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The development of highly efficient and robust biomimetic catalysts is an essential and feasible strategy
to overcome the intrinsic drawbacks of natural enzymes. Inspired by the synthetic strategy of covalent
organic frameworks, we adopted a covalent-bond-driven strategy to prepare polyoxometalate (POM)
based open frameworks (NKPOM-OFs = Nankai University POM-OFs) with abundant Mo=O groups that
can mimic the active center of sulfite oxidase. Four 2-dimensional (2D) NKPOM-OFs were designed and
synthesized via the condensation reaction of linear amino-containing POMs with planar tetra-aldehyde
monomers. Benefitting from the high crystallinity, the structures of 2D POM-OFs can be successfully
determined from structural simulations. The results unveiled that NKPOM-OFs possessed 2D staggered
stacking layered structures with the sql topology. All these NKPOM-OFs exhibited high crystallinity and
stability and demonstrated outstanding performance to serve as biomimetic catalysts of sulfite oxidase
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with good recyclability. Notably, exfoliation of NKPOM-OFs under ultrasonic treatment can significantly
boost the catalytic activity with almost two times faster reaction rates. This study not only enriches the
facile and versatile synthesis strategy for POM-OFs but also provides new biomimetic platforms for
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Introduction

Natural enzymes have demonstrated great potential in the
applications of many fields as diverse as pharmaceutical pro-
cesses, food industry, biosensing, etc., which is attributed to
their extraordinary and unique catalytic properties, such as
ultrahigh efficiency and remarkable regio-/stereo-selectivity."?
However, some intrinsic drawbacks such as high cost, low
stability, and recyclability have handicapped their practical
applications.® Besides the direct modification of enzymes, the
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development of effective and robust biomimetic catalysts has
been emerging as an essential and feasible strategy to tackle
the aforementioned problems.*> A rational design approach is
to mimic the structural features of natural enzymes, ie.,
design complexes or materials possessing a similar structure
to that of active centers in enzymes.® Sulfite oxidase is an
essential eukaryotic molybdenum enzyme that can oxidize
sulfite to sulfate.” In animal cells, the oxidation of sulfur-con-
taining amino acids usually leads to the formation of sulfite
and is further converted to nontoxic sulfate through oxidation,
fulfilled by sulfite oxidase. Therefore, this enzyme is of great
importance as it is involved in the last step of detoxification of
sulfur in cells. The active center of sulfite oxidase contains two
Mo=0 groups, which can oxidize sulfite to sulfate®
accompanied by a reduction of Mo(vi) to Mo(wv). Currently, fab-
rication of biomimetic materials that can mimic the structure
and function of sulfite oxidase has rarely been reported, and
most of the related studies focus on molybdenum oxide and
molybdenum coordination complexes.”™"® For example, Yang
et al. prepared PEGylated molybdenum oxide nanoparticles to
mimic sulfite oxidase for vitamin B1 detection."®> However,
challenges remain in terms of the improvement of catalytic
performance and the construction of diverse biomimetic cata-
lysts. For instance, the design of porous networks is desirable
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for highly efficient catalysts, because they can facilitate the
substrate/product mass transfer; fabrication of 2-dimensional
(2D) layered structures that can be exfoliated into nanosheets
is crucial to maximize the accessible catalytic sites for the
enhancement of catalytic efficiency. Moreover, heterogeneous
catalysts are conducive to the recycling of the catalysts and the
purification of the product as they can be easily separated
from the catalytic system by centrifugation or filtration.
Polyoxometalates (POMs) are anionic metal oxides com-
posed of transition metals especially molybdenum.'*>> The
abundant Mo=0 groups in POMs possess high structural
similarity to the catalytic centers of sulfite oxidase. Thus,
application of POMs as building blocks to construct POM-
based open frameworks (POM-OFs) would be a facile and ideal
approach to fabricate biomimetic catalysts of sulfite oxidase
due to their advantages such as robustness, intrinsic porosity,
easy to recycle, etc.**® Currently, the traditional strategy to
construct POM-OFs is mainly based on coordination-bond-
driven synthesis (Scheme 1).>** Nitrogen and oxygen-donor
ligands are frequently used as organic linkers to connect with
POMs via coordination bonds.***> However, due to the compli-
cated and variable coordination modes of POMs, it is challen-
ging to precisely control and predict the final structures and
functions of POM-OFs.*® Therefore, the design and synthesis
of POM-OFs with desirable networks are of considerable sig-
nificance and in high demand. Covalent organic frameworks
(COFs) are a class of fully pre-designable polymeric materials
which is composed of geometrically predefined building
blocks.?””** The crystallinity of COFs mostly relies on the
reversible linkage dynamics (e.g:, reversible imine bonds), and
the structures of COFs can be determined by powder X-ray
diffraction (PXRD) and electron diffraction tomography (EDT)
assisted with computational simulation. Covalent bonding has

