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frameworks¥}
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Herein, two new polyoxometalate-based metal-organic frameworks consisting of Zn-g-Keggin nodes and
semi-rigid organic linkers, [TBAIs[PMogMo4"'O36(OH)4Zn4[CPBPCI, (1) and [TBAIsIPMog'Mo,"'Os,(OH)sZn,]
[PTABABI][HPTABAB]-7H,O (2) (where CPBPC = 4’-(4-carboxylatophenoxy)-[1,1'-biphenyl]-4-carboxylate
and PTABAB = 4,4'-((6-(phenylamino)-1,3,5-triazine-2,4-diyl)bis(azanediyl))dibenzoate), were successfully
synthesized. In 1, Zn-g-Keggin units were bridged by CPBPC fragments to form an eight-fold
interpenetrating framework with diamond topology. In 2, the adjacent 2D layers are constructed from Zn-
e-Keggin units and PTABAB moieties interlocked with each other to generate a double layer, which was
further packed in an AAA sequence. The electrochemical behaviours of these two compounds were
studied, and they exhibit good electrocatalytic activities towards the reduction of nitrite ions. Moreover,
their diffuse reflectance was also investigated to obtain their bandgaps of around 1.1 eV, suggesting that
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Introduction

Research on metal-organic frameworks (MOFs), also known as
porous coordination polymers (PCPs), has developed rapidly
driven largely by their underlying topologies in relation to
designed synthesis' and the upsurge of applications in gas
storage and separation, sensing, catalysis, light harvesting and
so on.>® As an emerging class of porous materials, MOFs
assemble through coordination bonds between metal-based
nodes (ions or clusters) and bridging organic linkers.*
Because of their structural and functional tunability, the study
of MOFs has become one of the fastest growing topics in the
fields of synthetic chemistry and materials science.’ In addition,
MOF chemistry provides the potential to introduce desired
properties and functionality prior to the assembly process by
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they are potential and promising semiconductor materials.

preselecting building blocks to contain desired structural and
geometrical information that codes for a given underlying net.
In this context, the molecular building block (MBB) approach,
which permits access to MOFs with specific topologies, caught
the researchers' eyes.® However, the successful employment of
MBB approach for the rational design and preparation of MOFs
requires to meet the satisfaction of following factors: (i) the
selection of an ideal topology that is exclusive for the assembly
of its corresponding basic building units and (ii) the isolation of
reaction conditions that consistently allow the in situ formation
of the desired inorganic MBB, matching the basic building
units of the targeted net.

Polyoxometalate (POM) ions represent a well-defined library
of inorganic clusters with oxygen-rich surfaces that can range in
size from the nano- to micrometer scale.”® Interestingly, their
properties such as solubility, stability, redox potential, and
acidity can be finely-tuned by varying constituent elements.® As
a result, POMs offer an ideal platform to serve as secondary
building units for the design and construction of POM-based
MOF materials. However, it is still tremendously challenging
to construct porous POM-based MOFs in which POM units
acted as noded to directly connect with organic ligands.*

By taking into account the excellent features, e-Keggin pol-
ymolybdate unit grafted by four Zn(u) ions (noted as Zn-e-Keg-
gin) was chosen for the following reasons: (i) Zn-e-Keggin core
can be formed in situ under mild conditions,"** (ii) the four
exposed Zn(u) ions on the surface of Zn-e-Keggin favours for the
formation of tetrahedral arrangement," as those of O atoms in
a tetrahedral SiO, unit, and (iii) Zn-e-Keggin unit possesses

