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Two 2D isostructural organic—inorganic hybrid solid
materials based on transition metal mono-substituted
Keggin polyoxotungstate with an antenna molecule were
synthesized under hydrothermal condition. Compound 2
with the Co(II) substituted exhibits good photocatalytic
activity in the degradation of rhodamine-B (RB) under
visible light irradiation.

Polyoxometalates (POMs) are a unique family of metal-oxygen
clusters, which exhibit structural diversity and tunable properties, and
have found numerous applications in analytical chemistry, material
science, magnetism, catalysis and medicine.” The incorporation of d-
block metal atoms in vacant POM matrices is one of the oldest and
studied POM
introduction of organic ligands in such inorganic systems has been

most reactions in chemistry.” More recently,
developed by several groups.® Especially, the synthesis of Keggin-
based transition-metal monosubstituted POMs (Keggin—-TPOMs) with
an organic ligand coordinated to the transition metal ion as a pendant
or antenna is of special significance because of their wide
applications.” These derivatives have been recognized as inorganic
analogs of metalloporphyrin complexes, but the former have distinct
advantages over the latter, e.g. they are rigid, hydrolytically stable
and thermally robust.® Such organic-inorganic hybrid materials can
combine the key merits of both sources, for example, magnetic and
catalytic properties, as well as new properties arising from the
synergistic interplay of the two components.®

However, it represents a remarkable challenge to synthesize and
characterize monolacunary Keggin POMs bearing a transition metal
with an organic ligand.” In fact, many metal-substituted lacunary

POMs (LPAs) with antenna ligands reported previously, formulated as
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[0-XW,,03ML]" (X = P or Si, L = N-, S- or C-donor ligand, M = Sn, Ti,
Rh, Ru, Re or Os), were synthesized in organic solvents, and were
characterized by NMR instead of single crystal X-ray crystallographic
analysis.® According to the literatures, only very few single crystal
structures of metal-substituted LPAs with an organic antenna ligand
have been reported and in these scarce cases, the heteroatom metal
is always a second series transition metal or a rare earth metal as in
the series.® Even so, longstanding problems in these single crystal
structures still exist: the crystallographic disorder between the
substituted metal site and the intrinsical metal ions in the polyanion
because of the high symmetry of the polyanion units themselves and
the nearly identical geometrical features of the two metal ions. Many
studies have focused on obtaining structures of disorder-free mono-
substituted Keggin complexes by X-ray diffraction but with only very
limited success. In this field, Hill,* Kortz, Proust,® Drain,
Francesconi,*® and Peng™ groups reported several rare examples of
of the
incorporated transition-metal center. Among these, Peng et al.

mono-substituted Keggins without positional disorder
prepared the first crystallographically characterized examples of
monolacunary Keggin POMs bearing a 3d transition metal with
imidazole and 4,4'-bipyridine as pendant ligands. Although it is
common that imidazole and 4,4'-bipyridine show high affinity to some
3d transition-metal ions which can favour the formation of high
dimensional transition-metal complexes,™ in their work, the
remaining nitrogen atom from the imidazole or pyridine is naked
which makes the whole structure isolated. Unfortunately, up to now,
no related works have been reported to extend these isolated
subunits into high dimensional structures.*

Inspired by one similar work in which organoimido derivatized

hexamolybdate containing carboxyl terminus acts as a ligand to
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coordinate with Cu(ll) ions to form a paddle-wheel structure,16 we
think two strategies can be adopted to obtain high dimensional
structures in which the monolacunary Keggin POM bearing a disorder-
free transition metal with pendant ligands services as a building block.
One strategy is to use a multidentate ligand to coordinate with the
transition metal ion incorporated in the LPAs which will increase the
opportunity of the ligand coordinating with other transition metal
ions; The other one is to employ the auxiliary ligand to connect the
subunits. Herein, two 2D isostructural organic—inorganic hybrid
materials based on 3D-transition metal mono-substituted Keggin
polyoxotungstate with an antenna molecule,
{IM(H.tpt).(dpdo)o.s(H.0).1[M, 5(H.O0)IPW,,M(tpt) O30} -12H,O [M = Zn,
1; M = Co, 2; tpt = tris(4-pyridyl)triazine; dpdo = 4,4'-bipyridine-N,N’-
dioxide],
characterized. In 12 and 2, the Zn(lIl) and Co(ll) are disorder-free, and 2

have been hydrothermally synthesized and fully
shows efficient photocatalytic degradation of rhodamine-B (RB)
under visible light irradiation.

