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ABSTRACT: A sodalite-type porous metal —organic frame-
work with polyoxometalate templates, H3[ (Cu,Cl)3(BTC);]-
[PW,040]: (C4H,N)g+3H,O (NENU-11; BTC = 1,3,
S-benzenetricarboxylate), was obtained by a hydrothermal
reaction. As a reasonable candidate for eliminating nerve
gas, NENU-11 displays good adsorption behavior for di-
methyl methylphosphonate (15.5 molecules per formula
unit). In virtue of the catalytic activity of polyoxometalate
guests, this nerve gas mimic could be facilely decomposed by
a hydrolysis reaction.

he construction and characterization of porous materials

with versatilities have been the focus of intense research
interest. Metal —organic frameworks (MOFs) are a new class of
crystalline porous materials consisting of metal ions and organic
ligands' that have hi%h porosities and specific functionalities:
catalysis,” magnetism,” separation,* and gas adsorption.® They
not only offer high surface areas but also provide tunable pore
shapes/sizes. As a consequence, they are allowed greater chemi-
cal alteration on a periodic scale and can be used as hosts for
encapsulating other guest molecules to construct new multi-
functional materials.

Polyoxometalates (POMs) are polyoxoanions of the early
transition elements and have numerous advantageous
properties.6 Because of their various structures and symmetries,
POMs have been incorporated into MOFs as guests or templates
to construct novel hybrid materials.”® These hybrid materials
based on porous MOFs and POMs (shortened as PMOFs/
POMs), which present intriguing structures, excellent properties,
and corresponding applications, have received increasing atten-
tion. With the introduction of POM guests, MOFs have been
fine-tuned for more specialized applications such as heteroge-
neous catalysis” and adsorption.” Furthermore, using POMs as
templates in the fabrication of MOFs may afford brand-new
hybrid compounds with wider functionalities. POMs can provide
diverse shapes, sizes, charges, and symmetries for assembly of
various MOFs, while the tailorable acid/base, redox, and catalysis
propertyies of POMs also can optimize MOFs for targeted
applications. Herein we utilized the Keggin-type polyoxoanion
[PW,040)° as a template to construct a novel PMOF/POM,
H;[(CuyCl)3(BTC)s]5[(C4H1N)sPW1,040] - 3H,O (NENU-
11; BTC = 1,3,5-benzenetricarboxylate), that exhibits a sodalite
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Figure 1. (a) Keggin polyanion. (b) Three-connected node and
hexagonal face (blue) defined by a BTC ligand linked to six adjacent
Cu”" ions. (c) SBU and square face (green) defined by four Cu”" ions.
(d) Cube of eight sodalite-like truncated-octahedral cages sharing square
faces. Hydrogen atoms and (CH;),N™ cations have been omitted for
clarity. Cu (blue), O (red), C (gray), Cl (green), Keggin polyanion (red
polyhedron).

topology network and permanent porosity. NENU-11, which
has entatic metal centers (EMCs) and multifunctional POM
guests, shows great potential in the elimination of nerve gas. As a
reasonable candidate, it not only displays good adsorption
behavior for dimethyl methylphosphonate (DMMP), which is
used extensively as a nerve gas simulant, but also realizes the
decomposition of DMMP through a facile hydrolysis reaction.
NENU-11 can be readily synthesized in good yield (65%)
by the hydrothermal reaction of CuCl,-2H,0, NazPW,0,¢"
12H,0, H3BTC, and (CH;),NOH at 180 °C for 72 h. The cube-
shaped crystals crystallized in the Fm3m space group. Single-
crystal X-ray diffraction (XRD) analysis revealed that NENU-11
exhibits a sodalite-type network in which the Keggin polyoxoa-
nions [PW,0,40]% act as noncoordinating guests (Figure 1).
Six (CH;)4N™ cations are located around every [PW,04]>
ion in the crystal structure, as confirmed by elemental analysis,
atomic absorption spectra, and thermogravimetric analysis
(TGA). Bond valence sum calculations indicated that the oxida-
tion states of W, P, and Cu were 6+, 54, and 2+, respectively.
The extra anionic charge of the compound must be balanced by
protons, which could not be directly located by single-crystal
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XRD, as is often the case.'® Thus, NENU-11 was formulated as
H;[(Cu,Cl)3(BTC)g],[ (C4H1,N) PW1,0,40] - 3H,0. Moreover,
the phase purity of the as-synthesized sample was confirmed by
elemental analysis and powder XRD (PXRD) (see the Support-
ing Information).

