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Abstract

A photoluminescent multilayer film based on Keggin-type polyoxometalate PMo12O40
3� (PMo12) and transition metal complex

tris(2,2-bipyridine) ruthenium [Ru(bpy)3]
2+ (Ru(bpy)) was prepared by using layer-by-layer assembly(LBL). The formation of

multilayer film was monitored by ultraviolet absorption spectra. The absorption intensity of characteristic peaks increase with a

four-layer cycle, indicating that the LBL assembly film grow linearly and reproducibly from layer to layer. The composition of the

film was measured by X-ray photoelectron spectrum (XPS). The data of XPS confirmed the presence of the expected elements. The

film exhibited photoluminescence arising from p� � t2g ligand-to-metal transition of Ru(bpy) and redox activity attributing to

molybdenum-centered redox processes of PMo12. The surface morphology of multilayer film was characterized by atomic force

microscopy (AFM). The result shows that the film had a smooth surface with root-mean-square (rms) roughness ca. 1.363 nm for

{PEI/(PSS/PEI/PMo12/Ru(bpy))3}. The grains are homogeneously dispersed in the substrate and have a rather narrow diameter size

distribution.

r 2004 Published by Elsevier Inc.
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1. Introduction

Polyoxometalates (POMs) have been the subject of
many areas of materials science due to their potential
applications in catalysis, conductivity, photo- and
electrochromic devices, and molecular electronics [1–3].
Particular attention has been given to POMs-based
functional materials and devices [4–10]. The method of
layer-by-layer (LBL) self-assembly provides a powerful
tool for the formation and development of POM-based
films in that it is a simple yet effective technique to
prepare uniform multilayer films, based just on alternate
adsorption of oppositely charged polyelelctrolytes or
polyions by electrostatic attractions between them
[11–16]. Inorganic and organic components can be
assembled orderly into multilayer films by this way to
provide a high degree of control over composition,
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thickness, and orientation of each layer on the level of
molecule, which offer potential advantages for thin film
materials in molecular electronic devices [17–21]. By
using the LBL method, Ichinose et al. fabricated thin
film based on iso-polymolybdate [Mo8O26]

4� and
poly(allylamine hydrochloride), and Moriguchi et al.
fabricated electrochromic film based on decatungstate
[W10O32]

4� and poly(diallyldimethylammonium chlor-
ide) [5,22]. Kurth group has obtained many achieve-
ments on the incorporation of POMs into LBL
thin films recently, such as [H3Mo57V6(NO)6
O183(H2O)18]

21�, [Mo132O372(CH3COO)30(H2O)27]
42�,

[Co4(H2O)2P4W30O112]
16�, [Eu-(H2O)P5W30O110]

12�

and [Na(H2O)P5W30O110]
14� [8, 23–26]. Our group has

done much work in this field too [9,10,27].
Transition metal complexes, such as tris(2,2-bipyr-

idine) ruthenium [Ru(bpy)3]
2+, have been the subject of

extensive electrochemical and spectroscopic studies, due
to their excellent photoluminescence properties and
excellent stability in multiple redox states. Electronic
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carriers can be readily injected and transported in these
transition metal complexes, which make them promising
candidates for electroluminescent devices [28]. Handy
et al. demonstrated that high efficiency devices could be
fabricated by a single-layer, spin-coated film of a low
molecular weight ruthenium complex, which
[Ru(bpy)3]

2+(PF6
�)2 is a model compound for this class

of materials [29]. In order to explore the potential
application of transition metal complexes in the design
and construction of molecular electronic devices, it is
important to design, fabricate, and study functional
films containing transition metal complexes.
However, relatively little are reported about the

combining POMs with tris(2,2-bipyridine) ruthenium
[30–33]. So in this paper, we described the fabrication of
a nanocomposite ultrathin film based on PMo12 and
Ru(bpy) by using the LBL method. The growth of {PEI/
(PSS/PEI/PMo12/Ru(bpy))n} film was monitored by
ultraviolet-visible absorption spectra and the film
structure was observed by atomic force microscopy
(AFM). The photoluminescent properties of the film
were examined by fluorescence spectroscopy. Electro-
chemistry property of the film was also investigated.
Fig. 1. The structure of (a) Ru(bpy) and (b) PMo12; (c) schematic

