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A new hybrid compound based on porous metal–organic frameworks and polyoxometalates H4[(Cu4Cl)3(BTC)8]2
[SiW12O40]·(C4H12N)6·3H2O (NENU-15, BTC=1, 3, 5-benzenetricarboxylate) has beenhydrothermally synthesized
and its crystal structure, stability and porosity have been characterized. The experimental results showed that
the introduction of polyoxometalates improved the integral stability of the compound. In addition, NENU-15
was employed in NO removal for the first time. By virtue of the synergistic effect between host frameworks
and guest polyoxometalates, it not only displayed good adsorption behavior for NO, but also exhibited superior
activity in NO decomposition.

© 2012 Elsevier B.V. All rights reserved.
NOx (NO and NO2) arising from automobile exhaust gases and
industrial emissions is the major pollutant in the atmosphere, which
caused acid rain, photochemical smog, and greenhouse effect. There-
fore removal of NOx has been one of the key environmental subjects
in the world nowadays. Since NO is thermodynamically unstable
relative toN2 andO2, catalytic decomposition is the simplest and cheapest
method for its removal [1–3]. In principle, alternative strategies to
eliminate NO are based on NO adsorption. Many porous materials
such as metal oxides and zeolites have been employed for NO removal
[4,5]. Especially, Cu-containing zeolites show peculiar adsorption
behavior due to the high activity of Cu sites, and Cu2+ has been proved
to be important in NO decomposition. Polyoxometalates (POMs), most
represented by the Keggin type, also have been used for the NO adsorp-
tion and decomposition [6]. POMs are a kind of metal–oxygen cluster
compounds with strong Brønsted acidity, showing various advanta-
geous properties [7]. One of the most attractive is that Keggin type
POMs could cause the decomposition of the absorbed NO under condi-
tions of rapid heating. However, their applications are limited due to
the low specific surface areas.

Metal–organic frameworks (MOFs) are a new class of porous
materials consisting of metal ions and organic ligands [8], resulting
in high surface areas and tunable pore properties. They have attracted
increasing attention due to their potential applications in gas adsorp-
tion [9], catalysis [10], sensing [11] and drug delivery [12]. In virtue of the
high porosity, they have been used as hosts for encapsulating POMs
rights reserved.
to construct new multifunctional hybrid materials [13,14]. However, be-
cause of the low stability, there are only few postsynthetically modified
MOFs being used in adsorption and release of NO for therapeutic applica-
tions [15].

Recently we reported a porous hybrid material based onMOFs and
POMs (NENU-11) [16], which displayed good adsorption behavior
and decomposition activity for eliminating nerve gas mimic. The po-
rous MOFs with high stability and functional POMs guest, may be an
effective material for NO adsorption and decomposition. Herein, we
report such a new hybrid compound, H4[(Cu4Cl)3(BTC)8]2[SiW12O40]·
(C4H12N)6·3H2O (NENU-15, BTC=1, 3, 5-benzenetricarboxylate), and
present its potential application in removal of NO. NENU-15 is composed
of porous Cu-containing MOFs and Keggin type POMs. The introduction
of POMs enhances the thermal stability ofMOFs host. Synchronously, Cu
ions in MOFs have a synergistic effect as active sites. The results show
that NENU-15 displays good adsorption behavior for NO and can realize
the decomposition of NO by heating rapidly.

NENU-15 was synthesized in good yield by a hydrothermal method
[17]. Single crystal X-ray diffraction analysis of NENU-15 revealed a
cubic structure [18], isotypic with that of NENU-11 [16], the chloride-
centered square-planar [Cu4Cl] secondary building units (SBUs) are
linked via the BTC ligands to form a 3D open framework. Notably,
every Cu2+ in SBUs has an exposed coordination site, which is active
for adsorbed molecules. The fundamental building unit of the frame-
work is a sodalite-like cage formed by six [Cu4Cl] squares and eight
BTC ligands (Fig. 1a). These cages share the [Cu4Cl] squares further to
construct the cubic framework (Fig. 1c). [SiW12O40]4− anions were lo-
cated in the cavities formed by the packing of sodalite-like cages
(Fig. 1d). The accessible void is estimated by PLATON [19] to be about
24.3% of the total crystal volume.
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Fig. 1. (a) The sodalite-like cage formed by six [Cu4Cl] squares and eight BTC ligands; (b) the wide-open cavity located [SiW12O40]4− anion; (c) the 3D open framework; (d) the
simplified structure of sodalite-type network with POMs.
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TGA indicates that the solid is thermally stable up to 350 °C (Figure
S2), which is higher than the single framework (~300 °C) [20]. The im-
provement of thermal stability could be assigned to the encapsulation
of POMs [14c,d]. The PXRD pattern of NENU-15 matches the simulated
pattern from the single crystal X-ray data (Figure S3), implying that
the bulk sample possesses high purity. Moreover, the PXRD patterns
at 200 °C and 300 °C further confirm the stability and structural integri-
ty. The results here suggest that incorporating POMs enhances the sta-
bility of NENU-15, and more importantly, shows a positive implication
for NO adsorption and decomposition.