Compounds 1 and 2 crystallized isostructurally in the triclinic, space
group P-1. We therefore focus on the structure description of 1 as
representative. The
[PW.05Zn(tpt)] unit, two Zn(ll) ions, two TPT ligands, three

coordinated and eleven lattice water molecules. As shown in Fig. 1,

asymmetric unit of 1 contains one

Zn1 has a six-coordinated octahedral geometry which is defined by
two oxygen atoms from two different water molecules (Zn-O =
2.094(3)-2.105(3) A), one oxygen atom from the dpdo (Zn-O = 2.105(3)
A), one oxygen atom from the terminal oxygen atoms of the
[PW.,0;,Zn(tpt)] unit (Zn-O = 2.141(3) A), two nitrogen atoms from
two different TPT ligands (Zn-N = 2.155(4) and 2.178(4) A); Zn2 is
embedded in the vacancy of {PW.} with its outside axial site
coordinated by one nitrogen atom from the tpt ligand to complete the
octahedral environment; while, Zn3, lying on independent inversion
center, shows an octahedral environment which is formed by two
different nitrogen atoms from two different tpt ligands, two oxygen
atoms from two different water molecules, two oxygen atoms from
the terminal oxygen atoms of two different [PW,,055Zn(tpt)] units. In
[PW..ZnOs4] polyanion, the central P atom is surrounded by four
oxygen atoms (O1, O2, 03, and Og). Average distance of the P-O
bonds is in the usual region of 1.531 A, and the O-P-0 bond angle is in
the range of 107.7(4)-110.5(4). According to the coordination mode,
there are three kinds of oxygen atoms in the cluster: terminal oxygen
atoms (Oy), bridging oxygen atom (Oy), and central oxygen atoms(O,).
Therefore, the distances of the W-0O bonds can be divided into three
groups: W-0y, 1.693(8)-1.735(8) A; W-0y, 1.777(8)-2.054(7) A; W-0,,
2.333(7)-2.494(8) A, which is in the range of reported monovacant
Keggin polyoxoanions.” Bond-valence-sum calculations show that all
of the tungsten sites exhibit a 6+ oxidation state and all of the zinc
ions have a 2+ oxidation state in the [PW,,Zn0O,,] unit. In compound 1,
it is interesting that PW,, is formed from the saturated Keggin cluster
PW,, under hydrothermal conditions. Another outstanding feature is
that the encapsulated zinc ion (Zn2) is disorder-free, which is ascribed
to special coordination environment.

2| J. Name., 2012, 00, 1-3
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Fig. 1 The [PW11Zn(tpt)Oso] unit and the coordination environment of Zn(ll) ions
in 1. Hydrogen atoms were omitted for clarity. Note: one p;-TPT was simplified
as a pyridine (N13) for clarity.

In the whole structure of 1, tpt ligands demonstrate two different
kinds of coordinated mode. One acts as monodentate ligand (u,-tpt),
in which only one pyridine on the tpt participates in coordination with
Zn1 which is grafted on the surface of [PW.,ZnO,,] unit. The other
one acts as bidentate ligand (u,-tpt), in which two pyridines
coordinate with Zn2 and Zn3. Briefly, the pu,-tpt ligand can be
considered as a V-shaped ligand to connect the zinc ion (Zn2)
encapsulated in one LPA and the zinc ion (Zn3) grafted on the surface
of adjacent LPA (Fig. S1, ESI). As a result, a subunit is formed in which
four [PW.,Zn0,,] units are connected by two u,-tpt ligands (Fig. 2a).
Given the configuration of the two u,-tpt ligands coordinating with
Zn1, they can be viewed as cantilevers which are arrayed along the
two sides of the subunit. Next, the auxiliary ligand, dpdo, as a linker,
bounded to the Zn1 ions and links the adjacent subunits into a 2D
layer (Fig. 2b, S2). To the best of our knowledge, this is the first
example of 2D organic-inorganic hybrid material constructed by a
building block of monovacant Keggin POMs bearing a disorder-free 3d
transition metal with pendant organic ligands.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 a) Subunit formed from four [PW1;Zn035] connected by two p2-tpt (black),
containing eight ps-tpt (light blue); b) dpdo (orange) as a string to connect
adjacent subunits presented in a. Hydrogen atoms were omitted for clarity.

Further study into the nature of this 2D architecture, two kinds of
strong offset m-m stacking interactions are observed in the single 2D
layer structure. The first one is formed between the p,-tpt and p,-tpt,
Me-tpt and u,-tpt ligand (centroid-centroid distances from 3.735 to
3.785 A); The second one is formed between p,-tpt and p,-dpdo ligand
(centroid-centroid distances from 3.640 to 3.808 A). More importantly,
the offset m-m stacking interactions between two u,-tpt ligand from
two different single 2D layer (centroid-centroid distances from 3.553
to 3.719 A) extend the 2D architecture into 3D supramolecular
structure (Fig. 3, S3). The special packing model and the strong m-nt
stacking interactions result in a stable organic-inorganic hybrid
material. TG data indicate that compound 1 is thermally robust. The
TG curve of 1 demonstrates an initial weight loss of ca. 4.86%
between 50 °C and 300 °C corresponding to the remove of free and
coordinated water molecules (Fig. S4). The decomposition of the
whole framework starts at 400 °C. The phase purity of the as-
synthesized material is confirmed by the PXRD pattern (Fig. Ss).