illustration of the {PEI/(PSS/PEI/PMo12/Ru(bpy))n} multilayer film,

n ¼ 2:
2. Experimental section

2.1. Materials and instruments

Poly(ethylenimine) (PEI; MW. 750,000) and poly
(styrenesulfonate) (PSS; MW. 70.000), were commer-
cially obtained from Aldrich and used without further
purification. Polyoxometalate H3PMo12O40 was pur-
chased from Beijing Chem. Corp. of China and used
without further purification. The [Ru(bpy)3]Cl2 was
prepared by the literature [34]. The water used in
all experiments was deionized to a resistivity of
16–18MO cm. All other reagents were of reagent grade.
UV–vis spectra were recorded on a 756 CRT UV-vis

spectrophotometer made in Shanghai, China. X-ray
photoelectron spectra (XPS) were performed on an
Escalab MKII photoelectronic spectrometer with MgKa
(1253.6 eV) as X-ray source. AFM images were obtained
by using digital nanoscope IIIa instrument operating in
the tapping mode with silicon nitride tips. Fluorescence
spectra were performed with a SPEX FL-2T2 fluores-
cence spectrophotometer using a 450W xenon lamp as
excitation source. A CHI 600 electrochemical work-
station connected to digital-586 personal computer
was used for control of the electrochemical measure-
ments and for data collection. A conventional three-
electrode system was used, with a {PEI/(PSS/PEI/
PMo12/Ru(bpy))n} multilayer film coated ITO electrode
as a working electrode, platinum foil as a counter
electrode, and Ag/AgCl as a reference electrode, in pH
4.0 buffer solutions.
2.2. LBL assembly

The fabrication of the multilayer film was carried out
as follows. The substrate (silica or quartz glass slide) was
cleaned according to the literature [23], which made its
surface become hydrophilic, rinsed with deionized
water, dried under a nitrogen stream. The hydrophilized
substrate slide was immersed in 3� 10�2mol L�1 PEI
solution (the concentration was calculated based on
their repeating units) for 20min, followed by washing
with deionized water. After washing, a nitrogen stream
was blown over the film surface until the adhering
water layer was completely removed. The PEI-
coated substrates then were alternately dipped into
1� 10�2mol L�1 PSS, 1� 10�2mol L�1 PEI,
1� 10�3mol L�1 PMo12 and 1� 10�2mol L�1 Ru(bpy)
for 20min, also rinsed with deionized water, and dried in
a nitrogen stream after each dipping. Multilayer film
{PEI/(PSS/PEI/PMo12/Ru(bpy))n} (schematic represen-
tation shown in Fig. 1) were formed in matrix.
ITO glass (on one side only) substrate was cleaned by

immersing into a H2SO4:H2O2=7:3 (V/V) solution for a
few minutes followed by rinsing copiously with deio-
nized water and drying in a nitrogen stream [22]. LBL
deposition was performed according to the process as
described above.

3. Results and discussion

3.1. Ultraviolet-visible absorption spectra

The formation of the multylayer film was monitored
by the UV spectroscopy. The absorbencies of per
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Fig. 2. UV absorption spectra of multilayer film of {PEI/(PSS/PEI/

PMo12/Ru(bpy))n} (from bottom to top, n ¼ 0; 1, 2, 3, 4, 5, 6, 7, and 8)

assembled on a quartz substrate (on both sides). The inset shows plots

of the absorbance values at 196, 227, 290, and 330 nm as a function of

the number of the PSS/PEI/PMo12/Ru(bpy) four-layer cycle.

