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Two new organic-inorganic hybrid solids containing Keggin ions and ruthenium complexes have been
synthesized and characterized by FT-IR, UV-vis, luminescence, X-ray, and TG analysis. In KNa[Ru(b-
pPY)3l2[HaW12040] - 8H,0 (1), the [Ru(bpy)s]** (bpy=2,2’-bipyridine) complex ions are located in
between the infinite one-dimensional double-chains formed by adjacent Keggin anions [HyW;5040]°~
linked through {KO,} and {NaOg} polyhedra, while in Kg[Ru(pzc)s][SiW;2040]e12H,0 (2), the
[Ru(pzc)s]~ (pzc=pyrazine-2-carboxylate) complex anions are confined by layered networks of the
[SiW12040]%~ clusters connected by potassium ions. Both compounds exhibit three-dimensional
frameworks through noncovalent interactions such as hydrogen bonds and anion---7 interactions.
Additionally, compound 1 shows strong luminescence at 604 nm in solid state at room temperature.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Polyoxometalates are attracting increasing interest as building
blocks of hybrid materials due to their large variety of applica-
tions such as catalysts [1], medicine[2], optoelectronics [3] and
magnetism [4]. In the last decade, the chemistry of organic-
inorganic hybrid solids containing polyoxotungstates has
expanded rapidly [5,6]. On the other hand, ruthenium polypyridyl
complexes have been extensively studied for their applications as
photosensitizer in solar energy conversion and photoelectronic
materials [7-10]. Recently, ruthenium heterocyclic ligand com-
plex-based building blocks have been used for the synthesis of
metal organic frameworks through the self-assembly [11]. How-
ever, the research on the interaction of polyoxotungstate anions
with ruthenium complexes is rarely explored, except for a few
reports on the interaction of polyoxotungstate anions with
sensitizer [Ru(bpy)s;]>* (bpy=2,2’-bipyridine) in solutions in the
last few years [12-16]. The fundamental structural study on the
single-phase crystalline hybrid solid materials containing both Ru
complex ions and polyoxotungstate anions remains particularly
challenging, although thin films containing [Ru(bpy)s]** and
polyoxotungstate anions [17], or solid compounds that built from
the [Ru(bpy)s]?>* and polyoxotungstate anion building units have
been reported [18]. It is clear that coordination or covalent bonds
have played a significant role in the self-assembly of solid
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materials. However, in recent years, noncovalent interactions
such as hydrogen bonding, m-m stacking, and anion-m interac-
tions have been recognized as important bonding forces in
forming supramolecular systems or metal organic framework
materials. We are interested in the synthesis and structural study
of transition metal complexes connected to polyoxotungstate
anions through different ways such as coordination bonds, hydro-
gen bonds and ionic bonds [19]. In this study, we report the
synthesis and characterization of two new hybrid solids KNa[Ru(b-
pY)sl2[HaW12040] - 8H,0 (1), and Ks[Ru(pzc)s]o[SiW12040] - 12H,0
(2) (pzc=pyrazine-2-carboxylate), in which ruthenium heterocyclic
ligand complexes are confined in space formed by one-/two-
dimensional networks of polyoxometalates.

2. Material and methods

The reactions were carried out under hydrothermal/solvothermal
autogenous pressure conditions using 3” x 4” Teflon bags in Teflon-
lined stainless steel autoclave reactors. All chemicals were obtained
from commercial sources and used without purification. No hazards
were encountered in the experimental work reported. Reagents
used were purchased from Alfa Aesar and used without further
purification. Ultraviolet-visible (UV-vis) diffuse reflectance spectra
were obtained using a Varian Cary 100 UV-vis spectrophotometer
equipped with the DRA-CA-30 diffuse reflectance accessory. The
infrared spectra were recorded from 400 to 4000 cm~! on a Perkin
Elmer Spectrum One FTIR spectrometer using KBr pellets. The
thermogravimetric data were collected on a TA Q5000 TGA
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instrument at a heating rate of 10 °C min~' from room temperature
to 800°C in an air atmosphere. Powder X-ray analysis was
performed on an ARL Thermo X-ray Diffraction instrument, and
there are good matches between simulated powder pattern and
experimental data. Fluorescence spectra were obtained by a Perkin
Elmer LS55 fluorescence spectrophotometer. The emission spectra
were obtained using an excitation wavelength of 450 nm.

