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ABSTRACT: A new organic−inorganic hybrid material [SiMo14O44](H4,4′-bpy)2·
xH2O (4,4′-bpy = 4,4′-bipyridine) was synthesized using a hydrothermal method. The
compound was characterized using single crystal X-ray diffraction (XRD), infrared
spectroscopy (IR), ultraviolet−visible spectroscopy (UV−vis), and X-ray photoelectron
spectroscopy (XPS). XRD studies on selected single crystals suggested that the
compound consists of supramolecular 2D layer structures composed of capped α-
Keggin polyoxomolybdate anions and 4,4′-bpy organic ligands. Absorption measure-
ments show a band gap of 2.99 eV in the hybrid which suggests a semiconducting
nature compared to the insulating free α-Keggin and 4,4′-bpy. The magnetic
susceptibility of the hybrid material was investigated in the temperature range 1.8−300
K obeying the Curie−Weiss law above 70 K. Experimentally measured magnetic
moment of 2.71 μB/formula indicates possible mixed valent molybdenum in the compound. The XPS measurements confirm the
presence of both MoV and MoVI in the ratio 15:85 resulting in the structural formula of the hybrid as [SiMoV2MoVI12O44](H4,4′-
bpy)2·xH2O.

1. INTRODUCTION
During the last two decades, the design and synthesis of
directed supramolecular arrays assembled with metal oxides to
give organic−inorganic hybrid materials have received consid-
erable attention due to their potential applications in molecular
electronics, sensor design, magnetism, biochemistry, catalysis,
and photochemistry.1−13 Recently, polyoxometalate (POM)
anion clusters were used as the building units for the
construction of extended high-dimensional organic−inorganic
hybrid materials with novel structures and unusual proper-
ties.14−23 The selection of organic fragments for the
construction of hybrid materials is a key factor, as they are
expected to act as charge compensating, space-filling, or
structure-directing agents and even may adopt a variety of
substructural patterns from zero- to one-dimensional (1D),24,25

two-dimensional (2D),26 and/or three-dimensional (3D)
arrays.27

The interactions in these organic−inorganic hybrids have
been reported previously28−35 and can be divided into two
types. The first type contains the assembly of the inorganic and
organic moieties through π···π stacking, electrostatic, hydrogen
bonding, and/or van der Waals interactions.34 While in the
second type, the covalent interactions can exist between the
inorganic and organic parts.35 The H-bonding along with
electrostatic interactions in the first type play a unique role in
controlling directionality and strength over a short range in
these hybrids.33

POMs are nanosized metal oxide clusters which can act as
receptors to form hydrogen bonding with other organic/
inorganic moieties due to many surface oxygen atoms. The

ligand 4,4′-bipyridine (4,4′-bpy) is an interesting candidate for
linking with cluster metal atoms in the growth of coordination
networks due to the following features: it has two potential
binding sites which are arranged in a divergent (exo) fashion
having a rigid structure which will help in the predictability of
the network geometries; the length of the ligand is good
enough to create the cavities of molecular dimensions upon the
formation of the networks with cluster atoms. In principle, the
pyridyl groups of 4,4′-bpy can rotate along a central C−C
bond. However, the rotation does not affect the mutual
orientation of the two lone pairs. Therefore, 4,4′-bpy can be
regarded as a rigid and prototypical bridging ligand,36 and is
often used as a pillaring agent in the construction of hybrids
based on a metal−organic framework.37−41 4,4′-bpy is a
monodentate ligand which increases the probability of the
interaction with the POM either covalently or through other
interactions. Though there are several hybrid materials based
on POMs and metal coordination complexes reported, only a
few materials containing direct interactions between POMs and
4,4′-bpy were found. Those are [(HSiMo12O40)(H4,4′-bpy)2]-
[(H4,4′-bpy)(H2O)2]·2H2O,

42 [(HSiW12O40)(H4,4′-bpy)2]-
[(H4,4′-bpy)(H2O)2]·2H2O,42 [(SiW12O40)(H4,4′-bpy)4]-
(4,4′-bpy)·2H2O,42 (H24,4′-bpy)(H4,4′-bpy)2[SiW12O40]·
4H2O, (H24,4′-bpy)(H4,4′-bpy)[PMo12O40],