Fig. 3. AFM images of (a) {PEI/(PSS/PEI/PMo12/Ru(bpy))2 (PSS/

PEI/PMo12)} and (b) {PEI/(PSS/PEI/PMo12/Ru(bpy))3} multilayer

films.
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four-layer cycle were obtained for film assembled on two
sides of a quartz slide. Fig. 2 exhibits the UV spectra
of {PEI/(PSS/PEI/PMo12/Ru(bpy))8} multilayer film
deposited on a quartz slide in 190–350 nm. .The spectra
showed four peaks at 196, 227, 290, and 330 nm,
respectively. As is reported, over our investigated
wavelength range, Ru(bpy) has three characteristic
absorptions, ligand-centred p2p� transition at 299 nm,
and metal-centred d2d transitions at 237 and 327 nm
[30,35]; PMo12 has two characteristic absorptions, Od-
W at 212 nm and Ob(Oc)-W at 310 nm (Od=terminal
oxygen, Ob and Oc=bridge oxygen) [36]; PSS has two
characteristic absorptions of pendent aromatic groups at
195 and 225 nm [37]. So the absorption at 196 nm can be
assigned to the overlap peak of PMo12 and PSS; the
absorption at 227 nm can be assigned to the overlap
peak of PSS and Ru(bpy); the absorption at 290 nm can
be assigned to Ru(bpy); the absorption at 330 nm can be
assigned to the overlap peak of Ru(bpy) and PMo12.
The absorbencies of these peaks increased linearly with
the number of deposition cycle (see Fig. 2 inset),
suggesting that the quantity of these species deposited
per cycle was constant up to at least an n value of 8.

3.2. Atomic force microscopy

Topographical characterization was conducted by
AFM. Fig. 3a and b show the AFM images correspond-
ing to the {PEI/(PSS/PEI/PMo12/Ru(bpy))2 (PSS/PEI/
PMo12)} and {PEI/(PSS/PEI/PMo12/Ru(bpy))3}, re-
spectively. The layer of PMo12 onto the {PEI/(PSS/
PEI/PMo12/Ru(bpy))2 (PSS/PEI/)} shows a relatively
uniform and smooth surface with a rms roughness of
2.959 nm, on which the PMo12 nanoparticles with a
mean grain size of ca. 40 nm aggregate into nanoclus-
ters. However, when an Ru(bpy) layer was deposited on
the top of the {PEI/(PSS/PEI/PMo12/Ru(bpy))2(PSS/
PEI/PMo12/)}, the film showed a significantly different
surface morphology compared with the former PMo12
layer. The Ru(bpy) layer shows much smoother surface
with smaller rms roughness 1.363 nm, on which the
aggregate degree of grains decreases largely. The
significant difference of surface morphology between
the two layers is possibly because that the cationic
polymer PEI reduced the coulombic repulsion of
adjacent PMo12 centers, leading to aggregating of
PMo12 to a certain extent [22,38].

3.3. Luminescent property

The excitation spectra of the Ru(bpy) solid and {PEI/
(PSS/PEI/PMo12/Ru(bpy))10} LBL film self-assembled
on smooth quartz substrate at room temperature were
showed in Fig. 4. As can be seen from Fig. 4, the two
spectra are similar and both have the most intense bands
at ca. 470 nm assigned to the singlet metal-to-ligand
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Fig. 4. Excitation spectra of solid Ru(bpy) (D) and {PEI/(PSS/PEI/

PMo12/Ru(bpy))10} multilayer film (B).

Fig. 5. Emission spectra of solid Ru(bpy) (D) and {PEI/(PSS/PEI/

PMo12/Ru(bpy))n} multilayer films (B and E, n ¼ 10 and 12).

