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a b s t r a c t

Self-assembly of the robust Keggin cluster [SiW12O40]4� and metalloporphyrin building blocks
[M(TpyPHn)]n+ under hydrothermal conditions gives two new organic–inorganic hybrid solid compounds.
The hydrothermal reactions of H4SiO4�12WO3�xH2O, Cu(NO3)2�2.5H2O, meso-tetra(4-pyridyl)porphine
(H2TpyP) and H2O at 200 �C for 72 h yield a solid compound [Cu(TpyPH3)]2[Cu(TpyPH2)][Si-
W12O40]2�8H2O (1). Using ZnCl2 instead of Cu(NO3)2�2.5H2O in the syntheses leads to the crystallization
of a compound [Zn(TpyPH4)(H2O)][SiW12O40]�3H2O (2). Both compounds consist of discrete anionic a-
[SiW12O40]4� clusters, cationic metalloporphyrins and crystalline water molecules. Hydrogen bonds, p–
p aromatic interactions and CH���p interactions in these two new hybrid solids lead to the formation of
3D framework structures. Pseudo-hexagonal channels are formed by polyoxometalates and are occupied
by one-dimensional metalloporphyrin arrays. Both compounds were characterized by single crystal X-
ray, UV–Vis, IR spectroscopy and thermogravimetric analysis.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Polyoxometalates (POM) are well-known for their great struc-
tural diversity and wide range of applications [1]. The photocat-
alytic properties of POMs have received specific attention due to
their similarities to nano-sized TiO2: i.e. rigid framework struc-
tures and abilities to accept and donate electrons, and their
photocatalytic properties have been studied for many types of
reactions [2,3]. However, POMs show low visible light photocat-
alytic activity and absorb mostly UV light which accounts for
only a small fraction of solar energy. Therefore, approaches for
the design of efficient heterogeneous POM-based photocatalytic
materials have been developed by the association of ruthenium
ion or its complexes with POMs [4]. We are interested in the
combination of metalloporphyrin complexes with POMs in solid
state to form materials with functionalized properties, especially
photochemical properties. Since porphyrins have tunable photo-
physical and chemical properties, metalloporphyrins with
different functionalities have been designed and can be used as
building blocks in new hybrid solids [5]. However, hybrids solids
containing both metalloporphyrins and POMs have been are
ll rights reserved.

: +1 270 7455361.
rarely reported [6–11]. Most of the known hybrid solids contain-
ing both metalloporphyrins and POMs are involved in the
interactions via covalent or coordination bonds between metallo-
porphyrin and POMs. Noncovalent interactions such as hydrogen
bonds, CH���p and p–p are seldom studied for their role in the
self-organization of metalloporphyrins with POMs.

In this report, we present our study on the self-assembly of the
nano-sized Keggin ion [SiW12O40]4� with metalloporphyrin com-
plexes ([M(TpyP)], M = Zn, Cu; H2TpyP = meso-tetra(4-pyridyl)
porphine) and the interactions between the Keggin clusters and
metalloporphyrin in solid state. Hydrogen bonds, CH���p and p–p
interactions lead to the formation of two new compounds:
[Cu(TpyPH3)]2[Cu(TpyPH2)][SiW12O40]2�8H2O (1) and [Zn(TpyPH4)
(H2O)][SiW12O40]�3H2O (2), with 3D networks.
2. Experimental

The reactions were carried out under hydrothermal autogenous
pressure conditions using 300 � 400 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 included H4SiO4�12WO3�xH2O (Alfa Aesar), meso-tetra
(4-pyridyl)porphine (Frontier Scientific), Cu(NO3)2�2.5H2O
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Table 1
Crystal data and structure refinements for 1–2.