43 [H4,4′-
bpy]2[HPW12O40]·H2O,

44 [H24,4′-bpy]6[P2W18O62]2·6H2O,
44

[H24,4′-bpy]5[HP2W18O62]2,
44 and (H24,4′-bipy)2[SiW12O40]·

(4,4′-bipy)·6H2O.
45
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In this Article, we report the synthesis and characterization of
a new compound having a directly linked POM with 4,4′-bpy
ligand: [(4,4′-Hbpy)2(SiMo14O44)] (SiMo14-bpy2). The crystal
structure of SiMo14-bpy2 was studied using the X-ray diffraction
data obtained from the single crystal. In SiMo14-bpy2, 4,4′-bpy
serves as a bridging unit to activate the transition metal for the
formation of highly dimensional frameworks. Though there are
several hybrid compounds constructed from POM and 4,4′-bpy
based metal complexes, there has been no report for the direct
linkage between (SiMo14O44)

6‑ and any organic ligand other
than tetramethylammonium hydroxide (TMA)46 and [Fe-
(C8H7N3)3].

47 The SiMo14-bpy2 is the first supramolecular
polyoxometalate-organic hybrid containing a bicapped α-
Keggin structure with 4,4′-bpy. We have compared the crystal
structure of SiMo14-bpy2 with its parent compound [(H4,4′-
bpy)3(SiMo12O40)] (SiMo12-bpy3). Absorption studies within
the UV−vis range suggest the new hybrid material is a
semiconductor with a band gap of 2.99 eV. IR spectroscopy,
SEM/EDAX analysis, and XPS of both compounds have been
compared and discussed in detail. We also performed
preliminary magnetic measurements of the compound
SiMo14-bpy2. XPS and magnetic measurements suggests the
hybrid material contains molybdenum in a mixed valent state
which was found to corroborate with crystal structure.

2. EXPERIMENTAL SECTION
2.1. Synthesis. Na2MoO4·2H2O and Na2SiO3 were purchased

from Sigma-Aldrich, and CuCl2·2H2O was purchased from Alfa Aesar.
Concentrated HCl was purchased from Thomas Bekar. The
hydrothermal synthesis was carried out in a 23 mL Teflon lined
stainless steel containers under autogenous pressure. The reaction
vessel was filled to approximately 75% volume capacity (Vi = 18 mL).
Na2MoO4·2H2O (0.5 g, 2.07 mmol) was added to the acetate buffer of
pH 4 in the autoclave. Na2SiO3 (0.5 g, 1.759 mmol) and CuCl2·2H2O
(333 mg, 1.36 mmol) were added immediately followed by the
addition of 4,4′-bpy. A 1 mL portion of concentrated HCl (11.3 N)
was added to the turbid solution to make the pH of the solution close
to 2. Na2MoO4·2H2O, Na2SiO3, conc HCl (11.3 N), 4,4′-bpy, and
H2O were taken in the molar ratio 1:2:100:n:5000, with n as a variable
parameter (10 < n < 30) to adjust the initial pH. The final pH of the
solution was made to 1.6 by addition of concentrated HCl. The
reaction was kept at 160 °C for 5 days. The autoclave was cooled
down to room temperature within 12 h. The products were decanted
and washed with ethanol. Dark blue tetragonal biprismatic shaped
crystals SiMo14-bpy2 along with block shaped crystals SiMo12-bpy3
were obtained approximately in 61% and 19% yield, respectively, based
on the initial Na2MoO4·2H2O.
2.2. Powder X-ray Diffraction (XRD). Phase identity and purity

of the compounds were determined by powder XRD experiments that
were carried out with a Bruker X8 Discover diffractometer using Cu
Kα radiation (λ = 1.541 87 Å). The data was collected over the angular
range 5° ≤ 2θ ≤ 90°, with a step size of 0.07° at room temperature
calibrated against corundum standards. The powder XRD comparison
with the simulated single crystal XRD pattern is shown in the
Supporting Information (Figure S1).
2.3. Single Crystal XRD. A suitable single crystal of the compound