(a) Traditional strategy: Coordination-Bond-Driven

POM organic linker

T n I I I
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# = coordination bond I I I

(b) Our strategy: Covalent-Bond-Driven I

# = covalent bond

POM organic monomer I

Scheme 1 lllustration of the traditional 'Coordination-Bond-Driven’
synthesis strategy (upper), and the new ‘Covalent-Bond-Driven’ syn-
thesis strategy of POM-OFs (bottom).
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been proved to be an efficient approach to construct POM
hybrids.*” Recently, Yaghi and other groups reported a series
of three-dimensional (3D) POM-OFs synthesized by linking
amino functionalized polyoxometalate with 4-connected alde-
hyde building units through imine condensation.*®*® Herein,
we expanded the covalent-bond-driven synthesis strategy to
construct two-dimensional (2D) POM-OFs with targeted topolo-
gies (Scheme 1). A series of NKPOM-OFs (Nankai University
POM-OFs) with high crystallinity and robustness were designed
and developed as biomimetic catalysts of sulfite oxidase that
demonstrate high catalytic efficiency and reusability.

Results and discussion
Synthesis and characterization of NKMOP-OFs

To demonstrate proof of concept, we first chose an Anderson-
type POM containing two active amino groups, [N
(C4Ho)4]5[CoM0¢04{(0OCH,);CNH,},] (named CoMog), as the
building block and applied the imine bond as the linkage.**™"
The amino-functionalized CoMos POM can serve as a rigid
and linear building block with two active amino groups
located on the opposite positions. In order to analyze the reac-
tivity and structural intactness of CoMog, a model compound
(MC-Co) was first prepared via a condensation reaction of
benzaldehyde with CoMog (Fig. 1a). The molecular structure of
MC-Co was successfully unveiled by Single Crystal X-Ray
Diffraction (SCXRD) that revealed that the CoMog core was con-
nected with two coplanar phenyl groups via C=N bonds. The
bond length of C=N is ~1.3 A, indicating its double bond
characteristic. The formation of imine bonds was further con-
firmed by Fourier-transform infrared (FT-IR) spectroscopy
(Fig. 1b). The appeared stretching bands at 1638 cm™" of
MC-Co confirmed the formation of imine bonds. The 'H NMR,
3C NMR, DEPT-135 (distortionless enhancement by polariz-
ation transfer) and 2D C-'H HSQC (heteronuclear single
quantum correlation) spectra were also recorded to investigate
the chemical components of MC-Co (Fig. S1-S47). The peaks
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Fig. 1 (a) Synthetic route and crystal structure of MC-Co. H atoms are
omitted for clarity. (b) FT-IR spectra of TFPB, CoMog, NKPOM-OF-1(Co)
and MC-Co. (c) **C NMR spectrum of MC-Co.
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at 8.36 ppm in 'H NMR and 160.15 ppm in *C NMR are
corresponding to the characteristic signals of the imine group
(Fig. 1c and S1t). These results validated the high reactivity
and structural intactness of POM monomers during the con-
densation reaction process and indicated that CoMog could be
an ideal POM building block to construct POM-OFs via the
covalent-bond-driven approach.