This journal is © The Royal Society of Chemistry 2017
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certain redox activity on the basis of Mo element. In this work,
semi-rigid 4'-(4-carboxylatophenoxy)-[1,1’-biphenyl]-4-carboxylate
(CPBPC) and 4,4',4"-((1,3,5-triazine-2,4,6-triyl)tris(azanediyl))
tribenzoate (TATAB) were selected as bridging linkers to synthe-
size POM-based MOFs. Fortunately, [TBA];[PMog Mo, " O3
(OH),Zn,][CPBPC], (1) and [TBAJ[PMog'Mo,"'03,(OH);Zn,]
[PTABAB|[HPTABAB]-7H,0O (2) were isolated after a series of
parallel experiments (PTABAB represents 4,4'((6-(phenylamino)-
1,3,5-triazine-2,4-diyl)bis(azanediyl))dibenzoate). Here, a decar-
boxylation reaction of TATAB was observed to generate PTABAB
in situ under the reaction conditions. In these two compounds,
Zn-g-Keggin units were acted as metal nodes to directly connect
with CPBPC or PTABAB fragments, respectively. Compound 1
possesses an eight-fold interpenetrating framework with dia-
mond (dia) topology, whereas the adjacent 2D layers construct by
Zn-g-Keggin units and PTABAB moieties interlocked each other to
generate a double layer in 2, which were further packed in an AAA
sequence. The electrochemical behaviours of these two
compounds and their electrocatalytic activity toward the reduc-
tion of nitrite ions were investigated. In addition, their diffuse
reflectance performance was also measured and discussed.

Results and discussion

When semi-rigid H,CPBPC was introduced to the reaction
system, crystals 1 was produced. Single-crystal X-ray diffraction
analysis suggests that compound 1 crystallizes in the ortho-
rhombic Pbcn space group (Table S11). In the asymmetric unit
of 1, there are half {&-PMog Mo, "03¢(OH),Zn,} unit, one kind
of CPBPC moiety (Fig. S11) and 1.5 TBA" ions. So far, only {e-
PMo,,0,4,} core capped by four metal ions (La**, Zn**, or Ni*")
were documented in the literature.”** No naked e-Keggin ions
were isolated that presumably results from the high negative
charge of naked e-Keggin unit. In the {&-PMog Mo, " O3¢(OH),-
Zng} unit, the Mo-Mo distances are around 2.6 and 3.2 A, sug-
gesting the presence of eight Mo(v) and four Mo(vi) species as
reported. The valence bond calculations® for compound 1
suggest that Mo(1), Mo(2), Mo(4) and Mo(6) atoms are in +5
oxidation state, while Mo(3) and Mo(5) centres are in +6
oxidation state (Table S21). In addition, O(7) and O(19) sites are
protonated according to the valence bond calculations. More-
over, the oxidation states of Mo element was evidenced by X-ray
photoelectron spectroscopy (XPS) analysis (Fig. S2t). In
compound 1, all four Zn>" ions grafted on the e-Keggin unit are
four-coordinated by four oxygen atoms in a typical tetrahedral
geometry (Fig. 1a), in which three oxygen atoms are provided by
the polymolybdate cluster and another oxygen atom coming
from the carboxylate group of CPBPC moiety. And the e-Keggin
units were extended by four CPBPC fragments to give rise to
a 3D framework with dia topology (Fig. 1b). The large ada-
mantanoid cage in a single dia net possesses a maximum
dimension of 64.698 x 58.932 x 54.782 A. The pore space of an
individual net is sufficiently large to give rise to an eight-fold
interpenetration in 1 (Fig. 1c and d and S37).’® The interpene-
tration degree is up to ten found within diamondoid nets
exclusively on the basis of coordinative bonds.” The TBA"
cations are distributed orderly in the channel, acting as space
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Fig.1 The structure of 1: (a) representation of the coordination mode
of the Zn-g-POM unit, (b) a single dia cage, (c) the 3D spacefill mode
and (d) the schematic view of the [4 + 4] interpenetrated topology.

filling and structural-templated species, as well as charge
balance agents. Strikingly, even after interpenetration, the
effective free volume of 1 reached 56.6% of the crystal volume
(7386.9 A® out of 13 054.5 A® unit cell volume) based on the
PLATON calculations."®