1 2

Formula C120H96N24Cu3O88Si2W24 C40H36N8ZnO44SiW12

Molecular weight 7941.4 3632.4
Crystal system triclinic triclinic
Space group P�1 P�1
a (Å) 15.7454(1) 12.0354(2)
b (Å) 16.2062(1) 15.4881(3)
b (Å) 17.8423(2) 19.0080(4)
a (�) 97.9245(4) 68.920(1)
b (�) 94.9581(4) 89.071(1)
c (�) 114.0847(4) 76.564(1)
V (Å3) 4065.24(6) 3206.7(1)
Z 1 1
q (Mg m3) 3.192 3.764
l (mm�1) 17.39 21.92
Wavelength (Å) 0.71073 0.71073
Temperature (K) 90.0(2) 90.0(2)
Reflections collected/

unique (Rint)
91558/18634 68763/14656

Goodness-of-fit(F2) 1.017 0.975
Final R indices [I > 2r(I)] R1 = 0.0390, wR2=0.0867 R1=0.0306,

wR2=0.0663
R indices (all data) R1=0.0696, wR2=0.0981 R1=0.0414,

wR2=0.0706

Table 2
Selected interatomic distances (Å) in compounds [Cu(TpyPH3)]2[Cu(TpyPH2)]
[SiW12O40]2�8H2O (1) and [Zn(TpyPH4)(H2O)][SiW12O40]�3H2O (2).

Compound 1 Compound 2

Range Average Range Average
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(Alfa Aesar), ZnCl2 (Alfa Aesar). UV–Vis diffusion reflectance spectra
were recorded on 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�1 on a
Perkin–Elmer Spectrum One FTIR spectrometer using KBr pellets.
The thermogravimetric data were collected on a TA Q5000 TGA
instrument at a heating rate of 10 �C min�1 from room temperature
to 800 �C in an air atmosphere.

Compound 1: [Cu(TpyPH3)]2[Cu(TpyPH2)][SiW12O40]2�8H2O was
prepared hydrothermally from a mixture of H2TpyP, H4SiO4�
12WO3�xH2O, Cu(NO3)2�2.5H2O and H2O. A typical synthesis is as
follow: 0.052 g H2TpyP was dissolved in 1.30 mL H2O by adjusting
the pH to 0.9 using 2 M H2SO4. To this solution, H4SiO4�
12WO3�xH2O (0.162 g) and Cu(NO3)2�2.5H2O (0.019 g) were added.
The pH of the resulting solution was adjusted with 2 M KOH to
approximately 1.4, when no more purple precipitate formed. The
reaction mixtures were transferred to a Teflon bag, sealed and
placed in a 45 mL reaction vessel, and heated in an oven at
200 �C for 72 h. Dark red purple crystals were filtered and dried
in air (yield: 0.15 g, 1.9 � 10�5 mol; 70% based on Cu). FT-IR
spectrum (KBr, cm�1): 3250 (broad), 3126, 3099, 3072, 1633,
1542, 1496, 971, 923, 886, 791.

Compound 2: [Zn(TpyPH4)(H2O)][SiW12O40]�3H2O was prepared
using a similar method from a mixture of meso-tetra(4-pyri-
dyl)porphine (0.052 g), H4SiO4�12WO3�xH2O (0.489 g), and ZnCl2

(0.010 g). The pH of the resulting mixture was adjusted with 2 M
KOH to �1.4. The reaction mixtures were heated in an oven at
200 �C for 72 h. Dark red purple crystals were filtered and dried
in air (yield: 0.13 g, 3.6 � 10�5 mol; 49% based on Zn). FT-IR spec-
trum (KBr, cm�1): 3225, 3153, 3090, 1629, 1526, 1495, 973, 923,
883, 791.
W–Ot 1.690(6)–1.716(6) 1.706 1.694(6)–1.718(6) 1.704
W–Ob 1.897(6)–1.980(6) 1.926 1.888(6)–1.949(6) 1.923
W–Oc 1.865(6)–1.943(6) 1.908 1.872(6)–1.942(6) 1.908
W–Oa 2.341(6)–2.372(6) 2.356 2.334(6)–2.368(6) 2.349
Cu(1)–N 1.990(7)–2.010(7) 1.999
Cu(2)–N 2.008(8)–2.019(8) 2.014
Zn(1)–N 2.048(6)–2.079(6) 2.060
Si–O 1.612(6)–1.628(6) 1.620 1.614(6)–1.628(6) 1.623
2.1. Crystallography