In NENU-11, the host framework adopts a square-planar
Cuy(u4-Cl) secondary building unit (SBU) (Figure 1c) with a
U4-Clresiding at the center of a square of four Cu atoms. All four
Cu atoms in the SBU are five-coordinate with a perfect square-
pyramidal geometry'' (7 = 0). The u,-Cl is located at the vertex of
each square pyramid, with a Cu—z,-Cl distance of 2.538 (10) A.
The existence of Cl was confirmed by X-ray photoelectron
spectroscopy (XPS) measurements in the Cl 2p region (198 eV)
(see Figure S3 in the Supporting Information), and its content
was quantitively determined by elemental analysis. The four Cu
in the Cuy(u4-Cl) SBU are connected through the O atoms from
eight surrounding BTC ligands (Figure Sla). In turn, each
triangular BTC ligand is connected to three Cuy(t4-Cl) squares,
generating a 3,8-connected network (Figure S2a). Intriguingly,
each Cu in each SBU can act as an EMC, mimicking the
coordinatively unsaturated iron active center of hemoglobin
(Figure S4). Each Cu is ready to bind a substrate to achieve
octahedral coordination.'® The fundamental building unit of the
framework is a truncated octahedron, outlined as Figure 1d.
Every truncated octahedron presents a classic sodalite cage defined
by six Cuy(t4-Cl) SBUs at the corners and eight BTC ligands on
the faces (Figure S2b). The cube cage is about 10.8 A X 10.8 A x
10.8 A (atom-to-atom distance), and the length of diagonal is
15.4 A. The solvent-accessible volume of NENU-11 calculated
using PLATON" is 24.5%.

As a matter of fact, the sodalite topology has been observed in
some reported MOFs, such as [(Cu,Cl)5(TPB-3tz)g]*>~ [TPB-
3tz =1,3,5-tri-p-(tetrazol-5-yl)phenylbenzene]'** (Figure S3a),
[(CuyCl)5(TPT-3tz)g]*~ [TPT-3tz =2,4,6-tri-p-(tetrazol-5-yl)-
phenyl-s-triazine]'** (Figure S5b), and [(Cu,Cl);(BTT)s-
(H,0)1,]*” [BTT = 1,3,5-benzenetris(tetrazolate)]"*® (Figure
SSc). Although the extended ligands in these compounds
coordinate similarly to BTC, MOFs with sodalite topology
constructed from Cuy,(u4-Cl) and BTC have not been reported
to date. We also tried best to obtain the independent framework
without POMs but failed. When no [PW,,0,,]>~ anions existed
in this reaction system, only a small amount of Cu3(BTC), was
obtained.'* We further attempted to use other types of POMs
(such as Dawson-type, Anderson-type, and Lindqvist-type) to
construct this framework. However, the framework could not be
maintained with other types of POMs under these conditions.
The stability of NENU-11 appears to be the result of the good
match of the shape (approximately spherical), size (~10.4 A),
and symmetry (T,) of the Keggin-type POMs with the MOF
host. Thus, we believe that Keggin-type POM:s actually may act as
templates for the in situ formation of the framework."

NENU-11 is insoluble in water and common organic solvents.
It was stable under air atmosphere for more than 2 months, and
no efflorescence was observed. The hydrothermal stability test
showed that NENU-11 retained intact after treatment with
100 °C water for 120 h. The TGA curve showed (Figure S6) a
plateau before ~300 °C with a weight loss of <1% (calcd 0.64%
for three water molecules). NENU-11 was activated under
vacuum (~10® mbar) at 200 °C for 12 h after refluxing in a
saturated solution of NH,CI for 72 h. The elimination of
(CH;),N" in NENU-11 was indicated by the disappearance of
its characteristic peaks in the IR spectrum (Figure S7).
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Figure 2. Variation of DMMP uptake over time for NENU-11, NENU-
3, and HKUST-1 at 298 K and 1 bar under flowing He.

Furthermore, the elemental analysis further showed that no N
was present in activated NENU-11a, the molecular formula of
which can be denoted as H;[(Cu,Cl);(BTC)g],[HePW1,040].
The activation process occurred without loss of structural
integrity, as confirmed by PXRD studies (Figure S9). Activated
NENU-11a was employed to study the porosity and adsorption
properties.

