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a b s t r a c t

a-MoO3 nanoplates have been prepared through thermal decomposition of two novel organometallic
molybdenum complexes, as new solid precursors, at 500 �C for 2 h. The two molybdenum complexes
([(Mo2(bipy)(CO)n(DQ)m]; where, DQ = quinoxaline-2,3-dione; n = 2 or 4, m = 2 or 3) were synthesized
by reaction of Mo(CO)6, and DQ in presence of 2,20-bipyridine in THF solvent at reflux temperature under
atmospheric or reduced pressure. Interestingly, the crystallite size of the produced MoO3 nanoplates
products (80.7 and 114 nm) depended on the organic moiety content of the ignited solid precursor.
The as-prepared products were characterized by means of elemental analysis, Fourier transform infrared
spectroscopy (FT-IR), UV–Vis spectroscopy, thermal analysis (TGA), X-ray powder diffraction (XRD), Field
emission electron microscopy (FESEM) and mass spectroscopy. The produced MoO3 nanoplates showed
semiconducting properties by exhibiting optical band gab energy of 3.0 or 3.25 eV.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Molybdenum trioxide (MoO3) is well known as one of the most
important transition metal oxides due not only to its rich chemis-
try associated with multiple valence states but also to its high
chemical and thermal stability. It exists mainly in three poly-
morphs called orthorhombic a-MoO3, monoclinic b-MoO3, and
hexagonal c-MoO3 [1,2]. Generally, nano-sized MoO3 is still an
attractive material for its unusual physical and chemical proper-
ties, and its wide application. Due to its unique structural and opti-
cal properties, molybdenum trioxide is a promising material for
various industrial applications such as catalysis, sensors, photo-
chromic and electro-chromic devices, display materials, and bat-
tery systems [3–7]. Also, it was used as a good precursor for syn-
thesizing various other important materials, such as MoSe2,
MoS2, Mo and host–guest compounds [8–11]. Despite the impor-
tance of MoO3 nanomaterial, successful synthesis of such struc-
tures is still limited. Various techniques such as thermal
evaporation under vacuum conditions [12], hydrothermal method
[13], chemical route [14], and sol–gel method [15] have been
developed to explore novel architectures and morphologies of this
important nanosized material. Although, these methods are

successful in synthesis of MoO3 nanomaterials, many of them need
either vacuum or low-pressure conditions, and the chemical and
hydrothermal methods are not only complicated but also more
or less produce contamination.

On the other hand, using coordination or organometallic com-
pounds as new precursors to produce metal oxide nanoparticles
has recently received much attention and has been explored as
an efficient route for this purpose [16–19]. This methodology in-
volves the thermal decomposition of a metallo-organic compound,
leading to the formation of the metal oxide of interest. From the
practical point of view, this route does not require an inert atmo-
sphere, vacuum, or a sophisticated apparatus when compared with
the other aforementioned techniques.

In our group, we have been interested in synthesis of metal oxide
nanoparticles [20–22]. A major interest at the moment is using new
metallo-organic compounds as precursors for preparation of metal
oxide nanoparticles to control nanocrystal size, distribution size,
and also morphology. Additionally, although the quinoxaline deriv-
atives are very important and readily available ligands, to the best of
our knowledge, 1,4-dihydro-quinoxaline-2,3-dione molybdenum
complexes have not been used as solid precursors to produce
MoO3 nanoparticles through their thermal decomposition.

Herein, we reported, for the first time, the synthesis of two
novel quinoxaline-2,3-dione bimolybdenum complexes. The
as-prepared organometallic complexes were then used as solid
precursors to produce pure a-MoO3 nanoplates by thermal
decomposition at 500 �C for 2 h. The as-prepared products were
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characterized using XRD, TGA analyses, mass spectra, FESEM, FT-IR,
and UV–Vis spectra. Plus, the optical properties of the produced
molybdenum oxide nanoparticles were investigated.

2. Experimental

2.1. Materials and reagents

Molybdenum hexacarbonyl, Mo(CO)6, 2,20-bipyridine, bipy,
oxalic acid,C2H2O4�2H2O, and 1,2-phenylenediamine, C6H8N2, were
used as purchased from Sigma–Aldrich Chemical Co. Inc. quinoxa-
line-2,3-dione (DQ) ligand was synthesized according to the re-
ported literature [23]. All solvents were of analytical reagent
grade and purified according to the standard methods [24].