2.1. Syntheses

KNa[Ru(bpy)s]2[HaW12040] - 8H,0 (1) was synthesized from a
mixture of bpy, 3Na,WO,-9WOs - H,0, RuCls-xH,0 and H,0. A
typical synthesis is as follows: 1.0 mL aqueous solution contain-
ing 0.020g RuCl;-xH,0 was mixed thoroughly with 1.0 mL
methanol solution containing bpy (0.029 g). Then, 3Na,WOy,-
9WOs3-H,0 (0.141 g) was added and the pH of the resulting
mixture was adjusted with 0.5 M KOH to approximately 10. The
reaction mixtures were transferred to a Teflon bag, sealed and
placed in a 45 mL reaction vessel, and heated in an oven at 90 °C
for 48 h. Orange crystals were filtered and dried in air (yield:
0.034 g). FT-IR spectrum (KBr, cm~!): 3492 (broad), 1624 (m),
1600 (m), 1445 (m), 1320 (w), 929 (s), 871 (s), 786 (s).

Ke[Ru(pzc)s]o[SiW12040] - 12H50 (2) was synthesized as fol-
lows: H4SiO4- 12WO05 - xH,0 (0.103 g), and 1.0 mL methanol solu-
tion of pzc (0.027 g) were added to 1.0 mL aqueous solution
containing 0.013 g RuCl3-xH;0. The pH of this mixture was
adjusted with 0.5M KOH to approximately 8.5. The reaction
mixtures were transferred to a Teflon bag, sealed and placed in
a 45 mL reaction vessel, and heated in an oven at 105 °C for 48 h.
Purple plate crystals were filtered and dried in air (yield: 0.053 g).
FT-IR spectrum (KBr, cm~1): 3457 (s), 1627 (s), 1606 (s), 1457 (w),
920 (s), 778 (s).

2.2. Crystallography

X-ray diffraction data for compounds 1 and 2 were collected
on a Nonius kappa CCD diffractometer. Raw data were integrated,
scaled, merged and corrected for Lorentz-polarization effects
using the HKL-SMN package [20]. The structure was solved by
direct methods and was refined against F? by weighted full-

Table 1
Crystal data and structure refinements for 1 and 2
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matrix least-squares calculations [21]. Non-hydrogen atoms were
refined with anisotropic displacement parameters. Atomic scat-
tering factors were taken from the International Tables for
Crystallography [22]. Crystal data and relevant details of the
structure determinations are summarized in Table 1 and selected
geometrical parameters are given in Table 2. The CCDC reference
numbers are 838,475 and 838,476.

3. Results and discussions
3.1. Crystal structure

3.1.1. Crystal structure of compound 1

The structure of 1 consists of Keggin cluster anion [H;W;5040]°~,
water molecules, and charge balancing cations [Ru(bpy)s]**, K+
and Na*. The classic [H;W;2040]®~ Keggin cluster ion [23] consists
of twelve WOg octahedra with the four types of W-0 bond lengths
in normal ranges (Table 2). The bond valence sum calculations
indicate oxygen atoms in the polyoxoanion have values between
1.60 and 2.06, normal for oxo groups, except that the triply bridging

Table 2
Selected bond lengths (A) in 1 and 2.

1 2
W-0, 1.704-1.744(6) 1.666-1.680(7)

W-0pc 1.842-2.016(5) 1.780-2.061(7)

W-0, 2.126-2.302(5) 2.345-2.434(7)

Si-0 1.60-1.66(1)

Ru(1)-N(2) 2.052(7) Ru(1)-N(3) 2.003(8)
Ru(1)-N(5) 2.057(7) Ru(1)-N(1) 2.007(8)
Ru(1)-N(1) 2.059(7) Ru(1)-N(5) 2.010(8)
Ru(1)-N(6) 2.061(7) Ru(1)-0(27) 2.085(7)
Ru(1)-N(4) 2.062(7) Ru(1)-0(23) 2.085(7)
Ru(1)-N(3) 2.067(6) Ru(1)-0(25) 2.091(7)
Ru(2)-N(9) 2.046(7)

Ru(2)-N(7) 2.050(7)