Single-crystal X-ray diffraction analysis reveals that 2 crys-
tallizes in the monoclinic space group P2,/c. The framework of 2
was composed of one {e-PMog"Mo, " 0;,(OH);Zn,} unit, one
fully deprotonated PTABAB and one HPTABAB fragment.
Similarly, the Mo oxidation states were also confirmed by
valence bond calculations and XPS measurement (Table S2 and
Fig. S47), which is consistent with the result in compound 1.
However, O(11) and O(25) sites are protonated, another H"
was delocalized to POM unit according to the valence
bond calculations. The formula of 2 was determined as
[TBAJs[PMog Mo, ""0;,(OH);Zn,][PTABAB][HPTABAB]- 7H,O by
consideration of charge balance, squeeze result and TG anal-
ysis. It should be noted that the decarboxylation reaction of
TATAB was happened and PTABAB was formed in situ under the
hydrothermal conditions (Scheme 1). The hydrothermal decar-
boxylation reactions have recently been shown to occur in the
presence of metal ions.* In 2, each e-Keggin unit was connected
to four PTABAB fragments through four capped Zn(u) ions on
the POM surface (Fig. 2a). The two types of PTABAB both play
the role of bridging linkers with two sites (L1: two oxygen atoms
from two different carboxylate groups, and L2: one oxygen atom
from carboxylate group and one N atom from triazine ring,
Fig. S51). The Zn-O bond lengths were within the range of 1.89-
1.96 A, whilst the Zn-N bond length was 2.01 A. Such connec-
tivity leads to the formation of a 2D layer structure (Fig. 2b).
Furthermore, two adjacent layers interlocked each other,
resulting in a double layer (Fig. 2c and d and S67). In addition,
the adjacent double layers were packed in an AAA array (Fig. 2e

RSC Adv., 2017, 7, 31544-31548 | 31545
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Scheme 1 In situ hydrothermal decarboxylation reaction from TATAB
to PTABAB.

Fig.2 The structure of 2: (a) the coordination mode of the Zn-¢-POM
unit, (b) the 2D layer formed by Zn-g-Keggin cores and PTABAB
fragments, the two-fold interpenetrated structure (c) and topology (d)
between adjacent layers, (e) the AAA array and (f) topology of adjacent
two-fold interpenetrated layers.

and f). The disordered TBA" countercations and water mole-
cules were resided in the space formed between adjacent layers.

The PXRD patterns of compounds 1 and 2 are presented in
Fig. S7 and S8.1 The diffraction peaks of both simulated and
experimental patterns match well at the key positions, indi-
cating the phase purities of these two compounds. Further-
more, compounds 1 and 2 are air-stable, maintaining their
crystallinities for at least several months, and no efflorescence
was observed. The IR spectra of these two compounds were
presented in Fig. S9,f which confirms the presence of POM
units, linkers and TBA" ions. The TG measurements of the two
compounds were carried out under N, atmosphere from room
temperature to 700 °C at a heating rate of 5°C min " (Fig. $107).
Compound 1 shows a good thermal stability with decomposi-
tion starting at 325 °C. Subsequently, a continuous weight loss
of ~40% from 325 to 630 °C can be assigned to the release of all
organic ligands and TBA" ions. Compound 2 exhibits a contin-
uous weight loss step from room temperate to 640 °C (~45%),
corresponding to the loss of all uncoordinated water molecules,
organic ligands, and TBA" ions.
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The electrochemical behaviours of 1 and 2 on glassy carbon
electrode (GCE) in 0.1 mol L™" H,S0, solution were carried out.
The electrochemical behaviours of the two as-synthesized
compounds are similar except for some slight potential shifts
(Fig. 3 and S117). As a result, we set 2 as an example to describe
their electrochemical properties. As shown in Fig. 3a, the typical
cyclic voltammograms (CVs) of 2 were studied at potentials
covering the range from —0.4 to +0.6 V (vs. Ag/AgCl) at different
scan rates (from 25 to 400 mV s~ *). The half-wave potentials E;,
= (Epa *+ Epc)/2 for 2 appeared at approximately —0.188 (I-T'),
+0.079 (II-1'), and +0.183 V (III-III') (scan rate: 50 mV s 1),
respectively. These data are in agreement with those reported in
the literature.” When the scan rates were varied from 25 to
400 mV s, the peak potentials varied gradually: the cathodic
peak potentials shift toward the negative direction and the
corresponding anodic peak potentials to the positive direction
with increasing scan rates. In addition, the approximate pro-
portionality of the three redox peak currents to the scan rates
from 25 to 400 mV s~ ', indicating that the redox process is
surface-controlled for 1- and 2-GCE (Fig. S121).** In addition, 1-
and 2-GCE are highly stable, and the peak potentials change
little with the increasing scan rates, which is especially useful
for electrocatalytic study.