2.2. Synthesis of precursors

2.2.1. Synthesis of [Mo2(bipy)(CO)4(DQ)2] complex (A)
Mo(CO)6 (0.150 g, 0.568 mmol) and bipyridine (0.089 g,

0.570 mmol) were mixed in 20 mL of THF, stirred and refluxed un-
der nitrogen gas for 30 min. The obtained light red colored solution
was allowed to cool down to room temperature, and a THF solution
(10 mL) of DQ (0.092 g, 0.570 mmol) was then added drop wise. The
reaction blend was then refluxed again at atmospheric pressure for
11 h, during which the reaction mixture turned into reddish brown
color. The solid product was collected by filtration and washed with
THF, hot petroleum ether, and diethyl ether and then dried under
vacuum. A slow diffusion of THF solvent into a concentrated DMF
solution of the crude solid produced reddish brown microcrystals
of the product which were then collected by filtration and dried un-
der vacuum to give a pure reddish-brown product (0.17 g, 76.3%).
Anal. Calc. For C30H20Mo2N6O8 (MW = 784.40): C, 45.94; H, 2.57;
N, 10.71%. Found: C, 45.59; H, 2.22; N, 10.80%. EI-MS: m/z 749
[M�(2H2O+3H+)], 695 [M�(2CO+2H2O)], 631 [M�(bipyridine)].
1H NMR (DMSO-d6), d, ppm: 7.12 (d, 8H, 2DQ), 11.91 (s, 4H, 2DQ),
d 7.6 (t, 2H, bypyridine), 8.17 (t, 2H, bypyridine), 8.6 (d, 2H, bypyri-
dine), 8.9 (d, 2H, bypyridine).

2.2.2. Synthesis [Mo2(bipy)(CO)2(DQ)3] complex (B)
Mo(CO)6 (0.150 g, 0.568 mmol) and bipyridine (0.089 g,

0.570 mmol), and 30 mL THF were stirred together and heated at
reflux for 30 min, during which color of the reaction mixture
turned into light red. The reaction blend was then allowed to get
the room temperature (25 �C), and a THF solution (15 mL) of DQ
(0.092 g, 0.570 mmol) was then added drop wise. The reaction
mixture was heated to reflux temperature under reduced pressure
in a Schlenk tube for 15 h, during which color of the reaction blend
changed into a reddish orange. The solid material was isolated by
filtration then washed several times with THF, hot petroleum
ether, and then with diethyl ether. The crude product was crystal-
lized by slow diffusion of THF solvent into DMF solution of the
product to give reddish orange microcrystals of the complex. The
microcrystals were collected by filtration and dried under vacuum
to give 0.158 g of the desired product (62.2% yield). Anal. Calc. For
C36H26Mo2N8O8 (MW = 890.52): C, 48.55; H, 2.94; N, 12.58%.
Found: C, 48.34; H, 2.76; N, 12.29%. EI-MS: m/z 838 [M�(2CO+H2-

O)], 695 [M�(DQ+bipyridine)]. 1H NMR (DMSO-d6), d, ppm: 7.10
(d, 12H, 3DQ), 11.90 (s, 6H, 3DQ), d 7.64 (t, 2H, bypyridine), 8.19
(t, 2H, bypyridine), 8.82 (d, 2H, bypyridine), 9.05 (d, 2H,
bypyridine).

2.3. Preparation of nano-sized molybdenum trioxide (MoO3)

The as–prepared molybdenum complex precursors (A and B)
were thermally decomposed for two hours at 500 �C in an open

air electric furnace to produced nano-sized molybdenum trioxides;
A-MoO3, and B-MoO3, respectively.

2.4. Physical measurements

Elemental analysis was performed using a Perkin-Elmer 2400
CHN elemental analyzer. The infrared spectra (4000–400 cm�1)
were recorded as KBr pellets on a Perkin Elmer 550 FTIR spectrom-
eter. The 1H NMR spectra were recorded using 300 MHz Varian-
Oxford Mercury. The thermal behavior of the samples was studied
with thermal analysis techniques. Thermogravimetric (TGA 7, Shi-
madzu DT-30) measurements were performed with heating rate
10 �C/min, under nitrogen atmosphere. The EI mass spectra were
recorded by the EI technique at 70 eV with a Schimadzu-GCMSQP
1000EX quadruple mass spectrometer with electron multiplier
detector equipped with a GC–MS data system. The structures and
phase compositions of the as-synthesized MoO3 products were
characterized by powder X-ray diffraction (XRD) using an 18 KW
automated diffractometer (Bruker; model D8 advance) with mono-
chromatic Cu Ka radiation (k 1.54178 Å). FESEM images were ta-
ken using field emission scanning electron microscope (FESEM)
with a microscope (JEOL JSM-6500F). UV–Vis. spectra were re-
corded on Jasco; model v530.