The permanent porosity was evaluated by N, adsorption at
77 K. The N, adsorption isotherm displayed typical type-I adsorp-
tion behavior (Figure S11), confirming the presence of the
microporous structure.'® A N, uptake of 199 cm®(STP) g~
was observed, with a Brunauer—Emmett—Teller (BET) surface
area of 572 m* g~ ' and a Langmuir surface area of 806 m” g~ .
The total pore volume was 0.39 cm® g~ '. Applying Dubinin—
Astakhov (DA) analysis'” to the isotherm data showed that the
pore size was distributed widely around 10.3 A (Figure S12),
which corresponds to the result from crystallographic structure
analysis (10.8 A).

DMMP has been used as a common simulant for type-G and
type-X toxic nerve agents'® because it has polarity and volatility
similar to that of nerve gases such as sarin but is much safer to use.
We assessed the potential validity of NENU-11 for removal of
nerve gas by DMMP adsorption. The dynamic capacity measure-
ment was implemented at 298 K and 1 atm under flowing carrier
gas (He) conditions. As indicated in Figure 2, NENU-11 showed
rapid adsorption of DMMP in the initial 20 min. The adsorbed
amount of DMMP increased gradually over time, reaching 23.82
wt % (1.92 mmol g~ ') within 100 min. This value is equivalent to
the adsorption of 15.5 DMMP molecules per formula unit
(defined as the SBU). It is noteworthy that this value is superior
to that of MOE-5 (6 DMMP molecules per formula unit),"? for
which BET surface area is 3362 m” g ' and the pore volume is
1.18 cm® g—1_20a The considerable amount of adsorbed DMMP
could be attributable to the remarkable structure of NENU-11.
The presence of EMCs provides a strong interaction with
DMMP through Cu—O bonds because of the appropriate complex
stability constants of copper phosphate.”" In principle, DMMP
has three different functionalities (PCH5, P=0, and POCHj3)
that could be responsible for the H bonds. The extensive H
bonding between DMMP and POMs together with DMMP
and O of the framework may also increase the adsorption. After
DMMP adsorption, the IR spectrum (Figure S8) of the resulting
material (designated as NENU-11a) showed obvious characteristic
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Table 1. N, and DMMP Adsorption Studies of NENU-11,
NENU-3, HKUST-1, and MOF-5

Ager” pore volume b Npommp® refs
NENU-11 572 0.39 15.5 this work
NENU-3 405 0.31 11.5 9b, this work
HKUST-1 1507 0.75 8.2 20D, this work
MOE-§ 3362 1.18 6 19,20a

“BET surface area in m” g ' obtained from N, isotherms at 77 K.
’In cm® g~ . Numbers of DMMP molecules adsorbed per formula unit
(defined as the SBU, Cuy for NENU-11, Cu, for NENU-3, Cu, for
HKUST-1, and Zn, for MOF-S$), as obtained from the dynamic capacity
measurements of DMMP at 298 K.

peaks (e.g, metal—phosphate or C—0>"*?), confirming that

DMMP molecules strongly interact with the sorbent.

To further investigate the relationship between the structure
and DMMP adsorption, we also measured the DMMP adsorp-
tion of other materials under the same conditions for comparison
with NENU-11. To date there is no other MOF formed directly
from Cuyu(u4-Cl) and BTC, so we first chose HKUST-1
[Cu3(BTC),], which is formed by Cu and BTC too. It was
found that HKUST-1 adsorbs 8.2 DMMP molecules per formula
unit at 298 K (Figure 2). In comparison with MOF-S, HKUST-1
reaches a higher DMMP adsorption despite its lower BET surface
area (1507 m> g~ ') and pore volume (0.75 cm® g_l).wb This
occurs mainly because solvent molecules in HKUST-1 can be
removed to give coordinatively unsaturated metal centers
(UMCs),"* which are similar to EMCs and could increase the
absorption capability. In addition, we measured the dynamic
DMMP adsorption of NENU-3 {(C,H,N),[Cu;5(BTC)g"
12H,0][HPW,,0.4] -ZSHZO},9 which was constructed from
HKUST-1 and a polyoxoanion [PW;,040]* . As shown in
Figure 2, NENU-3 adsorbs 11.5 DMMP molecules per formula
unit at 298 K, with the lowest BET surface area (405 m* gil) and
pore volume (0.31 cm® g~ ). This value is higher than that of
either MOEF-S or the parent MOF HKUST-1 but lower than that
of NENU-11 (Table 1). Because of the higher molecular weights
of POMs, the adsorption amount of DMMP on a mass basis for
NENU-11 is lower. MOEF-S with its larger pore volume adsorbs
0.90 g of DMMP/g of sorbent,'” HKUST-1 0.83 g gfl, and
NENU-11 024 g g ', respectively. (Table $3) However, POM
guests cannot be ignored for their contribution to the DMMP
adsorption. The adsorption amount on a volume basis for NENU-11
is competitive with that of the single MOFs. (Table S3) MOF-$
adsorbs 0.53 g of DMMP/cm” of adsorbent, HKUST-10.79 g cm °,
and NENU-110.55 g cm . Clearly, all of these results indicate
that POMs play an important role in the adsorption of DMMP.
Simultaneously, NENU-11 can adsorb larger amounts of DMMP
than NENU-3, perhaps because of its higher surface area and
pore volume.