SiMo14-bpy2 was mounted on a thin glass fiber with commercially
available super glue. X-ray single crystal structural data of the samples
were collected on a Bruker X8 APEX II diffractometer equipped with a
normal focus, 2.4 kW sealed tube X-ray source with graphite
monochromatic Mo Kα radiation (λ = 0.710 73 Å) operating at 50
kV and 30 mA, with ω scan mode. The program SAINT48 was used for
integration of diffraction profiles, and absorption corrections were
made with SADABS program.49 All the structures were solved by
direct method and followed by successive Fourier and difference
Fourier syntheses. All the non-hydrogen atoms were refined
anisotropically. Calculations were carried out using SHELXL 97,

SHELXS 97, PLATON, and WinGX system, ver 1.80.05.50,51 The
crystallographic details are in Table 1.

2.4. Fourier Transform Infrared Spectroscopy. FT-IR spectra
were obtained for powder samples of SiMo12-bpy3 and SiMo14-bpy2 on
a Bruker IFS 66v/S. The pellets were prepared with KBr, and the KBr
spectrum was used a reference.

2.5. UV−Vis and Luminescence Spectroscopy. Emission
spectra within the UV−vis−NIR region for the samples 4,4′-bpy,
SiMo12-bpy3, and SiMo14-bpy2 were recorded on Perkin-Elmer Ls 55
luminescence spectrometer. The samples were loaded in a BaSO4
crucible, and the measurements were performed in the range 200−800
cm−1. All obtained spectra were subtracted with BaSO4 as the
background. The solid state fluorescence studies were performed by
loading the sample in a transparent holder, and the measurements
were performed only on the samples.

2.6. Scanning Electron Microscopy (SEM)−Energy Disper-
sive X-ray Spectroscopy (EDAX). The samples were loaded on a
carbon tape, and the measurement was done on the Leica 220i
microscopy instrument and Bruker 129 eV EDAX instrument. The
EDAX measurement were performed on single crystals with clean
surface. From the EDAX of various collected crystals we confirmed the
presence of all the elements in the spectrum as shown in the
Supporting Information (Figure S2).

2.7. X-ray Photoelectron Spectroscopy. XPS spectra for the
samples SiMo12-bpy3 and SiMo14-bpy2 were collected as a function of
isochronal annealing (1 min) at increasingly high temperature up to
940 K (with XPS spectra being recorded on cooling to 300 K).

2.8. Magnetic Measurements. Magnetic measurements of the
samples SiMo12-bpy3 and SiMo14-bpy2 were carried out on a Quantum
Design MPMS-SQUID magnetometer. Measurements were per-

Table 1. Crystal Data and Structure Refinement for
[SiMo14O44](H4,4′-bpy)2 at 293(2) K

empirical formula C20H16N4SiMo14O44

fw 2387.62
T 296(2)K
wavelength 0.71073 Å
cryst syst monoclinic
space group P21/n
unit cell dimensions a =13.7874(3) Å, α = 90.00°

b = 18.6536(4) Å, β = 105.27°(2)
c = 19.5220(4) Å, γ = 90.00°

V 4843.48 (14) Å3

Z 4
density (calcd) 3.27 g/cm3

abs coeff 3.639 mm−1

F(000) 4469
crystal size 0.5 × 1 × 0.1 mm3

θ range for data collection 1.5−29.0°
index ranges −18 ≤ h ≤ 18

−23 ≤ k ≤ 25,
−26 ≤ l ≤ 24

reflns collected 109 920
indep reflns 12 880 [Rint = 0.0495]
completeness to θ = 30.55° 100%
refinement method full-matrix least-squares on F2

data/restraints/params 12 880/0/749
GOF 1.240
final R indicesa [>2σ(I)] Robs = 0.047, wRobs = 0.133
extinction coeff 0.0017
largest diff peak and hole 2.231 and −2.822 e Å−3

aR = Σ||Fo| − |Fc||/Σ|Fo|, wR = {Σ[w(|Fo|2 − |Fc|
2)2]/Σ[w(|Fo|4)]1/2,

and calcd w = 1/[σ2(Fo
2) + (0.0318P)2 + 111.1197P] where P =

(Fo
2+2Fc

2)/3.
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formed on polycrystals, which were ground and screened by powder
XRD to verify phase identity and purity. Temperature dependent
magnetic susceptibility data were collected for field cooled mode (FC)
between 2 to 300 K with an applied field of 1 kG.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization. The main aim of