Fig. 6. XPS spectrum of N1s in the {PEI/(PSS/PEI/PMo12/Ru(bpy))n}

multilayer film.
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(MLCT) d2p� transitions [28], while certain variations
occured in the band number, band position, and relative
intensity of some individual bands in the spectrum of the
film. Particularly, in contrast to the spectrum of
Ru(bpy) solid, the intensity of the broad band centered
at 398 nm decreases greatly, and the much less intense
bands at 486 and 498 nm disappear in the film. The
emission spectra of the Ru(bpy) solid and {PEI/(PSS/
PEI/PMo12/Ru(bpy))n} (n ¼ 10 and 12) LBL films are
showed in Fig. 5, excited at 470 nm. The emission
spectra for Ru(bpy) solid and the thin films are quite
similar and all show a characteristic broad band, arising
from p� � t2g ligand-to-metal transition of Ru(bpy) [28].
The luminescence bands are, however, blue-shifted from
612 to 592 nm in thin films. All these changes as
mentioned above may be associated with the strong
interactions between tris(2,2-bipyridine) ruthenium and
the polyanion, and the polyelectrolyte, which have
influence on the molecular orbitals of ligands and metal
in Ru(bpy). The blue-shifted phenomenon is also
observed in previously reported Ru(bpy) [39–41]. The
luminescence intensity of thin films increased with the
number of deposition cycle, and the band positions are
found remain invariant, suggesting that the films were
made uniformly. The electroluminescence behavior of
the multilayer film is underway.

3.4. X-ray photoelectron spectrum

XPS measurements were performed to identify
elemental composition of {PEI/(PSS/PEI/PMo12/
Ru(bpy))3} LBL film deposited on the single-crystal
silicon substrate. The film exhibited peaks correspond-
ing to C1s (BE=285.0 eV), N1s (BE=401.8 eV and
BE=399.5 eV), O1s (BE=531.3 eV), P2p (BE=
133.1 eV), S2p (BE=168.1 eV), Mo3d 5/2 (BE=
232.4 eV), and Mo3d 3/2(BE=235.1 eV), whereas that
for Ru was not observed due to its very low percentages
in the film (detection limit required by the instrument is
X2%). The C1s signal can be assigned to the carbon in
PEI and PSS; the O1s is ascribed to the oxygen atoms in
PSS and PMo12. The appearance of double N1s peaks at
401.8 and 399.5 eV in the XPS measurement indicates
that there are two kinds of nitrogen atoms in the thin
film (see Fig. 6). One kind of nitrogen atom comes from
polyelectrolyte PEI, corresponding to the N1s peak
at 401.8 eV. The other kind is attributed to the nitrogen
atom of the N–Ru coordination bond in Ru(bpy),
corresponding to the N1s peak at 399.5 eV. These
XPS results confirm the existence of the polyelectro-
lytes, PMo12, and Ru(bpy) in the multilayer film in
conjunction with the results of UV-vis and fluorescent
spectra.

3.5. Electrochemistry of the {PEI/(PSS/PEI/PMo12/

Ru(bpy))12} film self-assembled on ITO glass substrate

Polyoxometerlates have good redox activity and are
extensively used as the electrocatalysts, so the electro-
chemical method can be chosen to characterize the
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Fig. 7. Cyclic voltammogram of {PEI/(PSS/PEI/PMo12/Ru(bpy))12}

multilayer film on ITO electrode in 0.1M blank Na2SO4. Scan rate:

5mV s�1.
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property of film based on them. The CV of the {PEI/
(PSS/PEI/PMo12/Ru(bpy))12}-modified ITO electrode
in 0.2M Na2SO4 solution (pH=4) was exhibited in
Fig. 7. In the range �600 and 800mV, the thin film
undergo three redox waves with the surface formal
potential Eo0

sur values of 325, 192, and –305mV,
respectively, which should be assigned to molybde-
num-centered redox processes of PMo12 [42]. The result
suggested that the electrochemical property of PMo12 is
being maintained in the LBL film.
4. Conclusion

The well-behaved multilayer film based on Keggin-
type polyoxometalate PMo12O40

3� and transition metal
complex tris(2,2-bipyridine) ruthenium [Ru(bpy)3]

2+

was prepared by using LBL assembly and characterized
by UV-vis spectra, XPS, and AFM images. The film
exhibited photoluminescence arising from p� � t2g
ligand-to-metal transition of Ru(bpy) and good redox
activity attributing to molybdenum-centered redox
processes of PMo12. The results provide an implication
that a series of luminescence multilayer films may be
fabricated by incorporating POMs with transition metal
complexes, which would represent potential applications
in organic light emitting devices and electrocatalysis.
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