Up to now, most COFs possess 2D layered structures with
specific topologies (e.g. sql, heb, and kgm) because a combi-
nation of planar building blocks can easily restrict the growth
of the polymer backbones in a 2D manner. Over the past
decades, 2D materials have attracted great attention due to
their remarkable advantages. For instance, 2D materials can
be exfoliated to nanosheets that expose more catalytic sites to
boost the catalytic activity. Moreover, the structures of 2D
materials can be feasibly determined via PXRD and High-
Resolution Transmission Electron Microscopy (HR-TEM). In
order to realize the construction of POM-OFs via the covalent-
bond-driven approach, we designed a planar tetra-aldehyde
monomer, 1,2,4,5-tetrakis-(4-formylphenyl)benzene (TFPB), to
react with CoMog in a solution mixture of 1,4-dioxane and
acetic acid at 120 °C for 3 days that afforded a green powder of
NKPOM-OF-1(Co) (Fig. 2a). FT-IR spectra (Fig. 1b) showed the
appearance of the stretching bands at 1635 cm™, indicating
the formation of imine bonds in NKPOM-OF-1(Co). We further
explored the chemical components of NKPOM-OF-1(Co)
through solid-state '*C NMR spectroscopy. The characteristic
peak at 160 ppm corresponds to the imine bond (Fig. 2b). The
peaks between 125 and 150 ppm can be assigned to phenyl
rings. The peaks at 57, 24, 20, and 14 ppm can be assigned to
the signals of tetrabutylammonium (TBA) counterions. In
addition, the charateristic peaks of the aldehyde were attenu-
ated in IR and "*C NMR spectra, indicating the high polymeriz-
ation degrees of NKPM-OFs. Benefitting from the similarity of
NKPOM-OFs to COF systems, we were able to determine their
structure by analyzing PXRD data (Fig. 2c). The PXRD pattern
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Fig. 2 (a) The synthetic route of NKPOM-OF-1(Co). (b) *C CP/MAS
NMR data of NKPOM-OF-1(Co). (c) PXRD patterns of NKPOM-OF-1(Co).
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of NKPOM-OF-1(Co) showed an intense peak at 20 = 6.5°,
which can be assigned to the (021) plane. The peaks at 26 = 9.3
and 11.3° correspond to the (002) and (202) planes, respect-
ively. The experimental pattern of NKPOM-OF-1(Co) matched
well with the simulated pattern of the staggered stacking
model (2D network with the sql topology). Pawley refinement
yielded a unit cell of @ = 26.40 A, b = 39.00 A, ¢ = 19.00 A, a =
90.1°, = 88.2°, y = 90.0° with Ry, = 2.57% and R, = 1.91%. In
addition, it was found that NKPOM-OF-1(Co) showed good
stability in solvents, including water, DMSO, DMF, and metha-
nol, confirmed by PXRD data (Fig. S61).

To further study the morphology of NKPOM-OF-1(Co), scan-
ning electron microscopy (SEM) images were collected. SEM
images showed that NKPOM-OF-1(Co) particles are of block
shape (~2 pm) (Fig. S7). Energy-dispersive X-ray spectroscopy
(EDX) mapping proved that NKPOM-OF-1(Co) was constructed
from CoMoe POMs, indicated by the existence of Mo and Co
(Fig. S87). N, sorption at 77 K was conducted to evaluate the
porosity of NKPOM-OF-1(Co) (Fig. S971). It was found that the
surface area is relatively low (Langmuir surface area: 134 m>
g7 "). The relatively low surface area could be due to the stag-
gered stacking model and the existence of TBA counterions
that partially blocked the pores. The same phenomenon has
been reported in the literature.’*>® We also calculated the
theoretical surface area using the Material Studio software
(Table S1f) and found that the calculated surface area
matched well with the experimental result.

Exploration of the generality of the covalent-bond-driven
approach

To analyze the generality of the new strategy to fabricate
POM-OFs, we introduced another POM monomer, [N
(C4Hy)4]3[MnMogO45{(OCH,);CNH,},] (MnMog), which has a
similar molecular structure to that of CoMog. A model com-
pound, MC-Mn, was also successfully prepared via the reaction
of benzaldehyde with MnMos, confirmed by SCXRD, FTIR, and
NMR data (Fig. S10-S12t). As predicted, the reaction of
MnMo, with TFPB also afforded a 2D isostructural POM-OF of
NKPOM-OF-1(Co) and NKPOM-OF-1(Mn), confirmed by PXRD
data (Fig. S137). The SEM images showed blocky particles with
a size of ~1 pm (Fig. S147).