the work was to study the chemistry of inorganic organic hybrid
materials made up of POMs with metal coordination
complexes. During our systematic studies on the Cu based
complexes, copper chloride was used as the source for Cu.
However, the X-ray diffraction data on two different shapes of
single crystals showed the formation of two products SiMo14-
bpy2 and SiMo12-bpy3 having the direct linkage between POMs
and 4,4′-bpy. Later, a similar synthesis strategy was attempted
in the absence of CuCl2 leading to the formation of only blue
powder with no crystals.
The role of CuCl2 in the formation of the single crystals is

not clearly understood, and kinetic studies would be required to
understand the exact role of the salt. However, one way to
understand is by the ion strength of the solution as mentioned
by Xu et al.28 The ion strength could play a role in the
synthesis, where the addition of the salt to the reaction mixture
increases the ion strength of the solution 0.87 mmol/mL, but in
the absence of CuCl2 (1.36 mmol) the ionic strength is 0.51

mmol/mL. This could be one of the reasons for the formation
of the sample SiMo12-bpy3, but the formation of the sample
SiMo14-bpy2 could also be influenced by the initial pH and the
final pH. Interestingly, we have observed the formation of the
different compound which is beyond the scope of this Article.
Possibly, the mechanism may be such that when the pH = 4,
the formation of the α-Keggin is favored, but the sudden
decrease in the pH results in the two units acting as protonating
agents on the four terminal oxygen.46 This {MoO2} unit is
added to the center of inversion to give the most stable
product.
The reaction when performed without CuCl2 maintaining

the initial pH at 4 resulted in no crystallization. Reaction when
also performed in water (pH = 5.63) without using the buffer
solution gave a poor yield of SiMo14-bpy2, but the more
thermodynamically stable compound SiMo12-bpy3 was formed
with a yield of 72% based on the initial concentration of
NaMoO4·2H2O. These controlled reactions suggest that pH
has a significant role in the formation of these compounds.
Both the compounds were found to be air stable and only
partially soluble in N,N′-dimethyformamide (DMF). The dark
blue color of the crystals suggests intervalence charge transfer
transitions and is characteristic of “molybdenum blue” species52

indicating the mixed-valent molybdenum (MoV and MoVI)

Figure 1. (a) Polyhedra representation of [SiMo14O44](H4,4′-bpy)2 where the pink polyhedral corresponds to the {MoO2} unit and (b) polyhedral
representation of [SiMo12O40](H24,4′-bpy)2. The green color polyhedral in both structures corresponds to the Mo coordination sphere while the
orange color polyhedral corresponds to the Si tetrahedral coordination sphere.

Figure 2. Orientation of (a) the polyoxometalate units [SiMo12O40] in SiMo12-bpy3 and (b) [SiMo14O44] in SiMo14-bpy2 along the a-axis. The 4,4′-
bpy moieties are removed for the better representation.
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atoms. The reduction of MoV to MoVI under hydrothermal
conditions was due to the lower pH of the solution, which has
been previously reported by Haushalter and Mundi.53

3.2. Crystal Structure. The asymmetric unit of SiMo14-
bpy2 is made up of one [SiMo14O44]

4‑ (SiMo14) unit
surrounded by two H4,4′-bpy molecules as shown in Figure
1a. There are 14 different Mo atomic sites occupying the
Wyckoff site 4e. The crystal structure of [SiMo14O44] has been
previously explained by Dolbecq et al.46 The structure consists
of α-Keggin framework [SiMo14O44]

