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Development of an efficient catalyst for degradation of organo-
phosphorus toxicants is highly desirable. Herein, an MIL-101(Cr)
LZn catalyst was fabricated by incorporating polypyridine zinc
complexes into a MOF to achieve the spatial isolation of active
sites. Compared with a terpyridine zinc complex without an
MIL-101 support, this catalyst was highly active for detoxification
of diethyl-4-nitrophenylphosphate.

Organophosphate-containing nerve agents can severely inhibit
the activity of acetylcholinesterase which is involved in the
transmission of neural signals, and thus are a potential hazard
to mankind and the environment."” Although production and
use of chemical warfare agents are prohibited by international
treaty, still there is a risk of stockpile leakage and abuse of
highly toxic organophosphorus (OP) compounds such as
sarin, tabun, and VX.*® Therefore, design and fabrication of
efficient catalytic materials for OP detoxification are highly
desirable. In this regard, OP destruction generally involves
hydrolysis via an Sy2 nucleophilic attack on a phosphorus
atom,® and OP degradation can also proceed through oxi-
dation by light irradiation.” Currently, photocatalysts for OP
oxidation cannot meet practical requirements, due to the
intrinsic recombination between the photoinduced electrons
and holes.® To this end, a number of catalytic materials have
been developed for OP hydrolysis by the cleavage of the P-O
bond. These materials include metal hydrolase (phosphotries-
terase), a homogeneous catalyst (metal complex) and a hetero-
geneous catalyst (metal oxide and coordination polymer).” ™ It
is well known that enzymes are usually utilized only under
physiological conditions. Regardless of the outstanding activity
in OP hydrolysis, the metal complexes as homogeneous cata-
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lysts are responsible for dimerization in basic solution, thus
resulting in deactivation.”®'* Heterogeneous catalysts with
spatially isolated active sites can lessen or avoid the above ten-
dency of inactivation."® Therefore, it is highly desirable to
incorporate functional complexes into the heterogeneous
materials to gain efficient hydrolysis of OP toxicants.

On the other hand, metal-organic frameworks (MOFs) are
regarded as an important class of porous crystalline materials
by virtue of their distinctive attributes, such as their well-
defined structure, high surface area, tunable pore aperture,
and tailorable composition."®™® The porous channels in MOFs
are favorable for the diffusion of the substrate and products,
and the metal centers arranged in nodes and/or building
blocks of MOFs can serve as active sites for the catalysis."® >
The highly stable Zr(iv)-based MOFs can be directly used to cat-
alyse the degradation of the OPs and their simulants, with the
merits of the strong Lewis acidity originating from the metal
clusters at the MOF nodes.”* > Chromium-based MOFs modi-
fied with dialkylaminopyridines exhibited synergistic catalysis
during OP hydrolysis, wherein Cr** ions acted as a Lewis acid
to polarize the P—O bond and the implanted amino-containing
groups served as a Lewis base for the nucleophilic attack
toward the phosphorus atom.?® The mesoporous MIL-101(Cr)
(CrsF(H,0),0(TPA);-nH,0, TPA = terephthalic acid) was
deemed to be the perfect scaffold for the supported
catalyst,””*® owing to the presence of two large inner cages,
high Langmuir surface area, and high chemical stability.
Furthermore, MIL-101(Cr) can be easily functionalized,
wherein the coordinated water molecules can be displaced
with some appropriate auxiliary ligands.”® Accordingly,
MIL-101(Cr) might be expected to play a role as a promising
platform of multi-site catalysts for OP detoxification. The main
hypothesis of this work is that the catalytic activity of MIL-101
(Cr) can be further enhanced by grafting functional complexes
into the nodes of MOFs to create additional active sites for OP
hydrolysis.

Herein, an MIL-101(Cr)LZn catalyst (L = 4'-(4-pyridyl)-
2,2":6',2"-terpyridine) was fabricated by incorporating polypyri-
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dine zinc complexes into the metal clusters of MIL-101(Cr) by
post-synthetic modification (PSM). The catalytic activity for the
hydrolysis of diethyl-4-nitrophenylphosphate (DENP, paraoxon)
as a nerve agent simulant was investigated. Moreover, *'P NMR
spectroscopy was applied to elucidate the cleavage pattern of
phosphate ester in the process of hydrolysis.