3. Results and discussion

3.1. Synthesis and characterization of the Mo-organometallic
precursors

The precursor complexes (A and B) were prepared by the reac-
tion of Mo(CO)6 with quinoxaline-2,3-dione in THF in 1:1 ratio un-
der refluxing. However, complex A was prepared under
atmospheric pressure but complex B was prepared under a re-
duced pressure in a Schlenk tube. Characterization of the com-
plexes was carried out by IR, 1H NMR, elemental analysis,
thermal analysis, and mass spectra. The structures of the com-
plexes are shown in Scheme 1.

3.1.1. Infrared study
In the IR spectra, the free DQ ligand exhibited characteristic fre-

quencies at �3150, 1712, 1480, and 1400 cm�1 which can be as-
signed to m(NH), m(C@O), and m(CN)amide, and d(NH), respectively
[23,25]. This spectral behavior is in good agreement with the so-
lid-state structure of the ligand. The IR spectrum of the complex
A showed new bands at 2008.7 and 1915.6 cm�1 which can be
attributed to a terminal coordinated CO and new bands at 1869.6
and 1815.4 cm�1 which can be assigned to bridged CO groups
which are consistent with the published data [26–28]. On the other
hand, interestingly, the IR spectrum of complex B revealed pres-
ence of characteristic frequencies at 1870.3 and 1816.1 cm�1

which are due to bridged CO groups only. However, the C@O fre-
quency of the free ligands was shifted to lower frequency region

Scheme 1. Proposed structures for the as-prepared molybdenum complexes (A and
B).
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in the complexes and appeared at 1700 and 1695 cm�1, for A and B
complexes, respectively. Additionally, the presence of a band at
around 550 cm�1 assigned to m(M–O) for both complexes supports
the proposed mode of coordination[29]. The spectra of the com-
plexes also exhibited absorption band at around 1560 cm�1 which
could be assigned to coordinated C@N functional groups of the
bipyridine ligand that in turn was also confirmed by presence of
a weak absorption band at around 420 cm�1 which could be as-
signed to m(M–N), supporting the coordination mode of the two
complexes presented in Scheme 1.

3.1.2. Proton NMR study
The diamagnetism of the isolated molybdenum complexes has

further been confirmed from their 1H NMR spectral measurements.
The 1H NMR spectra of the DQ ligand and its complexes have been
recorded in DMSO-d6. The DQ ligand showed one doublet at
d7.05 ppm with four protons assigned to the aromatic protons of
the ligand, and one singlet at 11.87 ppm with two protons assigned
to the NH of the ligand, which both signals are in agreement with
the ligand’s composition. However, on reaction with Mo(CO)6, po-
sition of these signals has not been shifted too much and the aro-
matic protons of the coordinated DQ ligand appeared as a doublet
signal at d7.12 (8 H), and 7.10 (12 H) ppm for complex A and B,
respectively. The complexes A and B exhibited a singlet at 11.91
(4 H), and 11.90 (6 H) ppm, respectively, which might be attributed
to NH of the coordinated DQ ligand. From the integration of the DQ
proton-signal for both complexes, it could be concluded that there
are two and three coordinated DQ ligands for complexes A and B,
respectively. Interestingly, the 1H NMR spectrum of complex A also
showed signals at d 7.6 (t, 2H, bypyridine), 8.17 (t, 2H, bypyridine),
8.6 (d, 2H, bypyridine), and 8.9 (d, 2H, bypyridine) ppm which can
be assigned to a coordinated bypyridine molecule. On the other
hand, 1H NMR spectrum of B complex showed signals at d 7.64
(t, 2H, bypyridine), 8.19 (t, 2H, bypyridine), 8.82 (d, 2H, bypyri-
dine), and 9.05 (d, 2H, bypyridine) ppm which can be assigned to
one coordinated bypyridine molecule.