6‑ (SiMo14), which is a
reduced form of the α-Keggin anion with two {MoO2} capped
units along the center of inversion. At high temperature and
low pH, α-Keggin unit is first reduced to give a hypothetical
five-electron reduced α-Keggin structure with two {MoVO2}
capping units. This reduced α-Keggin structure is stabilized by
the 4,4′-bpy via hydrogen bonding and electrostatic interaction.
The basic α-Keggin unit has a C4 axis of rotation which is
distorted due to two oppositely positioned {MoO2} units,
which changes the central axis that seems to result in the tilt in
the SiMo14-bpy2 framework. This tilted structure can be seen in
Figure 2b. This tilt seems to play a significant role in the
interaction of the 4,4′-bpy moieties with the POM structure
(discussed below). There are three different types of metal
oxygen bonds: 1.834−2.193 Å for Mo−Ob (Ob = bridging
oxygen), 1.672−1.702 Å for Mo−Ot (Ot = terminal oxygen) of
the MoO6 unit, and 2.353−2.375 Å for Mo−Oc (Oc = central
oxygen of Mo−O−Si). The variable bond lengths play a
significant role in the distortion in the Mo octahedra. The

distortion is the least for Mo(13)O6 and Mo(14)O6 octahedra
(two {MoO2} capped units also form octahedral utilizing the
oxygen of the other units) due to the presence of two free O
atoms. The bond valence sum (BVS)54 calculation was
performed to understand the valence of Mo atoms, and it
was found that an average value was 5.82 for 12 Mo atoms
(Mo(1)−Mo(12)) indicating the oxidation state of these
molybdenum atoms is +6 while BVS calculated for Mo(13)
and Mo(14) atoms is 5.47 indicating that the Mo atoms in the
{MoO2} subunits exist in the +5 oxidation state. This mixed
valent nature is confirmed by magnetic measurements and
quantitatively measured by XPS measurements and will be
discussed in the later sections. On the basis of the crystal
structure and XPS, the formula for the hybrid material can be
represented as [SiMo+V2Mo+VI12O44](H4,4′-bpy)2.
SiMo14-bpy2 crystallizes in the monoclinic space group P21/n

with lattice parameters a = 13.7874(3) Å, b = 18.6536(4) Å, c =
19.5220(4) Å, β = 105.27(2)°. In a comparison of this with the
reported (TMA)4SiMo14O44

46 having lattice parameters a =
12.0502(4) Å, b = 11.7500(4) Å, c = 19.8001(4) Å, β = 100.52
(1)° and the same space group, a significant enhancement in
the b-axis of SiMo14-bpy2 was observed. The other reported
compound [Fe(C8H7N3)3]2[SiMo14O44] was also found in the
monoclinic system, but with c-glide plane and lattice parameters
a = 13.055(3) Å, b = 16.931(3) Å, c = 18.562(4) Å, β =
102.69(3)°, and also with a substantial increase in the b-axis.
The enhancement in the lattice parameters can be explained on
the basis of the different length of the organic parts in the

Figure 3. Orientation of the 4,4′-bpy ligands in the compounds (a) SiMo12-bpy3 and (b) SiMo14-bpy2. The solid black color boxes with numbers on
the corner represent different types of orientation in the 4,4′-bpy rings.

Figure 4. (a) Interaction of the 4,4′-bpy rings with the hybrid (a) [SiMo12O40](H24,4′-bpy)3 and (b) [SiMo14O44] (H4,4′-bpy)2. The electrostatic
bonds and hydrogen bonds are represented in pink and black, respectively.
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hybrid materials. The length of one SiMo14O44 unit is
∼10.508(14) Å; however, the length of one molecule of
TMA and 4,4′-bpy is ∼1.18 and 6.9 Å, respectively. Along the
b-axis of (TMA)4SiMo14O44, one SiMo14O44 with a tilt angle of
62.34(3)° and two half TMA occupy with a unit cell length
close to 11.75(4) Å.32 In the new compound SiMo14-bpy2 the
unit cell along the b-axis comprises two SiMo14O44 units tilted
at an angle of 41.14(2)° (Figure 2b) with a unit length of
18.6536(4) Å. Due to this tilting, all 14 MoO6 octahedra are
distorted substantially with six different Mo−O bond distances.
All 14 MoO6 octahedra having different Mo−O bond distances
are listed in Supporting Information Table S1. In comparison,
the parent compound SiMo12-bpy3 does not show any tilting
between the POMs cluster (Figure 2a). Figure 3 shows
different orientation of 4,4′-bpy in the compounds SiMo14-bpy2
and SiMo12-bpy3. SiMo14-bpy2 has four different types of 4,4′-
bpy orientations compared to two types in SiMo12-bpy3.
It is worthwhile also to compare the crystal structure of