Ru(2)-N(8) 2.059(7)

Ru(2)-N(10) 2.059(7)

Ru(2)-N(11) 2.061(7)

Ru(2)-N(12) 2.067(7)

1 2
Formula CeoHesKN12NaO4gRU, W, Cy5H21NgK303;RUSiWg
Mol. wt. 4193.68 2146.9
Crystal system Monoclinic Triclinic
Space group P24/n PT
a(A) 13.5339(1) 11.886(2)
b (A) 26.9360(1) 12.206(2)
c (A) 23.7255(1) 16.128(3)
o (deg.) 74.40(3)
B (deg.) 92.3155(2) 89.43(3)
7 (deg.) 61.46(3)
Vv (A3) 8642.05(8) 1960.2(7)
VA 4 2
p (Mg/m?) 3.223 3.657
Abs. coeff. (mm~1) 16.39 18.36
Abs. correction Multi-scan Multi-scan
Wavelength (A) 0.7103 0.7103
Temperature (K) 92.0(2) 92.0(2)
Reflections collected/unique [Rin] 19840 [0.125] 38,993[0.0467]
Goodness-of-fit (F?) 1.068 1.060

Final R indices [I > 20(I)]
R indices (all data)

R,=0.0346, wR,=0.0778
R,=0.0507, wR,=0.0856

R,=0.0424, wR,=0.115
R,=0.0508, WR,=0.120
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Fig. 1. Ball-and-stick representation of the one-dimensional double-chain in 1.

Table 3
Hydrogen-bond geometry (A, deg.) for compound 1.

D-H.--A d(D-H) d(H---A) d(D---A) £ DHA
C(3)-H(3)---0(19)#1 0.95 2.39 3.10(1) 131
C(11)-H(11)---0(3)#2 0.95 2.39 3.30(1) 160
C(17)-H(17)---0(5)#3 0.95 2,51 3.12(1) 122
C(20)-H(20)---0(1) 0.95 2.19 3.10(1) 161
C(24)-H(24)---0(40) #4 0.95 2.49 3.28(1) 140
C(27)-H(27)---0(32) #4 0.95 2.52 3.18(1) 127
C(34)-H(34)---0(15) 0.95 2.54 3.14(1) 121
C(37)-H(37)---0(2) 0.95 2.40 3.07(1) 127
C(40)-H(40)--0(21) #4 0.95 2.54 3.28(1) 135
C(44)-H(44)---0(29) #5 0.95 2.43 3.31(1) 155
C(47)-H(47)---0(16) #5 0.95 2.54 3.27(1) 134
C(50)-H(50)--O(20)#4 0.95 242 3.18(1) 136
C(53)-H(53)---O(18)#6 0.95 2.45 3.38(1) 166

D=donor, A=acceptor.Symmetry transformations used to generate equivalent
atoms: #1: 1—-x,1—-y, 1—z; #2: 1/2+x,3/2—y, -1/2+z; #3: 1+x,y, z, #4, 12 —X,
1/2+4y, 3/2—z; #5: 3]12—x, 1/2+Yy, 3/2—z; #6: 1/2+X, 3/2—y,1[2+z.

0(13) and O(26) atoms have a sum of 1.14/1.15 [24]. This indicates
that these two oxygen atoms should be protonated and that the
cluster unit in 1 should be [H;W;5040]%~ [25].

The remarkable structural feature of 1 is that adjacent Keggin
anions are linked through {KO-} and {NaOg} polyhedra to form an
infinite one-dimensional double-chain parallel to the a-axis as shown
in Fig. 1. There are one crystallographically unique sodium site
(Na(1)) and one potassium site (K(1)). K(1) is seven coordinated
(K---0=2.687-3.116(8) A) by two water molecules, one terminal
oxo group of a Keggin ion, and four bridging oxo groups from another
Keggin ion. The sodium ion Na(1) is six coordinated (Na---0=2.29-
2.54(1) A) to two bridging oxo groups of a Keggin ion and four water
molecules. The double chain can also be viewed as: two Keggin ions
are liked by two K* ions to form a dimer, and the neighboring
dimers are linked by sodium ions to form infinite double chains
along the a-axis. The double chains are arranged into a layer parallel
to the ac plane, with [Ru(bpy)s]** located in between the layers.