The permanent porositywas evaluated byN2 adsorption at 77 K. The
sample of NENU-15was heated at 200 °C under vacuum for 12 h before
the adsorption measurements. As shown in Fig. 2, NENU-15 exhibits
Fig. 2. N2 adsorption isotherm at 77 K and pore size distribution.
typical Type-I isotherm for N2. It increases quickly at the start and
reaches a plateau at P/Po=0.05, indicating the presence of the micro-
porous structure [21]. NENU-15 adsorbs N2 to 183 cm3 (STP) g−1 at
77 K and 1 atm, with a Brunauer–Emmett–Teller (BET) surface areas
of 547 m2 g−1. Applying Dubinin–Astakhov (DA) analysis [22] to the
isotherm data shows that the pore sizes is distributed around 10.6 Å,
corresponding to the result from crystallographic structure analysis
(10.8 Å).

Gravimetric adsorption measurements revealed that NENU-15
adsorbed NO 1.74 mmol g−1 at room temperature (Fig. 3). Single
MOFs and POMs adsorbed 2.69 and 0.39 mmol/g, respectively. The
value of single MOFs is approximate to that of HKUST-1 (~3 mmol/g)
and comparable to those of the materials, which have been proposed
Fig. 3. NO adsorption isotherms at 298 K.
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as NO adsorbents [23]. For NENU-15, the adsorption includes physical
and chemical processes, and physical adsorption is primarily due to
the porous framework. The chemical adsorption consists of two parts,
POMs and exposed Cu sites. It was proposed that NO was adsorbed
into POMs as a form of protonated NOH+ [24]. Meanwhile, there is an
accepting orbital in Cu2+ (d9) to support the donation of the electron
in the anti-bonding orbital of NO [25]. Both of them are confirmed by
IR (Fig. 4). The characteristic peaks at 984, 929, 884 and 807 cm−1 are
attributable to ν(W–Ot) and ν(W–Ob/c–W) vibration modes for Keggin
anion. The bands at around 1100 cm−1 can be regarded as the P–O
stretching vibration. The peaks ranging from 1300 to 1900 cm−1 are
assigned to the MOFs framework. Compared with the IR spectrums of
NENU-15 after NO adsorption, several new bands are observed. For
POMs, a band at ca. 2260 cm−1 is attributable to ν(NOH+) [24]; for
Cu, a new peak at ca. 1821 cm−1 suggests the strong interaction be-
tween NO and Cu2+ sites [23,25]; the two bands at ca. 1370 and
1300 cm−1 could be due to the interaction between NO and the KBr
[24b].

Heating NENU-15 after the adsorption measurements, N2 was
found through the mass spectrometry whichwas coupled with adsorp-
tion system. To further investigate the decomposition of adsorbed
NO, we performed the test in a fixed-bed reactor at a heating rate of
50 °C min−1. When heating temperature reached 300 °C, an overall
nitrogen mass balance showed that 64% of the NO that was absorbed
initially inNENU-15was converted toN2 (Figure S4). Continued heating
to 350 °C produced little change in the conversion. In comparison, nearly
60% of the NO originally contained in single POMswas converted into N2

uponheating to about 400 °C. For singleMOFs, only 11% of the adsorbed
NO decomposed at 300 °C, and the framework structure began to col-
lapse at higher temperature. The activity of NENU-15 is greater than
that of either MOFs or POMs alone. This indicates that there exists syn-
ergetic effect between POMs and Cu in MOFs. The mechanistic details
Fig. 4. IR spectra of NENU-15 (black) and NENU-15 with adsorbed NO (red).
are currently poorly understood, yet the results presented here demon-
strate that this kind of new porousmaterial displays the potential appli-
cation in the removal of NO.

In conclusion, we have presented here a new hybrid compound
based on porous MOFs and POMs (NENU-15) and employed it in NO
removal for the first time. The open structure with exposed Cu2+ sites
and POMs guests play important roles in the adsorption of NO. Further-
more, the introduction of POMs improved the thermal stability and
brought a positive possibility for NO decomposition. We are going to
study the effect of different POMs guests on the adsorption and decom-
position of NO.
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Appendix A. Supplementary material

CCDC-715943 contains crystallographic data. The data can be
obtained free of charge from the Cambridge Crystallographic Data Cen-
tre via www.ccdc.cam.ac.uk/data_request/cif. Supplementary data as-
sociated with this article can be found online at http://dx.doi.org/10.
1016/j.inoche.2012.05.055.
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