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Layer-by-layer Multilayer Films Self-assembled from a Rare-
earth-containing Poly-oxometalate Nag[ Eu(Ws013),] and Poly
(allylamine hydrochloride) and Their Photoluminescent Proper-

ties
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Ultrathin multilayer films of a rare-earth-containing polyoxo-
metalate Nay[ Eu(W;0y3),] (EW) and poly ( allylamine hy-
drochloride) (PAH) have been prepared by layer-by-layer self-
assembly from dilute aqueous solutions. The fabrication process
of the EW/PAH multilayer films was followed by UV-vis spec-
troscopy and ellipsometry, which show that the deposition pro-
cess is linear and highly reproducible from layer to layer. An
average EW/PAH bilayer thickness of ca. 2.1 nm was deter-
mined by ellipsometry. In addition, the scanning electron mi-
croscopy (SEM) image of the EW/PAH film indicates that the
film surface is relatively uniform and smooth. The photolumi-
nescent properties of these films were also investigated by fluo-
rescence spectroscopy.
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Introduction

Recently, considerable interest has been devoted to
assembling nanoscale building blocks with various inor-
ganic and/or organic compositions into ultrathin multilay-
ered films by versatile assembling strategies as these films
can offer great potential for applications such as compos-
ites, catalysis, microelectronics, non-linear optics, sen-

* E-mail; huchw@ nenu.edu.cn; Fax (Tel.) . 0431-5640694

sors, and display technologies.'” Several techniques such
as Langmuir-Blodgett (LB) deposition,®® sol-gel process-
ing'>"" and layer-by-layer ( LbL) self-assembly’-3:12%
have been employed to produce these ordered assemblies.
The layer-by-layer (LbL) self-assembly method, initially
developed to prepare multilayer assemblies of poly-
mers, >’ has been successfully applied to the fabrication
of a variety of ordered composite films that incorporate or-
ganic components,'®'® biopolymers and virus parti-
cles,"?! or inorganic materials such as clay® and nanopar-
ticles.”? This technique, based on the sequential ad-
sorption of oppositely charged species from dilute solu-
tions, is particularly attractive and has been proved to be
a simple, yet powerful approach for constructing building
blocks of different compositions into ultrathin multilayer
films with controlled thickness and controlled molecular
architecture at the nanometer level on essentially arbitrary
solid substrates.' In addition, there are advantages in the
low cost of instrumentation and high throughput of layer
fabrication in comparison with LB deposition technique.
Polyoxometalates (POMs) are currently atiracting
much attention as building blocks for functional composite
materials because of their particularly interesting nano-
sized structure™? and their potential applications in
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catalysis, conductivity, photo- and electro-chromic de-
vices and molecular electronics.”** However, practical
applications of POMs in these areas rely largely on the
successful fabrication of thin POM-containing films.>' So
far, several reports’ > show that the LbL method is also
adaptable for the preparation of thin nanocomposite films
from a cationic polyelectrolyte and a negatively charged
POM. The assembly process and adsorption mechanism
have been studied in these publications while the proper-
ties of these films as materials are rarely reported.® Fur-
thermore, to the best of our knowledge, no reports on the
fabrication of LbL self-assembled films incorporating rare-
earth-containing POMs or the properties of these films
have been published up till now.

Here, we present the first fabrication of stable ultra-
thin composite films of a rare-earth-containing POM Nag-
[Eu(W5018)2]35 3 (EW) and polyallylamine hydrochlo-
ride (PAH) by the IbL method. The film structure was
characterized by UV-vis spectroscopy, ellipsometry and
scanning electron microscopy (SEM). The fluorescent
properties of these films have also been investigated by
fluorescence spectroscopy .

Experimental

UV-vis spectra were recorded on a 756 CRT UV-vis-
ible spectrophotometer made in Shanghai, China. Ellipso-
metric measurements were performed with an AUEL-II
Automated Laser Ellipsometer (Xi’ an Jiaotong Universi-
ty, China, 2-mW HeNe laser, A = 632.8 nm, angle of
incidence 70° for silicon substrates) . Thickness data were
average values obtained from different spots (5—6) on a
given sample and the error is + 0.8 nm. Scanning elec-
tron micrograghs (SEM) were obtained on a Hitachi S-
570 scanning electron microscope operating at 20 kV.
Fluorescence spectra were obtained with an SPEX FL-2T2
fluorescence spectrophotometer. Further, solid substrates
were cleaned by immersion in a solution containing 1 part
NH,OH (29 wt% aqueous solution), 1 part H,0, (30
wt% aqueous solution) , and 5 parts pure water at 70 C
for 20 min, followed by rinsing with copious amounts of
deionized water.

