatives. J. Am.
Chem. Soc. 2015, 137, 2235−2238.
(51) Zheng, J.; Wu, M.; Jiang, F.; Su, W.; Hong, M. Stable porphyrin
Zr and Hf metal−organic frameworks featuring 2.5 nm cages: High
surface areas, scsc transformations and catalyses. Chem. Sci. 2015, 6,
3466−3470.
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