In order to investigate DMMP decontamination under con-
ditions close to ambient, the effect of humidity was considered.
We performed the DMMP adsorption measurements at relative
humidities (RHs) of S, 10, 20, 50, and 80%. In combination with
water adsorption equilibria at various RHs (Figure S13), it was
found that the presence of water vapor affected the adsorption of
DMMP to some extent (Figure S14). In comparison with the
adsorption at RH = 0, the total amount adsorbed decreased as the
RH increased. Still, the main contribution to the total amount
should come from DMMP, which could be attributed to the

Scheme 1. Hydrolysis of DMMP
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higher polarizability of DMMP (10.43) than water (1.45),
resulting in stronger interactions with the sorbent.

DMMP desorption measurements performed on NENU-11a
by outgassing showed that the amount of DMMP decreased
slowly over time (Figure S1S5). This can be satisfactorily ex-
plained by the strong interaction between DMMP molecules and
the sorbent. Decomposition or decontamination is an important
issue for nerve gas because of its toxicity. Taking into account the
fact that Keggin-type POMs have been widely used as acid
catalysts for hydrolysis of esters”*’ and furthermore that the
decomposition of DMMP has been carried out by hydrolysis,
including acid hydrolysis and basic hydrolysis,** we put NENU-
11a with adsorbed DMMP into water and monitored the system
using gas chromatography coupled with mass spectrometry
(GC—MS). The detection of methyl alcohol demonstrated the
hydrolysis of DMMP. The hydrolysis products were methyl
alcohol, methyl methylphosphonic acid (MMPA), and methyl-
phosphonic acid (MPA) (Scheme 1). The conversion of DMMP
analyzed by GC—MS was 34% at room temperature. It was found
that the conversion increased gradually with temperature, reach-
ing 93% at 50 °C. Continued heating produced little change in
the conversion. After 8 h, NENU-11a was filtered, washed with
water, and then regenerated under vacuum at 200 °C for 12 h.
After more than 10 cycles, the PXRD patterns showed that the
positions of the main peaks at low angles remained consistent
(Figure S10), indicating that the structural integrity was kept. In
addition, according to the tiny amount of methyl alcohol in the
exhaust gas, GC—MS analysis showed that a weak hydrolysis
occurred during the adsorption process at higher RH (see the
Supporting Information). Both the reactivity of DMMP on
NENU-11a and the high stability of the latter highlight its
possible use in decontamination, filtration, or removal of toxic
nerve agents. In particular, the catalytic hydrolysis provides a
more facile and environmentally friendly approach for the
decomposition of nerve gas than the previous approaches, such
as thermal reaction.

In conclusion, a novel PMOF/POM (NENU-11) with soda-
lite topology was obtained by the hydrothermal reaction of
simple reagents. Porous NENU-11 displayed its potential appli-
cation in the removal of nerve gas by its performance in DMMP
adsorption measurements. Furthermore, its excellent stability
and powerful POM guests make it facile for the decomposition of
nerve gas mimics. The hybridization of POMs and PMOFs
presented here provides a promising approach for the design
and construction of this kind of multifunctional material. By
virtue of the porosity of MOF hosts and the numerous properties
of POM guests, these materials may find more applications in
other areas, such as gas-phase catalysis.

B ASSOCIATED CONTENT

(5] Supporting Information.  Experimental details, X-ray
crystallographic data (CIF), and additional characterization data.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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