(SiMo14-bpy2) with the parent compound (SiMo12-bpy3). The
asymmetric unit in the parent compound (SiMo12-bpy3)
consists of half of an α-Keggin [HSiMo12O40]

3‑ anion and
one and a half monoprotonated independent 4,4′-bpy ligands.
One way of seeing the orientation can be explained by marking
two distinct layers as A and B in Figure 4a. Nitrogen of the 4,4′-
bpy interacts with the oxygen of the POM in a linear fashion. In
the case of ring A the N···O bond distance (shown in pink
color) acts as a N−H−O bond with distances of 3.020(6) and
3.036(3) Å while the nitrogen at B has the N···O bond
distances 3.010(5) and 3.011(5) Å. The dihedral angle of the
two types are 4,4′-bpy rings 23.827(9)° and 43.954(7)°. On the
other hand, the 4,4′-bpy rings in SiMo14-bpy2 interact with
POMs in a nonlinear fashion with a tilting angle of 41.12(2)° in
the SiMo14O44 unit and varying torsional angle of 41.69(1)°
and 23.556(9)° in the 4,4′-bpy rings. The N···O distance
(shown in pink color) between the POM and the 4,4′-bpy is in
two different ranges: 2.58−2.83 and 3.12−3.30 Å. The
hydrogen bonding of the C−H···O (shown in black color)
between the 4,4′-bpy and the POM is in the range 2.32−2.61 Å.
Both the layers are made up of one set of 4,4′-bpy which grows
along the ac plane marked with black bonds while another is
along the bc plane in the opposite direction marked in red
bonds. This orientation difference is attributed to the tilting
angle of the POM unit. It is interesting to note that the two
4,4′-bpy molecules are placed near the {MoO2} units of the
POM. The 4,4′-bpy acts as bridging between two POMs units
forming H-bonding between nitrogen of the 4,4′-bpy and
oxygen of the {MoO2} unit with distances in the range 3.60−
4.04 Å.
4.1. IR Spectroscopy. The infrared spectra measured in the

region 1100−400 cm−1 for the compounds SiMo14-bpy2 and
SiMo12-bpy3 are shown in Figure 5. The peaks at 1593(s),
1535(s), 1490(s), and 1416(m) cm−1 correspond to the
aromatic CC stretching while the peaks at 1221(s) and
1176(w) cm−1 correspond to Ar−H in-plane stretching and the
peaks at 1043(m) and 995(s) cm−1 correspond to Ar−H out-
of-plane stretching. The vibrational peak at 611 cm−1 is a very
sensitive peak which is susceptible to coordination with the
metal atom.55 This peak is found to be very weak in both cases.
The single crystal data suggests that there are very weak
interactions of the POM with the nitrogen of the 4,4′-bpy with
a distance of around 3.30 Å. The low wavenumber (∼<1000
cm−1) region in the IR spectra of both compounds corresponds
to the characteristic peaks of the polyoxometalate. The

compound SiMo14-bpy2 shows a more complex spectrum
than the compound SiMo12-bpy3 especially in the region 1000−
600 cm−1. The strong peak observed at 940 cm−1 for the
compound SiMo12-bpy3 corresponds to the (Mo−Ot) bond
indicating only one type of terminal oxygen bond. However,
these stretching vibrations become complex due to the
introduction of the two capped {MoO2} units in the SiMo14-
bpy2 structure. The crystal structure of SiMo14-bpy2 consists of
three different terminal bond lengths: one from the Mo−Ot of
the octahedral corresponding to the strong peak at 953 cm−1,
and the peaks at 983 and 971 cm−1 correspond to the terminal
(Mo−Ot) of the {MoO2} unit, respectively. The effect and the
presence of the {MoO2} unit in the crystal structure become
more clear from the Mo−Ob−Mo corner sharing bonds. The
broad peaks at 683 and 634 cm−1 correspond to the Mo−Ob−
Mo stretching between Mo of {MoO2} unit and the adjacent
Mo atom of the MoO6 confirming the corner sharing of the
{MoO2} unit.56 This shift is due to the larger bond length of
one of the bonds, 2.19 Å. The vibrational frequencies of the
polyoxometalates SiMo14-bpy2 and SiMo12-bpy3 are compared
in Table S2 in the Supporting Information.