As shown in Scheme 1, the MIL-101(Cr)LZn catalyst was pre-
pared by incorporating polypyridine zinc complexes into the
nodes of MIL-101(Cr) by the PSM method. It is well known
that MIL-101(Cr) presents a structure consisting of a three-
dimensional network containing two large cavities with dia-
meters of ca. 29 and 34 A, respectively, in which the j3-O-Cr;
clusters are linked via benzene dicarboxylate.” It is noteworthy
that each Cr’** ion is ligated with a water molecule or hydroxyl
group. Therefore, the coordination unsaturated sites of
MIL-101(Cr) could be created by the removal of coordination
water molecules in the nodes of MOFs. Then, the ditopic
ligand of 4'-(4-pyridyl)-2,2":6',2"-terpyridine (PTP, L) in anhy-
drous toluene was added to promote the coordinative inter-
action between the pyridine moiety of PTP and the Cr cluster
of MIL-101(Cr), resulting in the formation of MIL-101(Cr)L.
Subsequently, zinc perchlorate was introduced to achieve the
formation of MIL-101(Cr)LZn, in which each zinc ion was co-
ordinated by three N atoms of the terpyridine group in the
auxiliary ligand of PTP. The resultant MIL-101(Cr)LZn was
identified using PXRD patterns (Fig. 1a). The peaks of MIL-101
(Cr)LZn and as-synthesized MIL-101(Cr) are in a good accord-
ance with the simulated PXRD pattern of the reported crystal
structure,® indicative of no apparent loss of crystallinity and
framework structure after PSM. Importantly, the integrity of
the crystal framework structure was still retained when
MIL-101(Cr)LZn was treated for 6 h in sodium hydroxide solu-
tion at pH 10.0, showing that this robust MOF derivative could
act as an ideal catalytic platform for the hydrolytic reaction in
favor of the basic conditions. Moreover, the Brunauer-
Emmett-Teller (BET) surface area of the MOF derivative was
evaluated by using its nitrogen adsorption and desorption iso-
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Scheme 1 Schematic diagram for the preparation of MIL-101(Cr)LZn.
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Fig. 1 (a) PXRD patterns of MIL-101(Cr), MIL-101(Cr)L, and MIL-101(Cr)
LZn treated for 6 hours at pH = 10 and after the catalytic reaction of
paraoxon hydrolysis. (b) N, adsorption and desorption isotherms of
MIL-101(Cr) and MIL-101(Cr)LZn at 77 K. SEM images of (c) MIL-101(Cr),
(d) MIL-101(Cr)L and (e) MIL-101(Cr)LZn; (f-k) TEM image and elemental
mapping results of MIL-101(Cr)LZn.

therms at 77 K (Fig. 1b). The BET surface area of as-syn-
thesized MIL-101(Cr) and MIL-101(Cr)LZn was 3238 and
1652 m” g, respectively. The significant reduction of surface
area after PSM is attributed to the presence of functionalized
groups. Compared to MIL-101(Cr), MIL-101(Cr)LZn presented
a decrease in Barrett-Joyner-Halenda (BJH) pore volume
(Fig. S17). It can be ascribed to the incorporation of polypyri-
dine zinc complexes into the nodes of MIL-101(Cr). Moreover,
FT-IR spectra (Fig. S2f) were investigated. Compared to
MIL-101(Cr), MIL-101(Cr)L presented new peaks at 1587, 883
and 833 cm™", which were assigned to the stretching vibrations
of C=N in terpyridine, and the symmetrical and asymmetrical
stretching vibrations of C-H in the pyridine group,®® respect-
ively. This demonstrates the successful incorporation of poly-
pyridine ligands into MIL-101(Cr). Furthermore, the scanning
electron microscopy (SEM) images revealed that MIL-101(Cr)
LZn exhibited a well-defined octahedron-like morphology with
the particles having an average size of ~300 nm (Fig. 1c-e),
similar to the morphology of MIL-101(Cr) and MIL-101(Cr)L.
This indicated that the robust MIL-101(Cr)LZn could maintain
the crystal morphology of MIL-101. Transmission electron
microscopy (TEM) images and the elemental mapping analysis
of MIL-101(Cr)LZn are shown in Fig. 1f-k, which reveal