X-ray diffraction data for compounds 1 and 2 were collected at
90.0(2) K on a Nonius kappa CCD diffractometer. Raw data were
integrated, scaled, merged and corrected for Lorentz-polarization
effects using the HKL-SMN package [12]. The structure was solved
by direct methods and was refined against F2 by weighted full-ma-
trix least-squares calculations [13]. Hydrogen atoms of TpyP were
placed at calculated positions and refined using a riding model ex-
cept for the hydrogen atoms on nitrogen of pyridyl groups in 2. No
attempts were made to locate hydrogen atoms of water molecules
from difference maps. Non-hydrogen atoms were refined with
anisotropic displacement parameters. Atomic scattering factors
were taken from the International Tables for Crystallography
[14]. Crystal data and relevant details of the structure determina-
tions are summarized in Table 1 and selected geometrical param-
eters are given in Table 2.
3. Results and discussions

The acidity of the initial reaction mixtures is critical for the
crystallization of compounds 1 and 2. When the pH of the initial
reaction mixture is greater than 2, these two compounds cannot
be crystallized. This is because H2TpyP is insoluble in aqueous
solution when pH is higher than about 2.5. Typically, the pH of
the initial reaction mixture is 1.9, at which the pyridyl nitrogen
atoms of H2TpyP are expected to be bonded to hydrogen ions
[15]. With the presence of metal ions of Cu and Zn, [M(TpyPHn)]n+

are expected to form in the solution. On the other hand, the Keggin
ion in H4SiW12O40 exists as [SiW12O40]4� in the solution [16]. The
opposite charges on [SiW12O40]4� and [M(TpyHn)]n+, and hydrogen
bond interactions play an important role in formation of these two
compounds. The products were not soluble in common solvents
such as water and methanol.

An X-ray diffraction analysis on a single crystal of compound 1
revealed its structure consists of a-[SiW12O40]4� cluster anions,
lattice water molecules, and metalloporphyrin complexes. The
a-[SiW12O40]4� Keggin anion consists of four W3O13 groups, in
which the three distorted WO6 octahedra share a common oxygen
atom [17]. The central Si atom coordinates to four common oxygen
atoms from four W3O13 groups to form the slightly distorted SiO4

tetrahedron with Si–O bond lengths in the range of 1.612(6)–
1.628(6) Å. There are four types of oxygen atoms (Table 2): termi-
nal oxygen atoms Ot (W–Ot; 1.690(6)–1.716(6) Å); edge-bridging
oxygen atoms Oc shared by two W atoms in the same W3O13 group
(W–Oc; 1.897(6)–1.980(6) Å); corner-bridging oxygen atoms Ob

shared by two W atoms from different W3O13 groups (W–Ob;
1.865(6)–1.943(6) Å), and central oxygen atoms Oa shared by three
W atoms and one Si atom (W–Oa; 2.341(6)–2.372(6) Å). The Keggin
ions are arranged in one-dimensional array along the c direction
with the Si–Si distance of adjacent clusters at ca. 17.842(3) Å,
which is much larger than the size of the cluster (�1 nm). The
space between these Keggin clusters of the one-dimensional array
is occupied by water molecules. The one-dimensional arrays of the
anionic clusters are arranged such that pseudo hexagonal channels
are formed (Fig. 1). The channels are occupied by copper metallo-
porphyrin complexes.



Fig. 1. (a) A representation of the pseudo hexagonal channels filled with 1D arrays of metalloporphyrins in 1; (b) the one dimensional array of metalloporphyrins in 1.

Fig. 2. A ball-and-stick representation of CH���p interaction (H-ring centroid
distances: 2.44 Å, 2.75 Å) in 1.

Table 3
Geometrical parameters of selected hydrogen bonds (Å, �) for compound 1.