There are extensive CH.--H hydrogen bonds between
[Ru(bpy)s]>* and [HoW12040]®~ in 1. Some of the CH---O interac-
tions are listed in Table 3. These interactions involve both terminal
and bridged oxo groups of Keggin ions. Each [HyW;2040]® is
surrounded by eight [Ru(bpy);]?>* ions, which are located on one
side of the anion. The other side of the [H;W;5040]°~ connected to
other four units of [H,W;,04]°~ by K or Na ions. Each
[Ru(bpy)s]** ions of Ru(1) connected to four [HyW;5040]%~ units
by CH---O contacts (Fig. 2a), while the Each [Ru(bpy)s;]** ions of
Ru(2) connects to five [HoW;5040]®~ anions (Fig. 2b).

Fig. 2. The C-H-.-O hydrogen bonding in 1: (a) the complex ion [Ru(bpy)s]**
containing Ru(2) linked to four Keggin units through hydrogen bonding and (b)
the complex ion [Ru(bpy)s]*>* containing Ru(1) connected to five Keggin units
through hydrogen bonding.
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There is an unusual interaction between W=0 groups of the
POM and the mt-system of bpy ligands of the [Ru(bpy)s]** complex
ion (Fig. 3). The terminal oxygen atoms (O(1), O(3), 0(22), and 0(23))
are oriented toward the m-faces of bpy ligands, with the separation
distances between the terminal oxygen atoms and the centroid of
the bpy ring range from 2.847 to 3.210(7) A. The angles of the
O. - -centroid axis to the plane of the different pyridine rings are
74.7 for O(1), 83.5 for O(3) and 81.4 for O(23). This indicates a
significant anion---7t interaction between Keggin anions and
[Ru(bpy)s]**, which is responsible for the formation and strengthen-
ing of the 3D assembly. The existence of anion---7 interactions has
been observed in some compounds recently [26]. Theoretical study
suggests m—electron deficient aromatic rings such as heteroaromatics
1,3,5-triazine are energetically favorable to form anion---7 interac-
tions [27]. The [H;W;2040]°~ Keggin cluster ions and [Ru(bpy)s]*>*
ions form 1D chains through the anion---7 interaction.

In the structure of 1, there are two unique Ru(ll) sites, each of
which showing a distorted octahedral coordination geometry and
bonding to three bpy ligands with the Ru-N bond lengths in the
range of 2.047(2)-2.058(2) A. Those bond distances are comparable
to the reported values and in normal range [28]. The two Ru
complexes are enantiomers. Each enantiomer is packed into columns
along the a-axis (Fig. 4). Adjacent [Ru(bpy);]** units within a column
show no direct interactions with the Ru-Ru distance of 13.53 A (one
unit length of the a). However, Ru complexes from neighboring
columns form puckered layers along the ac plane through multiple
aryl embraces [29], with nearest neighboring Ru-Ru distance at
7.995-8.832 A. Each double chain of Keggin ions is surrounded by
eight rows of [Ru(bpy)s]>** complex ions. The negative charge on
a-[HoW12040]~ is balanced by K*, Na* and [Ru(bpy)s;]>*. The
oxidation state of ruthenium is 2+ in this compound as evident from
the orange red color and the UV-vis spectra (see below). Normally,
[Ru(bpy)s]** complex containing compound has dark green color
[30]. Thus, the ruthenium(Ill) has been reduced to ruthenium(Il) by
methanol under sovolthermal conditions.

3.1.2. Crystal structure of compound 2

The single-crystal structure determination of 2 reveals that its
asymmetric unit consists of one half Keggin anion [SiW;2040]* ", one
[Ru(pzc)s]~ anion, three K* cation, and six lattice water molecules.

a

Fig. 3. The anion---m interactions in 1: (a) the bpy ligands of complex ion
[Ru(bpy)s]** containing Ru(1) form three anion---7 interactions with two Keggin
units. (b) The bpy ligands of complex ion [Ru(bpy)s]>* containing Ru(2) Form one
anion---7 interaction with one Keggin unit.

Fig. 4. The packing view of the [Ru(bpy)s;]?* in compound 1. The Ru-Ru distance

of adjacent [Ru(bpy)s]?>* units within a column is of 13.53 A.