3.1.3. Thermal analysis
The thermal analyses (TGA) curves of the as-prepared precursor

complexes (A and B) carried out within a temperature range from
room temperature to 1000 �C are shown in Fig. 1. The thermal
decomposition of the A-complex, [Mo2(bipy)(CO)4(DQ)2], as shown
in Fig. 2a, reveals presence of four mass loss steps. The first step in
the temperature range 107–227 �C can be attributed to the loss of
bipyridine ligand with a weight loss of 20.38% (calc. 20.0%). The
second significant weight loss observed from 227 to 372 �C corre-
sponding to the decomposition of one molecule of the DQ ligand
and four molecules of CO, 33.45% (calc. 34.9%). This is followed
by decomposition of the second DQ-ligand molecule in the temper-
ature range 374–587 �C, 19.3% (calc. 20.6%), with a residue
amounting to Mo2O and carbon, 26.5% (calc. 24.50% for Mo2O)
which upon increasing the temperature, at the current thermal
analysis conditions, Mo2O can be converted into MoO3 at 679 �C
which subsequently may undergo slow sublimation on increasing
the temperature. On the other hand, Fig. 1b depicts the thermo-
gram of the complex (B). Four stages of weight loss have been ob-
served. The weight loss in the temperature range 113–200 �C can
be ascribed to the loss of bipyridine ligand and one molecule of
CO, 20.05% (calc. 20.68%). The second stage weight loss in the tem-
perature 200–385 �C can be attributed to decomposition of two
molecules of the DQ-ligand and one molecule of CO with total mass
loss of 39.20% (calc. 39.56%). The last molecule of the DQ-ligand
was decomposed in the temperature range 387–480 �C, with a
weight loss of 17.60% (calc 18.20%) leaving Mo2O and carbon resi-
dues with 21.56% and 1.59%, respectively. Finally, Mo2O was con-
verted under the thermal analysis conditions into MoO3 upon

increasing the temperature above 746 �C which subsequently
underwent slow sublimation. Finally, the thermal decomposition
steps of the complexes (A and B) are formulated in Scheme 2.

3.1.4. Mass spectroscopy
The as-prepared complexes were further characterized using

mass spectroscopy. The mass spectrum of complex A exhibited
fragments at m/z = 749, 695, 631, 298, 220, and 162 which may
be attributed to M�(2H2O+3H+), M�(2CO+2H2O), M�(bipyridine),
(M-(bipyridine))/2�H2O, (M/2)�(bipyridine+H2O), and DQ, respec-
tively. On the other hand mass spectrum of complex B revealed

Fig. 1. (a, b) Thermal analysis of the as-prepared molybdenum complexes (A and B)
in nitrogen atmosphere.

Fig. 2. (a, b) XRD patterns of the A-MoO3 and B-MoO3 nanoplates produced by
thermal decomposition of A and B complexes, respectively.
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fragments at m/z = 838, 576, and 156 which may correspond to
M�(2CO+H2O), M�(DQ+bipyridine), and HMoO2CN, respectively.
All the previously mentioned analytical spectroscopic results could
confirm and verify the proposed structures of the as-prepared pre-
cursor complexes (A and B), Scheme 1.

3.2. MoO3 nanoplates

3.2.1. Preparation, morphology and spectral characterization
XRD patterns of the molybdenum trioxide nanoplates produced

by thermal decomposition of the as-prepared solid precursors; A
and B complexes, at 500 �C for 2 h, respectively, are shown in
Fig. 2. It is clearly observed that all the reflections can be indexed
to a pure crystalline orthorhombic a-MoO3 phase (JCPDS card No.
05-0508, S.G. Pbnm, a = 3.962 Å, b = 13.858 Å, and c = 3.697 Å).
Peaks due to other phases are not identified in the samples, indi-
cating high purity of the as prepared a-MoO3 nanoplates. The crys-
tallite size (D, nm) of the a-MoO3 samples are calculated using the
Scherrer Eq. (1)[30].

D ¼ 0:89k=b cos hB ð1Þ

Where k, b, hB are the X-ray wavelength, the full width at half max-
imum (FWHM) of the diffraction peak and the Bragg diffraction an-
gle respectively. The estimated average crystallite size of MoO3

nanoplates was found to be ca. 114 and 80.7 nm, for A-MoO3, and
B-MoO3, respectively. According to the obtained crystallite size of
the produced oxides, and the prepared complexes (A and B) which
have metal-to-ligand (Mo/DQ) ratio equals to 1:1 and 1:0.67,
respectively, it can be concluded that the crystallite size of the pro-
duced MoO3 nanoplates depends on how many ligands each com-
plex has. It is clearly seen that by increasing DQ molecules around
the Mo metal, MoO3 nanoparticles with smaller crystallite size
could be obtained and this might be attributed to that when me-
tal-to-ligand ratio equals to 1:0.67, Mo atoms may be almost
capped completely with DQ ligands, and in turn the Mo atoms
might be protected against agglomeration during the ignition pro-
cess [31]. Fig. 3 shows FT-IR spectra for the orthorhombic (a)-
MoO3 products. It exhibits sharp peak at 992.7 and 993.4 cm�1,
for A-MoO3, and B-MoO3, respectively. Also, it reveals broad and
strong peak at 871.6 and 865.5 cm�1 for A-MoO3, and B-MoO3,
respectively. There is another broad peak at 585.6 and 561.2 cm�1