D–H���A d(D–H) d(H���A) d(D���A) \DHA

C(7)–H(7A)���O(37) 0.95 2.57 3.51 168
C(11)–H(11A)���O(6) 0.95 2.57 2.98 106
C(13)–H(13A)���O(22) 0.95 2.55 2.91 102
C(18)–H(18A)���O(18) 0.95 2.55 3.49 169
C(23)–H(23A)���O(8) 0.95 2.21 2.88 127
C(28)–H(28A)���O(26) 0.95 2.21 3.14 165
C(30)–H(30A)���O(22) 0.95 2.47 3.23 143
C(35)–H(35A)���O(7) 0.95 2.54 3.22 129
C(41)–H(41A)���O(37) 0.95 2.45 3.33 154
O(2w)–H. . .N(8) – – 2.96 –
O(3w)–H. . .N(11) – – 2.61 –
N(10)–H ���O(4) – – 2.73 –
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Adjacent copper metalloporphyrin complexes in 1 are stacked
to form staircase-like one-dimensional arrays through p–p
aromatic interactions and CH���p interactions (Fig. 2). There are
two unique copper sites in 1, both display a square planar {CuN4}
coordination geometry (Cu–N: 1.990(7)–2.019(8) Å). These bond
lengths are comparable to those in [Cu(TpyP)Cu2Mo3O11] [11b].
Two parallel metalloporphyrin complexes form a dimer through
p–p aromatic interactions (with the face-to-face distance of ca.
3.83 Å). The 1D copper metalloporphyrin array is composed of
[Cu(TpyPH3)]2

6+ dimers and [Cu(TpyPH2)]2+ monomers alterna-
tively. These two types of copper metalloporphyrins are not
parallel to each other (dihedral angle: 13.8�). But the C–H group
of the pyridyl group from [Cu(TpyPH2)]2+ form CH���p interactions
(H-ring centroid distances: 2.44 Å, 2.75 Å) with the p-system of a
chelate ring formed by copper [Cu(TpyPH3)]2

6+ [18].
The 1D arrays of the metalloprophyrins are further extended

into 3D frameworks via the intermolecular C–H���O hydrogen
bonds between the Keggin anions and aromatic C–H groups (C���O
2.88(1)–3.51(1) Å, Table 3) [19]. Nitrogen atoms of pyridyl groups
in the metalloprophyrins form two hydrogen bonds with two oxy-
gen atoms of Keggin units [SiW12O40]4� (N9���O19: 2.64(1) Å;
N10���O4: 2.73(1) Å, N11���O3w, 2.61(1) Å), and also with water
molecule (N8���O2w: 2.96(1) Å).

In forming metalloporphyrin complexes, copper(II) generally
has four-coordination preference [11], while zinc prefers five-coor-
dinated square pyramidal geometry [20]. To investigate the
influence of metal ions on the packing of metalloporphyrins within
channels of POMs, Zn(II) ion was used in the synthesis. Using ZnCl2

instead of Cu(NO3)2�2.5H2O in the syntheses led to the crystalliza-
tion of compound [Zn(TpyPH4)(H2O)][SiW12O40]�3H2O (2). Single
crystal X-ray analysis on the structure of 2 reveals that it consists
of anionic a-[SiW12O40]4� clusters, cationic [Zn(TpyPH4)(H2O)]4+

and crystalline water molecules. The Keggin ion a-[SiW12O40]4�

of 2 is almost identical to that of 1 (Table 2). Similar to compound
1, a-[SiW12O40]4� clusters form pseudo hexagonal channels with
1D array of p–p stacked [Zn(TpyPH4)(H2O)]4+ metalloporphyrin
arrays occupying the channels (Fig. 3). However, in 2, there is only
one unique zinc site, which exhibits square-pyramidal coordina-
tion geometry with a water molecule at the axial position (Zn–N
2.048(6)–2.079(6), Zn–O: 2.137(6) Å). The zinc atom is located
slightly above the basal plane (0.253(1) Å from the basal plane).
The p–p aromatic stacking and CH���p interactions between
[Zn(TpyPH4)(H2O)]4+ units led to the formation of zinc metallopor-



Fig. 4. A ball-and-stick representation of CH���p interaction (H-ring centroid
distances: 3.01 Å, 3.58 Å) in 2.
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phyrin dimers with the two square pyramidal {ZnN4O} units
packed back to back.