Fig. 5. The complex ion [Ru(pzc);]~ in compound 2.

At the center of the [SiW;504]* anion, the SiO, tetrahedron is
disordered over two positions related by an inversion center at the
site of Si atom (Si-O distances are in the range of 1.60(1)-1.66(1) A).
W-0 distances are similar to those of 1. The bond valence calcula-
tion for W atoms showed that their oxidation state is +6. An
interesting feature of compound 2 is that it contains an anionic Ru
complex [Ru(pzc)s]~ (Fig. 5). In this complex, the Ru(Il) ion
coordinates to three nitrogen atoms and three oxygen atoms from
three pzc ligands and forms distorted octahedral coordination
geometry {RuOsN3}. All the three oxygen atoms and three nitrogen
atoms are in the facial positions. The O donor of one pzc is trans to
the N donor of the other, with the trans angles around 170°. Bond
length for Ru-N is in the range of 2.003(8)-2.010(8) A and Ru-O
bond lengths (2.085(7) x 2 and 2.091(7) A). The Ru-N bond lengths
are shorter than those in [Ru(bpy)s;]>*, indicating strong (dm)Ru" —
(pmt*)pyrazine(pzc) back-donation. To the best of our knowledge, no
ruthenium complex of [Ru(pzc)s;]~ has been reported so far.

The striking structural feature of 2 is that the [SiW;5040]%~
clusters are linked through K(2) ions into a two-dimensional
network parallel to the ab plane (Fig. 6). Each K* ion bonds
to one water molecule and three terminal oxygen atoms
from three different clusters. The K-O distance is in the range of
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2.790-2.871 A. The [Ru(pzc)s]~ anions are located in between the
layers formed by the cluster ions and K™ cations. Two [Ru(pzc)s]~
units linked by two K(1) ions and two K(3) ions to form a dimer
{K4[Ru(pzc)s]>}. The K(1) ion bonds to two oxygen atoms from
different pzc ligands of a Ru(pzc)s]~ unit, and K(3) ion bonds to
two oxygen atoms from one pzc of another Ru(pzc)s]~ unit. The
K™ cations of the dimer also connected to clusters through
terminal oxygen atoms of the cluster. Thus the dimers link the
layers into a three-dimensional framework. The crystal structure
of 2 exhibits weak C-H---O interactions (C(4)---O(13) and
C(6)---0(16)), and anion---7 interactions (O(2)-pzc 3.40(1) and
0(16)-pzc 3.24(1) A).

3.2. UV-vis diffuse reflectance spectra

Fig. 7 shows the UV-vis diffuse reflectance spectra of com-
pounds 1 and 2. Compound 1 exhibits the characteristic metal-to-
ligand charge transfer (MLCT) band of [Ru(bpy)s;]** at 453 nm
[31], and the m-m* transition of bpy ligand at about 290 nm,
which is overlapped with the band of ligand-to-metal charge-
transfer (LMCT) transitions for W(VI) (O—-W) [32]. The MLCT
band further confirmed the existence of Ru(ll) in 1 and the
reduction of Ru(Ill) to Ru(Il) under the synthetic condition. The
ZAmax Of MLCT band of compound 1 shows almost non-shift when
compared with that of [Ru(bpy)s;]>* in aqueous solution (453 nm).
When [Ru(bpy)s]** is included in solids such as zeolites or
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Fig. 6. The two-dimensional network formed by [SiW;,040]*~ clusters and
potassium ions in compound 2.
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Fig. 7. The UV/vis spectrum of compounds 1 and 2.

zirconium phosphate, the A, of its MLCT band is affected by its
concentration in the solids [33]. A red shift is usually observed with
increase of the concentration or loading of [Ru(bpy)s]>*. The red-
shift could be explained by the interaction between [Ru(bpy)s]**
ions. In the crystal structure of 1, the interaction between
[Ru(bpy)s]*>* ions are observed as multiple aryl embraces between
bpy ligands, and the Ru-Ru distance is close to 8 A. This interaction
could prevent a red-shift of the MLCT band.

The UV-vis spectrum of compound 2 exhibits a broad band
centered at 519 nm in visible range, which could be assigned to
metal-to-ligand charge transfer (MLCT) band of [Ru(pzc)s]~. The
bands at UV region are due to the (LMCT) transitions for W(VI)
(0—W) and the m-7t* transition of the pzc ligand.