for A-MoO3, and B-MoO3, respectively, corresponding to interaction

of oxygen atom with three metal atoms (O-3Mo) and these peaks
are consistent with the published data for orthorhombic
MoO3[32]. However, the IR spectra of the A-MoO3, and B-MoO3

products show absorptions at (3453 and 1631 cm�1) and at (3303,
3530 and 1630) cm�1, respectively, which can be assigned to the
stretching and bending vibrations of the adsorbed surface molecu-
lar water interacting with MoO3 products and the broadness of
these bands can be attributed to hydrogen-bonding O–H [29].

The morphology of the as-prepared a-MoO3 nanostructures
was investigated using field emission scanning microscopy (FE-
SEM), and the images are presented in Fig. 4. Fig. 4(Ia) shows a
low magnification the FE-SEM image for the as-prepared A-MoO3

and this image exhibits assemblies of irregular plates. However,
the magnified FE-SEM image (Fig. 4(Ib)) shows that the assemblies
of A-MoO3 product is made of square like and rectangular like
plates with an average length of less than 1.5 and 15 lm, respec-
tively, and with a width of 1.5 and 2.5 lm, respectively. Also, most
of these plates are actually multilayer plates with a thickness of
less than 2 lm. Some of these plates have smooth surface and
the other do not. On the other hand, a lower magnification FE-
SEM image, Fig. 4(IIa), shows the overview of plate assemblies
for B-MoO3, and these assemblies are composed of square like,
hexagonal like and truncated hexagonal like plates. Detailed
inspection of a single assembly at higher magnification is shown
in Fig. 4(IIb), which reveals that these plates have smooth surface
and are fairly uniform with an average length of less than 10 lm,
a width of ca. 1 lm, and a thickness of ca. 400 nm.

3.2.2. Optical properties of MoO3 nanoplates
Optical properties: The UV absorption spectra of the as-pre-

pared molybdenum trioxide samples obtained from different pre-
cursors were taken and, subsequently, the optical band gap (Eg)
of the as-prepared nanosized MoO3 can be calculated using the
Tauc’s relation (Eq. (2)) [33,34]:

ðahmÞ ¼ Kðhm� EgÞn ð2Þ

where K is a parameter that depends on the transition probability
and involves properties of the bands, hm is the photon energy, Eg

is the optical band gap, and n is ½, 3/2, 2, or 3 for transitions which
are directly allowed, directly forbidden, indirectly allowed, or indi-
rectly forbidden, respectively [35]. Fig. 5 shows the absorption coef-
ficient in the form of (ahm)2 plotted versus hm values for the MoO3

nanoplates. The extrapolation of each graph to (ahm)2 = 0 yields
the optical direct band gap (Eg) which was found to be 3.01 and

Scheme 2. The proposed thermal decomposition of A and B complexes.

Fig. 3. (a, b) FT-IR spectrum of the produced A-MoO3 and B-MoO3 nanoplates after
calcinations at 500 �C in air for 2 h.
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3.25 eV for A-MoO3 and B-MoO3 nanoplates respectively. These val-
ues mean that the energy band gaps of the as-prepared nano-sized
MoO3 products are inverse proportional to their crystallite sizes.
These values reveal that the as-prepared molybdenum trioxide
nanoplates products are semiconductors. These values are in good
agreement with the reported data [33,36].

4. Conclusion

a-MoO3 nanoplates were synthesized via thermal decomposi-
tion of two new molybdenum complexes, as solid precursors. The
two novel molybdenum complexes were synthesized by reaction
of Mo(CO)6, and quinoxaline-2,3-dione (DQ) ligand in presence of
2,20-bipyridine at reflux temperature. Increasing the ligand to me-
tal ratio in the synthesized complex resulted in smaller crystallite
size of the produced MoO3 nanomaterials. The crystallite size was
found to be 114 and 82 nm for MoO3 produced from [Mo2(-
bipy)(CO)4(DQ)2], and [Mo2(bipy)(CO)2(DQ)3], solid precursors,
respectively. The optical energy gap was also controlled by control-
ling the crystallite size and it was found that MoO3 with larger
crystallite size has smaller energy gap (3.0 eV) and that with smal-
ler crystallite size has bigger energy gap (3.25 eV). The as-prepared
products were characterized by FT-IR, UV–Vis, Mass, FESEM, ther-
mal analysis, and XRD spectroscopy.
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