This journal is © The Royal Society of Chemistry 2021
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uniform distribution of Cr, Zn, C, and O elements. By induc-
tively coupled plasma mass spectrometry (ICP-MS), the Cr: Zn
ratio of MIL-101(Cr)LZn was determined to be 1:0.14 (calcd:
1:0.67), where the functionalization yield is 21%. The value
was slightly higher than the Cr/Zn atomic ratio (ca. 93:7)
measured from the EDS spectrum (Fig. S31), which might be
attributed to the slight difference of zinc distribution between
that on the surface and in the bulk. The thermogravimetric
(TG) curves (Fig. S41) demonstrated that the mass loss of
MIL-101(Cr)L (~24 wt%) was observed in a temperature range
of 50-350 °C, due to the removal of water and solvents, and
this was lower than that of MIL-101(Cr). This indicated that
some water molecules in MIL-101(Cr)L were displaced by PTP
auxiliary ligands. The pyrolysis of the organic ligands and
framework collapse in the MOFs occurred in a range of
350-500 °C, and finally generated chromium oxide.

The catalytic activity of MIL-101(Cr)LZn was evaluated by
the hydrolytic degradation of ethyl-paraoxon (diethyl-4-nitro-
phenylphosphate, DENP), which is a simulant for an OP nerve
agent. It was found that during the hydrolysis process of DENP
(0.1 mM) in the presence of MIL-101(Cr)LZn (5.0 mg mL™") at
PH 10 and 313 K, UV-vis absorption at 400 nm increased with
the time extension (Fig. 2a), attributed to DENP decomposition
to generate p-nitrophenolate.”*! The value of the pseudo-first
order rate constant (kops) was determined from the initial
slope in the plot of In [A../(A. — A,)] against time from 0 to 6 h
(Fig. 2b). Comparative experiments of MIL-101(Cr) and its
derivatives were also carried out (Fig. S5t). MIL-101(Cr) exhibi-
ted catalytic performance with a ks value of 0.118 h™, owing
to the Lewis acidity of the Cr cluster in MIL-101(Cr).***?
Strangely, the catalytic performance of MIL-101(Cr)L reduced
by about 50% in comparison with that of the activated
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Fig. 2 (a) UV-vis absorption vs time for DENP hydrolysis at pH 10 over
MIL-101(Cr)LZn; (b) Kinetic profiles of DENP hydrolysis catalyzed by
MIL-101(Cr), MIL-101(Cr)L, MIL-10L(Cr)LZn and 2,2":6',2"-terpyridine
zinc complex. The plots of conversion vs time for DENP hydrolysis in the
presence of (c) different catalysts at pH 10.0; and (d) MIL-101(Cr)LZn in
the buffer solution of different pH values. Conditions: 5.0 mg mL™* cata-
lyst, 0.1 mM DENP and at 313 K.
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MIL-101(Cr). This might account for the decrease of Lewis
acidity in MIL-101(Cr) node, due to the coordination inter-
action between Cr ions and the additive ligands of PTP. It is
noteworthy that the activity of the zinc terpyridine complex as
a ZnL analogue was slight, with a ks value of 0.016 h™*. This
could be attributed to the fact that each zinc ion was ligated to
six nitrogen atoms from two equivalents of the tridentate
ligand 2,2:6',2"-terpyridine (L), deduced from the PXRD
pattern (Fig. S67).>* This complex presented saturated coordi-
nation, leading to the inert activity. Importantly, the reaction
rate of MIL-101(Cr)LZn with a k. value of 0.154 h™" almost
exceeded two times that of MIL-101(Cr)L, attributed to the
strong nucleophilicity of the implanted Zn complex in the
buffer solution with pH 10.0.>* The incorporated ligands L
were well-arranged in the nodes of MIL-101(Cr), and thus the
unsaturated-coordination sites of the ZnL complex were occu-
pied by water molecules. After deprotonation of the co-
ordinated water from the implanted complex [ZnL(H,O),]
(Cl0,), under the basic conditions,'**® the Zn-OH species as a
Lewis base made a nucleophilic attack on the phosphorus
atom of the DENP substrate. Therefore, MIL-101(Cr)LZn
exhibited a synergistic effect between the Cr cluster as the
Lewis acid and the zinc complex as the Lewis base for OP
hydrolysis. MIL-101(Cr)LZn exhibited comparable -catalytic
activity to most of the heterogeneous and homogeneous cata-
lysts for DENP degradation (Table 1).*®*’73° Compared to
MIL-101(Cr) and MIL-101(Cr)L, MIL-101(Cr)LZn exhibited the
highest activity for the catalytic performance for DENP hydro-
lysis at pH 10.0 and 313 K (Fig. 2c). In the control experiments,
self-hydrolysis of DENP was demonstrated to be negligible
under the same conditions.