33 IR

The IR spectrum of compound 1 shows a strong band around
3491 cm~ ! due to the presence of coordinated water molecules. The
strong bands at 929, 871, and 786 cm~' (W-0) are typical of
[HoW12040]%~ [34]. Bands at 1320, 1445, 1624 cm ™! are character-
istic absorption of bpy ligands.

The strong and broad peak around 3457 cm~! in the IR spectrum
of compound 2 can be attributed to the presence of coordinated
water molecules. The strong band at 1627 cm ™~ is assignable to the
antisymmetric C=0 stretching vibration of the coordinated carbox-
ylate group, while the strong band at 788 cm~! (Si-O) and
920 cm~! (W-0) are typical of [SiW;2040]*~ [35].

3.4. TGA

Thermogravimetric analysis of compound 1 exhibits a 3.9%
weight loss in the range 40-370 °C, followed by 21.8% weight loss
between 370 and 600 °C. These correspond to the loss of water
molecules (calcd. 3.87%) and bpy (calcd. 22.34%). Compound 2
shows a similar thermogravimtric behavior: a weight loss of 5.0%
up to 200 °C was observed, which can be attributed to the dissocia-
tion of crystalline water molecules (calcd. 5.04%). The weight loss of
15.9% at the range of 200-600 °C is corresponding to the loss of pzc
ligands (calcd. 17.20%).

3.5. Luminescence spectra
The luminescence spectra of compound 1 as a suspension in
water are shown in Fig. 8. Upon excitation at the Az (450 nm) of

the MLCT band of the [Ru(bpy)s]**, an emission centered around

300

200

Intensity

100

0 n " " " "
500 550 600 650 700 750 800
wavelength (nm)

Fig. 8. The luminescence spectra of compound 1 excited at 450 nm.
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604 nm was observed, which can be attributed to the emission from
the triplet MLCT excited state (*MLCT) to the ground state [36]. This
emission shows a slight red-shift when compared with that in
aqueous solution (around 600 nm at 293 K) [37], whereas no shift
was observed in the absorption spectra. Normally, [Ru(bpy)s]>*
emits light of shorter wavelengths in a rigid matrix than in a fluid
solution due to the Franck-Condon (unrelaxed) excited state is not
completely stabilized or relaxed within its lifetime [38]. The red shift
of in compound 1 could be due to the interactions between POM and
[Ru(bpy)s]**, which might destabilize the ground state of
[Ru(bpy)s]**. No luminescence has been observed in visible range
for compound 2. The possible reason for this is that pzc is a weaker
field ligand than bpy, and this places the metal-centered antibonding
eg orbitals lower in energy than the ligand n* orbitals. As a result, the
singlet MLCT state of [Ru(pzc)s]'~ crossovers to a ligand field (LF)
state, not a >MLCT state via intersystem crossing as in [Ru(bpy)s]**.
Thus the singlet MLCT states of [Ru(pzc)s]'~ deplete quickly via LF
states and no luminescence can be detected.

4. Summary

We have made two new organic-inorganic compounds, in which
the Ru complexes are immobilized with 1D or 2D polyoxometalate
networks. In 1, the [Ru(bpy)s;]** complexes form layered network
through multiple aryl embraces, and these layers are separated by
1D chains of Keggin ions. In 2, the [Ru(pzc);]~ complex anions are
located in between the layers formed by the Keggin cluster ions and
K* cations. In both compounds 1 and 2, the noncovalent interac-
tions between Keggin ions and the Ru complexes connected the two
units into three-dimensional networks. The MLCT band of
[Ru(bpy)s]>* in 1 is not affected by these noncovalent interactions,
while its luminescence is slightly affected. The [Ru(bpy);]** and its
derivatives show great potential applications in the fields of artificial
photosynthesis, photovoltaics, photocatalysis and photoinduced
water splitting due to interesting photochemical properties, and
have been extensively investigated. We expect that modifying the
ligands of [Ru(bpy);]?>* will allow the synthesis of solid materials
containing Ru complexes linked to POM through coordination bonds
and these materials with enhanced photochemical properties.
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available free of charge online.
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