4.2. UV−Vis Spectroscopy. The diffused reflectance
spectrum (DRS) for the compounds SiMo14-bpy2 and
SiMo12-bpy3 is shown in the Supporting Information (Figure
S3). The DRS data was then converted to absorbance (Figure
6) using the Kubelka−Munk equation F = α/S = (1 − R)2/2R,
where R is the reflectance of an infinitely thick layer at a given
wavelength.57 It is already known that 4,4′-bpy shows a

Figure 5. FT-IR spectra of both hybrid materials SiMo14-bpy2 and
SiMo12-bpy3. The important stretching frequencies are marked with
arrows.

Figure 6. K−M function vs energy (eV) curve for the compounds
SiMo14-bpy2 and SiMo12-bpy3.
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predominant peak at 238 nm corresponding to the π−π*
transition.44 There was no visible shift observed in the case of
SiMo12-bpy3 while a red shift is observed at 247 nm for SiMo14-
bpy2, which is an indication for the weaker bonding between
the POM and the 4,4′-bpy. The spectrum of 4,4′-bpy also has a
broad peak in the region 320−375 nm (corresponding to the
n−π* transition), which is shifted to 387 nm for SiMo12-bpy3
and 457 nm for SiMo14-bpy2. This red shift in the hybrid
materials indicates that the 4,4′-bpy system has lost its rigidity
within the system,58 which is later confirmed from the
fluorescence measurement.
The band gap (Eg) was determined as the intersection point

between the energy axis and the line extrapolated from the
linear portion of the absorption edge in a plot of the Kubelka−
Munk function F against energy E.59 The band gaps were found
to be 2.99 eV for SiMo14-bpy2 and 3.21 eV for SiMo12-bpy3
indicating they are semiconductors. It is interesting to note that
both 4,4′-bpy (4.23 eV) and POM [SiMo12O40]

4‑ (4.73 eV) are
insulators inherently.60 The interaction between 4,4′-bpy with
the POM probably affects energy levels near the Fermi level to
make the hybrid as a good semiconductor.
4.2. Fluorescence Spectroscopy. The fluorescence spec-

troscopy was performed at 303 K for free 4,4′-bpy, SiMo14-
bpy2, and SiMo12-bpy3 in the solid state (Figure 7). The 4,4′-

bpy upon excitation at 358 nm gave 4 emission peaks at 483,
456, 445, and 420 nm. The samples SiMo14-bpy2 and SiMo12-
bpy3 were excited at 326 nm, and all four emission peaks of
4,4′-bpy were observed: 483, 460, 468, and 420 nm for SiMo14-
bpy2 and 483, 452, 435, and 420 nm for SiMo12-bpy3. The
peaks at 460 and 468 nm in SiMo14-bpy2 are red-shifted in
comparison with the free 4,4′-bpy peaks of 445 and 456 nm,
indicating a weaker interaction of the polyoxometalate with the
4,4′-bpy rings in SiMo14-bpy2. The blue shift in this compound
also can be attributed due to the rigidity in the 4,4′-bpy system
and the loss of energy via radiationless decay of the intraligand
emission in the excited state. This indicates that the new
compound SiMo14-bpy2 is capable of producing blue light in
electroluminescent devices.58 The peaks at 452 and 435 nm for
SiMo12-bpy3 are red-shifted compared to 4,4′-bpy suggesting a
stronger interaction of the 4,4′-bpy with the POM which in fact
resulted in the 3D structure of the compound.
4.3. Magnetic Measurement. Magnetic measurements of

the compound SiMo14-bpy2 was performed on a powdered
crystalline sample from 2 to 300 K at 1000 Oe. The
temperature dependent molar magnetic susceptibility (χMT)

and inverse susceptibility (χ−1) for the compound SiMo14-bpy2
are shown in Figure 8. The inset in Figure 8 shows a small

hump at 18 K which is an indication of either weak
antiferromagnetic ordering or spin reordering at this temper-
ature. The inverse susceptibility curve above 70 K obeys the
Curie−Weiss law χ(T) = C/(T − θp) where C is Curie constant
(NAμeff