Stronger CH���p (H-ring centroid distances: 2.49 Å, 2.86 Å) and
p–p aromatic stacking interactions (face-to-face distance of ca.
3.94 Å) between zinc metalloporphyrins within the dimer than
those in adjacent dimers are observed (Fig. 4), mainly because of
the hindrance of coordinated water molecules. Two nitrogen atoms
of the four pyridyl groups in [Zn(TpyPH4)(H2O)]4+ forms hydrogen
bonds with two oxygen atoms of the anionic cluster (N8���O39,
2.79 Å; N2���O4, 2.90 Å, see Table 4). The rest two nitrogen atoms
form hydrogen bonds with water molecules. Again, the 1-D arrays
of the prophyrins are further extended into 3-D frameworks via the
intermolecular C–H���O hydrogen bonds between the cluster
oxygen atoms and aromatic C–H groups (C���O 3.10(1)–3.38(1) Å).

The p-stacking interaction energy of metalloporphyrin aggrega-
tions is about the same of classic hydrogen bonds [19]. The struc-
tures of compounds 1 and 2 indicate that the noncovalent
interactions between POMs and metalloporphrins play an impor-
tant role in the self-assembly of these frameworks. The results
suggest that 3-D structures are due to both H-bonds along the por-
phyrin plane, p-stacking interactions in the axial direction and
CH���p interactions [21]. Our results also showed that weak hydro-
gen bonds such as CH���O also play a significant role in the crystal
packing and crystal engineering [22].

Since the H4SiW12O40 is a very strong acid (stronger than
H2SO4) [23], it is reasonable to expect the a-[SiW12O40]4� ion does
not bond to any hydrogen ion in the solid crystallized from the
acidic reaction mixtures (pH �2). Although, there are no reports
in the literature on the pKa values for the protonation of the
peripheral pyridyl moieties in TpyP, the pKa of TpyP for the first
protonation step of the inner nitrogen atoms of the pyrrole ring
is measured to be 1.8 [24]. Moreover, in acidic solution the periph-
eral pyridyl nitrogen will be protonated first [25]. Thus the periph-
eral pyridyl hydrogen is weaker than H4SiW12O40 and would be
protonated before [SiW12O40]4�. Bond valence sum calculations
show all tungsten atoms are at their highest oxidation states (6+)
in 1 and 2 [26]. To balance the negative charges on a-[SiW12O40]4�,
Fig. 3. (a) Polyhedral and space-filling representation of the pseudo hexagonal channel
metalloporphyrins in 2.
pyridyl groups of the metalloporphyrin complexes need to be
protonated. In fact, under the reaction conditions, this is very likely
to happen. We cannot determine the H+ ions on the pyridyl groups
for 1 from its crystal data, and we can locate only two H+ ions on
nitrogen atoms of pyridyl groups for 2. The pyridyl groups in 1
are partially protonated and all pyridyl groups are protonated in
s filled with 1D arrays of metalloporphyrins in 2; (b) the one dimensional array of



Table 4
Geometrical parameters of selected hydrogen bonds (Å, �) for compound 2.

D–H���A d(D–H) d(H���A) d(D���A) \DHA

N8–H1PY���O39 0.69 2.28 2.7933 132
N2–H2PY���O4 0.8 2.38 2.9026 124
N2–H2PY���O7 0.8 2.41 3.1138 147
N2–H2PY���O9 0.8 2.35 2.9925 138
C59–H59A���O27 0.93 2.47 3.0988 125
C60–H60A���O37 0.93 2.4 3.1167 134
C69–H69A���O2W 0.93 2.59 3.2191 125
C70–H70A���O29 0.93 2.53 3.2594 135
C71–H71A���O9 0.93 2.33 3.1042 141
C73–H73A���O29 0.93 2.36 3.2865 172
C86–H86A���O37 0.93 2.51 3.172 128
C90–H90A���O31 0.93 2.58 3.3798 144
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2. The protonation of pyridyl groups is also confirmed by IR
spectra.