200 +
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-100
-200
T T T T T
( a) -04 -0.2 0.0 0.2 04 0.6
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Fig. 3 The CVs of 2-GCE measured in 0.1 mol L™ H,SO4 aqueous
solution (a) at different scan rates (mV s~%) and (b) at the scan rate of
50 mV s~ containing different concentrations of NaNO,, respectively.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Diffuse reflectance UV-Vis spectra of Kubelka—Munk function
versus energy for compounds 1 (blue line) and 2 (olive line).

NaNO, is present in processed and cured meats, which is
used to preserve the meat. However, during the cooking or
digestion process, NaNO, can reacts with amine to form nitro-
samines, which is very powerful carcinogen. In this sense, the
detection and determination of NaNO, is of great importance in
biological denitrification or industrial companies related to
food.”” Therefore, the electrocatalytic activities of these two
compounds were investigated. Upon the addition of NaNO,, the
reduction peak currents increase (Fig. 3b and S11b¥), and the
corresponding oxidation peak currents decrease, suggesting
that nitrite ion is reduced.”® Both 1- and 2-GCE show better
electrocatalytic activities towards reduction of NaNO, (Fig. S13
and S14}) compared with other reported POM-based
compounds.>*

The UV-Vis diffuse reflectance spectra were monitored to
achieve the optical bandgaps (E,) of these two materials.
Generally, the E, was obtained as the intersection point between
the energy axis and the line extrapolated from the linear portion
of the adsorption edge in a plot of the Kubelka-Munk function F
against E.>* As shown in Fig. 4, the optical absorption associated
with E, can be assessed at 1.10 and 1.06 eV for 1 and 2, sug-
gesting the presence of an optical band gap. It should be noted
that the E, values of these two compounds are much lower than
the reported POM-based materials.”® The results suggest that
these two compounds are potential and promising semi-
conductor materials, and the extended Zn-e-Keggin unit in the
hybrid structures appears to be mainly responsible for their
optical bandgaps.””

Conclusions

In conclusion, two novel POM-based MOFs were successful
synthesized and characterized. They were both composed of Zn-
e-Keggin nodes and semi-rigid organic linkers. In compound 1,
Zn-g-Keggin cores were bridged by CPBPC moieties to generate
a 3D dia framework with an eight-fold interpenetration, which
can be described as two sets of normal fourfold nets. The
adjacent 2D layers construct by Zn-e-Keggin units and PTABAB

This journal is © The Royal Society of Chemistry 2017
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fragments interlocked each other in compound 2 to generate
a double layer, which was further stacked in an AAA sequence.
In addition, these two compounds exhibit good electrocatalytic
activities toward the reduction of nitrite ion, which is useful for
the detection of NaNO, in food chemistry. Furthermore, the title
compounds possessing narrow bandgaps are potential semi-
conductor materials on the basis of the diffuse reflectance
measurements. It is expected to design and prepare more novel
Zn-e-Keggin-based MOFs, and more investigation is ongoing in
our lab.
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