Moreover, DENP degradation catalyzed by MIL-101(Cr)LZn
was performed under various basic conditions to explore the
pH effect. It was found that in the presence of MIL-101(Cr)
LZn, the reaction conversion at pH 7.0 was just 60% after 12 h
(Fig. 2d). However, within 12 h, the corresponding k,ps values
continuously increased with respect to the basicity of the
buffer solution (Fig. S7t). The phenomenon distinctly differs
from that of simple Zn complexes as homogeneous catalysts,
which always suffer from deactivation induced by hydroxyl-

Table 1 Rate constant of DENP hydrolysis in the presence of various
catalysts

kobs
Catalyst amount Conditions (h™")  Ref.
MIL-101(Cr)LZn® (5.0 mg L") pH 10.0,313 K 0.154  This work
MIL-101(Cr) (5.0 mg LY pH 10.0,313 K 0.118  This work

MIL-101-A” (4.8 mmol L™*) pH 10.0,298 K 0.140 26
Zn,(H,L%),(NO3), © (0.8 mmol L") pH 8.5,323 K  0.014 37
Zn**-[12]aneN; ? (1.36 mmol L™!) pH 8.1,323 K  0.036° 38
Cp,MoCl, 7 (50 mmol L") pH3.0,313K  0.021¥ 39

L = 4'-(4-pyridyl)-2,2":6',2"-terpyridine. ” A = 4-dimethylaminopyridine.
‘H;L* = (E,E)-(4-methyl-1H-pyrazole-3,5-diyl)bis(methylmethanone)
dioxime. “[12]aneN; = 1>-CsHs1,5,9-triazacyclododecane. ©6.08 x 10~

min™./Cp = n’-CsH;.£5.7 x 10° s,
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bridged dimerization in basic solutions."**° It can be
explained that the spatial isolation of the Zn complex in the
node of MOFs is beneficial for the prevention of the formation
of a Zn-p,-(OH)-Zn complex and thus perfect activity is
observed. Additionally, the catalytic performance of MIL-101
(Cr)LZn increased as a function of temperature (Fig. 3a). Thus,
the activation energy (E,), obtained by the fitting of Arrhenius
law, was found to be 25.56 k] mol™" (Fig. S8t), lower than
those of most of the reported catalysts,*" indicating a suitable
transition state with a narrow activation barrier during this
catalysis.