Fig. 5 displays the UV–Vis diffuse reflectance spectra of H2TpyP,
1 and 2. The diffuse reflectance spectrum of H2TpyP displays the
strong Soret band (or B band) at 340 nm and four Q bands at
514, 555, 587, and 644 nm. This Soret band is consistent with the
calculated value (344 nm) without considering the solvent effects
[27]. The blue shift of the Soret band for solid H2TpyP in compare
with the Soret band of H2TpyP in aqueous solution (420 nm) [28]
can be attributed to the lack of solvent effects in solids. The Q
bands of solid H2TpyP do not change significantly in compare with
those of H2TpyP in solutions. The diffuse reflectance spectrum of 1
shows a broad Soret band with maximum at around 384 nm, and
three Q bands peaks at 481, 548 and 589 nm. Similarly, 2 shows
a broad Soret band at around 398 nm and three Q bands peaks at
479, 558 and 603 nm. The red shift of the Soret bands in 1 and 2
in compare with those of solid H2TpyP is because of the coordina-
tion of metal ions to form the complexes [29]. The most notable
features of the spectra of 1 and 2 are that the Soret band maxima
are blue shifted with respect to ZnTpyP (438 nm) and CuTpyP
(416 nm). Such behavior could be attributed to the formation of
H-aggregates (face-to-face stacking) between porphyrin molecules
in crystal structures [30]. A blue-shift of Soret band is consistent
with a parallel stacking of the porphyrin molecules due to
excitonic coupling of the electronic transitions in the porphyrin
p-systems [31]. It is known that the J-aggregate generally displays
an intense and narrow absorption band [32], while the higher
self-aggregates without J-type arrangement exhibit a broad Soret
band. The Soret bands in 1 and 2 are broad at 323–424 nm, and
323–445 nm, respectively, in contrast to the sharp Soret band for
H2TpyP. It is however should be pointed out that about a half of
a porphyrin ring overlaps another in the dimer unit of 1 and this
overlap is less than a quarter in the dimer unit of 2.

The infrared spectra of H2TpyP, 1 and 2 are shown in Fig. 6. The
vibration bands at 3120–3300 cm�1, which can be assigned to N–H
vibrations (broad band at 3215–3290 cm�1 for 1, and 3225 cm�1

for 2), demonstrate the presence of protonated pyridyl groups in
1 and 2. The shift to lower wavenumbers of these N–H vibrations
bands is because of the hydrogen bonding involved in the N–H
groups. The N–H vibrations might overlap with the C–H stretching
vibrations, which are located at 3040–3190 cm�1. The metal-free
H2TpyP shows 3021 and 3093 cm�1 for the stretching vibrations
of C–H. The bands at 1630 cm�1 due to stretching vibrations of
C@C in the pyridyl aromatic ring show a blue shift in 1 and 2 com-
pared to H2TpyP (1594 cm�1). Both compounds show characteris-
tic bands for [SiW12O40]4�, namely, m(W–Ot), m(Si–Oa), m(W–Ob)
and m(W–Oc) at 971, 923, 886 and 791 cm�1, for 1, and at 973,
923, 883 and 791 cm�1 for 2 [33]. However, the m(W–Oc) overlaps
with C–H vibrations of pyrrol which is located at 793 cm�1 in
ZnTpyP and the band of m(W–Ob) overlaps with a band from
ZnTpyP.

Thermogravimetric analysis of compound 1 exhibits a 2.2%
weight loss in the range 40–250 �C, followed by 25.0% weight loss
between 400–700 �C. These correspond to the loss of water mole-
cules (calcd. 2.27%) and porphyrins (calcd. 23.9%). Compound 2
shows similar thermogravimtric behavior: a weight loss of 2.2%
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(calcd. 2.5%) in 40–200 �C, and a weight loss of 16.9% (calcd. 17.0%)
at the range of 400–700 �C.

4. Conclusion

In summary, we have prepared and characterized two new
hybrid framework solids based on POMs and metalloporphyrins
connected through hydrogen bonds, p–p and CH���p interactions.
Hydrogen bonds are believed to play an important role in biologi-
cal electron transport, and it is found that hydrogen bond interface
would provide greater electronic coupling than C–C r bonds [22].
It has been shown the excited state resident on the porphyrin is
capable of transferring an electron to the POM [6]. Compounds 1
and 2 provide new examples with 1D array of porphyrins linked
to POMs. These systems may have the potential of interesting pho-
tocatalytic properties, and related research is underway.
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Appendix A. Supplementary material

CCDC 785408 and 785409 contain the supplementary crystallo-
graphic data for compounds 1 and 2, respectively. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Supplemen-
tary data associated with this article can be found, in the online
version, at doi:10.1016/j.ica.2011.04.039.
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