2/3KbT) and θp is the Weiss constant. A fit to the curve
above 70 K resulted in an effective magnetic moment (μ) of
2.71 μB/ formula. The estimated magnetic moment suggests
that there is a contribution of magnetic Mo+V (1.723 μB) which
is corroborating the crystal structure and XPS data suggesting
the material contains Mo+V and Mo+VI. SiMo12-bpy3 is a weak
magnetic material (Pauli paramagnet) compared to SiMo14-
bpy2 as shown in Supporting Information Figure S4. The
negative value of χ in emu mol at 303 K for SiMo12-bpy3
indicates the diamagnetic behavior and can rule out the
presence of pentavalent Mo in the compound.

4.4. X-ray Photoelectron Spectroscopy. The mixed
valence state of Mo in the compound SiMo14-bpy2 was further
confirmed by the XPS measurement. Figure 9 shows the XPS
data of the compound SiMo14-bpy2 measured at room
temperature, and further details are listed in Supporting
Information Table S3. The 3d region of Mo was studied, and
upon deconvolution four well resolved peaks were observed at
231.23 (4), 232.62 (1), 234.6 (2), and 235.72 (4) eV, attributed
to Mo+V 3d5/2, Mo+VI 3d5/2, Mo+V 3d3/2, and Mo+VI3d3/2,

Figure 7. Fluorescence spectra of the compounds SiMo14-bpy2 and
SiMo12-bpy3 excited at 326 nm.

Figure 8. Magnetic susceptibility (χMT) and inverse susceptibility for
the sample SiMo14-bpy2 within the temperature range 2−300 K. The
inset figure shows a hump at 18 K indicates either a probable weak
antiferromagnetic ordering or spin reorientation.

Figure 9. XPS spectra of SiMo14-bpy2 measured at 303 K. The open
circle represents the raw data of the measurement. The violet solid
curve is the fit by the Levenberg−Marquardt method. The fitting
contains four different peaks: Mo (VI) 3d3/2 (blue), Mo (VI) 3d5/2
(green), Mo (V) 3d3/2 (green), and Mo (V) 3d5/2 (pink).

Inorganic Chemistry Article

dx.doi.org/10.1021/ic402858u | Inorg. Chem. 2014, 53, 653−660658



respectively.61 The intensity ratio between Mo+V and Mo+VI,
calculated using the formula C = (Ix/Sx)/E(Ix/Sx) where Ix =
intensity and Sx = sensitivity factor (2.867),62 is 15:85, exactly
corroborating with the BVS calculations as well as the magnetic
data.

■ CONCLUSION
We have synthesized a new supramolecular inorganic−organic
hybrid material constructed from polyoxometalates and 4,4′-
bpyridine. This compound is unusually capped with {MoO2}
unit on the α-Keggin structure and interacts with 4,4′-bpyridine
rings through electrostatic and hydrogen bonding. A detailed
comparison is made of this material with its parent compound
[(SiMo12O40) (4,4′-Hbpy)3] using the single crystal X-ray
diffraction data. The tilting and geometric strain of the 4,4′-
bpyridine rings plays a crucial role in the architecture of this
new structure. The valence band sum calculations showed that
two Mo atoms in the capping unit are in the pentavalent state
and the remaining Mo atoms are in the hexavalent state. This
mixed valent Mo state is later observed in the magnetic
measurement and quantitatively confirmed by XPS measure-
ments. In addition to geometric strain, +5 oxidation state of Mo
seems to play a significant role in the formation of the new
compound which further affects the band structure with
insulator to semiconductor transition from the parent
components POMs and 4,4′-bpyridine. The orientation of the
4,4′-bipyridine was observed to play a significant role in the
crystal packing. Further work in this area will be focused on the
synthesis of other novel metal cluster aggregations by adopting
appropriate reaction conditions and ligands.
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