Besides POM building blocks, we also designed another
4-connected planar aldehyde monomer, 4,4',4",4""-(ethene-
1,1,2,2-tetrayl )tetrabenzaldehyde (ETTBA). A reaction of ETTBA
with CoMos and MnMog afforded NKPOM-OF-2(Co) and
NKPOM-OF-2(Mn), respectively. The FT-IR and *C NMR
spectra were used to study the formation of imine bonds
(Fig. S15-S18%). PXRD analysis revealed that NKPOM-OF-2(Co)
and NKPOM-2(Mn) also possessed a similar network to that of
NKPOM-OF-1(Co) with a 2D network of the sql topology
(Fig. 3a). For NKPOM-OF-2(Mn) and NKPOM-OF-2(Co), the
space group was determined as P2 with a = 35.04 A, b =
28.30 A, ¢ = 19.01 A, a = y = 90.0°, and $ = 87.4°. The Pawley-
refined patterns matched well with the experimental data
(Fig. 3b and S191). HR-TEM showed distinct lattice fringes of
NKPOM-OF-2(Co) that confirmed its high crystallinity and

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) The synthetic route of NKPOM-OF-2(Co). (b) PXRD patterns
of NKPOM-OF-2(Co). (c) HR-TEM image of NKPOM-OF-2(Co). (d) Partial
enlarged details of (c).

layered structure (Fig. 3c, and d). The lattice fringes with a
lattice spacing of 0.48 nm correspond to the (004) atomic
plane. The SEM images showed similar morphologies for
NKPOM-OF-2(Mn) and NKPOM-OF-2(Co) (Fig. S207). TEM also
revealed that the particles are the aggregation of microcrystals
(Fig. S211). EDX mapping indicated that NKPOM-OFs con-
tained all the expected elements (Fig. S22-S247). N, sorption
at 77 K showed similar profiles with hysteresis in the desorp-
tion isotherm (Fig. S25-271), possibly due to the pore connec-
tivity effects according to literature results.*® The Langmuir
surface areas of NKPOM-OF-1(Mn), NKPOM-OF-2(Mn), and
NKPOM-OF-2(Co) are 134 m* g~', 212 m* ¢~', and 226 m* g,
respectively. For comparison, N, sorption at 77 K unveiled the
nonporous nature of MnMog and CoMog (Fig. S287). PXRD
data revealed that NKPOM-OFg showed high stability in
common solvents, including water (Fig. S29-S317).
NKPOM-OFs also showed high thermal stability (250 °C)
according to TGA (Fig. S32-S34t). The properties can benefit
the application of NKPOM-OFs for biocatalysis.

Evaluation of the biomimetic activity of NKMOP-OFs

The structure of two POM monomers is similar to that of
active centers of sulfite oxidase. In sulfite oxidase, the molyb-
denum center was connected by three sulfur and two oxo
ligands. During the catalysis, sulfite is bound to the equatorial
oxo group of the Mo center, the oxo group is transformed into
hydroxyl/water ligands and Mo(vi) turns into Mo(wv). In MnMog
and CoMog, there are three kinds of oxo groups: triply bridging
oxygen from H,NC(CH,O); residues, doubly bridging oxygen
and terminal oxygen. The terminal oxygen group is similar to
the equatorial oxo group of sulfite oxidase. Thus, we examined
the sulfite oxidase activity of NKPOM-OFs by catalyzing the
reaction of SO;>~ to SO,>~. After the reaction, FT-IR spectra of
the product confirmed the formation of SO,>~ (Fig. S351). As
shown in Fig. 4a, a high conversion (>95%) was observed in
60 min for NKPOM-OF-1(Co), while the blank reaction
afforded a much lower conversion (<10%). The calculation
based on the conversion in 5 min revealed that the turnover
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Fig. 4 (a) Conversion of sulfite to sulfate catalyzed by NKPOM-OF-1
(Co). Reaction conditions: Na,SOs (6.6 mM), NKPOM-OF-1(Co) (1 mg
mL™Y). (b) Recycling experiments of NKPOM-OF-1(Co). Reaction con-
ditions: Na,SOz 6.6 (mM), NKPOM-OF-1(Co) (1 mg mL™), time (60 min).
(c) The proposed mechanism of NKPOM-OF-1(Co) mimicking sulfite
oxidase.