To explore the effect of MOF size on the catalytic activity,
the small-sized MIL-101LZn (denoted as s-MIL-101(Cr)LZn)
with a size of ~150 nm was prepared through the PSM of
s-MIL-101(Fig.  S9f). Compared with MIL-101(Cr)LZn
(Fig. s10t), s-MIL-101(Cr)LZn exhibited lower activity for DENP
degradation under the same conditions. Moreover, the stability
of s-MIL-101(Cr)LZn was poor, confirmed by the XRD pattern
of the sample after catalysis (Fig. S117). This might be attribu-
ted to the lower crystallization degree induced by the synthetic
conditions of the MOF (433 K and DMF/H,0 solvent for
s-MIL-101(Cr) whereas 473 K and only H,O solvent for MIL-101
(Cr)).** Since the porous MIL-101(Cr) with large cavities could
be functionalized by the modification of the secondary build-
ing units, the functional groups both on the outer surface and
inside the pores of MIL-101(Cr) derivatives would play vital
roles in the catalysis.****

To further investigate the reaction mechanism, the spectra
of *'P NMR had been studied. It was found that when the reac-
tion proceeded for an hour, a strong peak appeared at
—6.54 ppm (Fig. 3b), identified as the substrate of DENP, and a
weak peak was observed at 0.75 ppm, assigned to diethyl phos-
phate. The disappearance of the peak at —6.54 ppm and only
the presence of the peak at 0.75 ppm could be found after the
complete hydrolysis of DENP. Therefore, as shown in
Scheme 2, the cleavage of the P-O bond occurred and it gener-
ated the products including diethyl phosphate and p-nitrophe-
nolate during DENP degradation catalyzed by MIL-101(Cr)LZn.
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Fig. 3 (a) Kinetic profiles of the conversion vs time for DENP (0.1 mM)
hydrolysis catalyzed by MIL-101(Cr)LZn (5.0 mg mL™) at pH 10.0 and
different temperatures; (b) 3!P NMR spectra of DENP solution (the upper
line) catalyzed by MIL-101(Cr)LZn for 1.0 h (the middle line) and 2 d (the
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Fig. 4 (a) Kinetic profiles of the conversion versus time for DENP
(0.1 mM) hydrolysis catalyzed by MIL-101(Cr)LZn (5.0 mg mL™Y) with
removal of the catalyst at pH 10 and 313 K after 6 h; (b) cycling test of
DENP hydrolysis catalyzed by MIL-101(Cr)LZn at pH 10 and 313 K, in
which the activity was evaluated from the conversion ratio after 12 h.
The activity in the first run was denoted as 100%.

To investigate the stability of the heterogeneous catalyst,
MIL-101-LZn was removed from the reaction system by cen-
trifugation after 6 h. As a result, no noticeable increment of
the conversion of DENP was observed (Fig. 4a), indicating that
the active component of the Zn complex and Cr cluster did not
leach out.*® Therefore, the MIL-101(Cr)LZn catalyst maintained
the significant stability. Moreover, the reusability of the
MIL-101(Cr)LZn catalyst was surveyed. It was found that the
catalytic activity of MIL-101(Cr)LZn could be retained at 96%
in the fifth run for DENP hydrolysis (Fig. 4b). Furthermore, the
framework structure of MIL-101(Cr)LZn showed no significant
change after the catalysis, as determined from the XRD pattern
(Fig. 1a). The abovementioned experiments demonstrated the
great recyclability and good stability of MIL-101(Cr)LZn toward
the hydrolysis of OPs.

Conclusions

The catalyst MIL-101(Cr)LZn has been designed and fabri-
cated by incorporating poly-pyridine zinc complexes through
the post-synthetic modification of MOFs. This heterogeneous
catalyst exhibited significant performance for the catalytic
degradation of simulated highly toxic nerve agents such as

This journal is © The Royal Society of Chemistry 2021
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diethyl-4-nitrophenylphosphate.

The remarkable catalytic

activity can be ascribed to the implanted functional zinc com-
plexes as Lewis base sites and Cr clusters as Lewis acid sites.
The perfect stability of this catalyst is attributed to the inher-
ited properties of MIL-101(Cr), and the unique spatially iso-
lated zinc complexes at the nodes of the MOF. We anticipate
that this study will pave a new avenue toward designing MOF-
based multifunctional catalysts for a variety of chemical trans-
formations and hydrolysis of nerve agents in real-world
applications.
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