This journal is © The Royal Society of Chemistry 2012

Fig. 3 The strong offset n-n stacking interactions observed in 1. The orange dash
lines represent the m-mt stacking interactions in the single layer; The pink dash
lines represent the m-m stacking interactions between two layers. Hydrogen
atoms were omitted for clarity.

Photosensitization as an approach can extend the photosensitivity

of POMs with high energy gap into the visible region.*®

Highly
conjugated aromatic N-heterocyclic molecules are well-known light
sensitizing reagents, which have been used in solar energy conversion
systems.” It has been well documented that the N-heterocyclic tpt
molecule has the maximum absorption locating at 309 nm and 410
nm.** This character makes the tpt molecule as an antenna to absorb
effective light energy for the catalytic cluster,®™ which will be
beneficial for solar light utilization and photocatalytic efficiency
enhancement; The photocatalytic activity of as-prepared 1 and 2
(denoted as cat.-Zn and cat.-Co hereafter) were tested by
degradation of organic dye solutions under visible light, which is one
of the effective ways to eliminate environmental pollutants.”” The
results demonstrated that cat.-Co showed good photo-catalytic
activity of rhodamine-B (RB) degradation under visible light. The
reaction was stirred mechanically during the whole process and the
photocatalytic degeneration was monitored by ultraviolet-visible
spectroscopy. The decolorization rate of RB solution under various
conditions is plotted in Fig. 4. References were made with different
reaction systems to compare the catalytic ability under different
conditions. Experimental results show that barely degradation of RB
can be detected when only cat.-Co or H,0, is added to the reaction
solution. Even in the reaction system of cat.-Co and H,O, coexisting in
the dark, the degradation rate is fairly low. By comparison, the
degradation rate increases dramatically with the combination of cat.-
Co and H,0, under the visible light. The characteristic absorbance at
553 nm of RB in aqueous solution decreased with increasing time of
visible light irradiation. The decoloration rate of RB reached 88.1%
after 180 min (3 h) of visible light irradiation. However, under the
same experimental conditions, when cat.-Zn was used as the catalyst,
the decoloration rate of RB only reached 47% (Fig. S6). The UV-vis
spectrum of compound 1 shows no absorption bands in the visible
region, while for compound 2, the spectrum shows obvious absorption
from 400-800 nm, which indicates the charge transfer between the

18a In

metal-organic fragments and the POM in compound 2 (Fig. S7).
other words, the Co-tpt coordination fragments in 2 acting as
sensitizer can be induced by visible light. On the other hand, the dye

RhB has strong absorption for visible light and its excited state has a

J. Name., 2012, 00, 1-3 | 3
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rather low redox potential which means, in our system, the dye RhB
itself can act as sensitizer.*® As a result, for cat.-Zn, combined with the
result of UV-vis spectrum, we can suppose, in the catalytic reaction
process, only one sensitizer exists: the dye RhB. While for cat.-Co,
during the whole catalytic reaction process, two sensitizers coexist:
the dye RhB and the Co-tpt coordination fragments, the latter can be
concluded from UV-vis spectrum of cat.-Co which shows absorption
in the visible region.** So, after 180 min (3 h) of visible light irradiation,
the decoloration rate of RB is much higher when cat.-Co was used as
the photocatalyst. A proposed photodegradation mechanism of
organic dyes is deduced that after excited by visible light, the excited
sensitizer injected electrons into the LUMO of the POM, and then
these electrons were trapped by H,O, to yield the oxidizing species
OH’, further, radicals attack organic substrates and degrade dye (Fig.
$8).® The interesting feature of cat.-Co lies in the fact that the
catalytic unit is decorated by light sensitizing fragments Co-tpt, also
called antenna, which strengths light absorption for the catalytic
center and thus increases the photocatalytic yield.
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Fig. 4 Decolorization rates of RB in different reaction systems. Initial
concentrations: RB (15 mg L"), cat.-Co (0.6 g L), H,0, (1.5 mmol L™). (a) RB/cat.-
Co; (b) RB/H,0,; (C) RB/cat.-Co/H,0,_dark; (d) RB/cat.-Co/H,0,_vis; Inset: UV-vis
spectra of the RB solutions after different times of visible light irradiation.

Conclusions

In conclusion, the strategy of using multidentate ligand and auxiliary
ligand is developed to construct the rare 2D organic-inorganic hybrid
materials formed by a building block of monovacant Keggin POM
bearing a disorder-free 3d transition metal with pendant organic
ligands. The special packing model and the strong m-m stacking
interactions result in a highly stable framework. Due to the tpt
molecules as an light harvesting antenna, the framework exhibit good
visible light photocatalytic activity in the degradation of rhodamine-B
(RB) in the presence of H,0,. The fabrication of 3D supramolecular
framework of this type may find more practical application in POM
chemistry and the related work is ongoing.
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Two novel hybrid materials assembled from transition metal mono-substituted Keggin
polyoxoanions with antenna molecule were obtained and show photocatalytic activity under

visible light.