number (TON) and turnover frequency (TOF) were 7 and
1.4 min™', respectively, for NKPOM-OF-1(Co). Although the
TOF is lower than that of the natural sulfite oxidase
(Table S27), the heterogeneous system makes it easy to reuse
NKPOM-OF-1(Co). It could be recycled for at least 5 times
without any loss in conversion efficiency (Fig. 4b). We also
found that NKPOM-OF-1(Mn), NKPOM-OF-2(Co), and
NKPOM-OF-2(Mn) showed high catalytic activity (>95%) and
excellent recyclability (Fig. S36-S41t). PXRD patterns showed
that NKPOM-OFs maintained their crystallinity after recycling
experiments (Fig. S42-S437), further indicating the hetero-
geneous nature of NKPOM-OFs. Although the model com-
pound and POM monomers also showed similar catalytic
activity (Fig. S441), the homogeneous catalytic systems were
difficult to recycle that limited their applications. The mecha-
nism of the catalysis reaction was investigated to interpret the
catalytic performance of NKPOM-OFs. It is well known that
POMs can catalyze the oxidations of substrates, and the
reduced POMs could be reoxidized by 0,.>> Thus, we proposed
that the sulfite was oxidized into sulfate while Mo(vi) trans-
formed into Mo(v) which can be reoxidized by O, in the air to
complete the cycle (Fig. 4c). To support this hypothesis, we
examined the catalytic activity under O, or Ar atmospheres as
comparisons. The conversion of sulfite can reach >99% in as
short as 10 min under an O, atmosphere, while the conversion
reduced to <9% under an Ar atmosphere even after extending
the reaction time to 30 min (Fig. S451). These results strongly
supported our hypothesis and revealed that O, played a critical
role in this catalytic system.

Considering the low porosity of NKPOM-OF, we thought
that the catalytic reaction mostly took place on materials’
surface. Thus, exfoliation of 2D materials to form nanosheets
would expose more active sites to boost catalytic perform-
ance.’® In order to further improve the catalytic efficiency of
NKPOM-OFs, we attempted to exfoliate NKPOM-OFs into
nanosheets. After supersonic treatment, the exfoliated
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NKPOM-OFs (named NKPOM-OF-¢) were investigated by TEM,
which showed sheet structures after exfoliation (Fig. S437).
Atomic Force Microscopy (AFM) revealed that the thickness of
NKPOM-OF-e was about 1.2 nm (Fig. S46-48%). Dynamic light
scattering (DLS) data indicated that the diameter of
NKPOM-OF-e particles is among hundreds of nanometers
(Fig. S49-S527). The crystallinity of exfoliated structures was
also checked by PXRD patterns (Fig. S537), indicating that all
materials maintained their crystallinity after exfoliation. The
FT-IR spectra of four NKPOM-OFs also showed no change
before and after exfoliation, which suggested that the imine-
linked network was conserved (Fig. S547). We then evaluated
their biomimetic activity of sulfite oxidase and found that
their activity was significantly boosted (conversion >95% in
30 min). The reaction rates were almost two times faster than
those of bulk NKPOM-OFs (Fig. S55f). ICP-OES (inductively
coupled plasma-optical emission spectrometry) and UV ana-
lysis proved no leaching of POM monomers from NKPOM-OF-
e, indicating that NKPOM-OF-e remained intact during the
catalytic reaction.

Conclusions

In summary, we reported four NKPOM-OFs as biomimetic cat-
alysts synthesized via the covalent-bond-driven approach. To
demonstrate proof of concept, we chose an amino-containing
Anderson-type POM as the linear building blocks of POM-OFs.
Single crystal structure data of discrete model compounds
formed by the reaction of benzaldehyde and POM monomers
unveiled the high reactivity and structural intactness of POMs.
Hence, an imine condensation reaction of POMs with planar
tetra-aldehyde monomers afforded four 2D NKPOM-OFs with
high crystallinity and outstanding stability. Notably, learned
from the structure determination methods of COFs by analyz-
ing PXRD and HR-TEM data, the structures of NKPOM-OFs
were determined to be 2D layered networks with the sql topo-
logy. Structural analysis revealed that Mo=O groups in
NKPOM-OFs showed high similarity to the active centers of
sulfite oxidase. Thus, NKPOM-OFs can serve as highly efficient
catalysts to mimic the activity of sulfite oxidase as they can
integrate the advantages of both POMs and COFs: high cata-
Iytic efficiency of POMs; excellent stability of covalent linkages
inherited from COFs; enhanced mass transfer of the porous
framework; and easy to recycle due to their heterogeneous
nature. Furthermore, we employed an exfoliation strategy to
fabricate nanosheets of NKPOM-OFs that dramatically boosted
their catalytic efficiency. This study paves a new avenue to fab-
ricate functional POM-OFs and provides a new methodology
for structural determination of POM-OFs.
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