The EW/PAH composite films were prepared by first
depositing alternating poly (ethyleneimine ) (PEI, MW
50000), poly ( sodium 4-styrenesulfonate ) (PSS, MW
70000) , and poly(allylamine hydrochloride) (PAH, MW

70000) layers onto a cleaned substrate so as to form a
PEL/PSS/PAH (P) precursor film. The solutions for the
deposition of these polyelectrolyte layers were 10~% mol/L
PEI in water, 1072 mol/L PSS in 1 mol/L NaCl, and
10~2 mol/L PAH in 1 mol/L NaCl (the polyelectrolyte
concentration was based on the molecular weight of the
monomer unit) . The immersion time used was 20 min and
the substrate was rinsed with deionized water and dried
with nitrogen after each deposition step. The uppermost
layer of PAH provides a positively-charged surface for
subsequent self-assembly of an EW layer using the same
immersion time and a concentration of 10”3 mol/L in wa-
ter. Repeated cycles of PAH and EW deposition (with a
final layer of PAH) result in multilayer structures of the
form P/(EW/PAH), .

Results and discussion

UV-vis spectroscopy has been proved to be a useful
and facile technique to evaluate the growth process of
multilayers®* and was thus used in the present work to
monitor the IbL assembling process of EW/PAH films.
Fig. 1 shows the UV-vis absorption spectra of (EwW/
PAH), multilayers (with n =7) assembled on a precur-
sor PEL/PSS/PAH film on a quariz substrate. As shown
in Fig. 1, these films exhibit the characteristic bands of
EW at 195 nm and 260 nm pertaining to the oxygen to
tungsten charge transfer transitions,>’ substantiating the
incorporation of the EW polyanions into the composite film
without any alteration. The feature band at 225 nm is due
to the benzene chromophores in PSS, 33 while PAH does
not absorb above 200 nm.>! Since the f>f bands of Eu**
in the visible region are very weak,”’ the UV-vis spectra
of the EW/PAH films do not show these bands. As shown
in the inset of Fig. 1, the absorbances of quartz-support-
ed P/(EW/PAH), multilayer films at two characteristic
wavelengths (195 nm and 260 nm) increase proportionally
with the number of adsorption cycles, n. This nearly lin-
ear growth of the absorption peaks indicates that approxi-
mately equal amounts of EW and PAH were deposited for
each adsorption procedure and that the EW/PAH films
have grown uniformly with each deposition cycle.

Further evidence for uniform multilayer growth of
EW/PAH assemblies is obtained from optical ellipsometry
measurements. As shown in Fig. 2, ellipsometry of the
P/(EW/PAH),; film assembled on a single-crystal silicon

substrate indicates a linear increase in the thickness of the
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Fig. 1 UV-vis absorption spectra of (EW/PAH), multilayer
films with n=0—7 on a PEL/PSS/PAH-modified
quariz subsirate. The lowest curve corresponds to the
precursor film (n =0). The other curves, from bot-
tom to top, correspond to n=1, 2, 3, 4, 5, 6 and
7, respectively. The inset shows plots of the ab-
sorbance values at 195 nm and 260 nm as a function
of the number of deposition cycles (n) .
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Fig. 2 Ellipsometric thickness of a multilayered structure on
a single-crystal silicon substrate as a function of the
number of deposition cycles (n) for 13 complete
EW/PAH cycles, in which the straight line repre-
sents the linear fit of the data. All data in this figure
were averages over five points on one sample.

multilayered structure with the number of deposition cy-
cles. This clearly demonstrates that deposition is very re-
producible and film growth is essentially uniform, that is,
in each adsorption cycle equivalent amounts of EW and
PAH are deposited on the substrates. From ellipsometry
the average film thickness for the EW/PAH bilayer is de-

termined to be ca. 2.1 nm. This value is consistent with

the monolayer thickness of EW based on its cluster diame-
ter of ca. 0.8 nm in the short axis® and the 1.2-nm film
thickness for a single PAH layer.* The schematic repre-
sentation of the internal film structure is shown in Fig. 3.
In addition, ellipsometric measurements also establish a
thickness of ~ 8.2 nm for the precursor PEL/PSS/PAH
film.

Although UV-vis absorption spectroscopy and ellip-
sometry confirmed the uniform growth of the EW/PAH
multilayer assemblies via electrostatic LbL adsorption,
these techniques can only characterize the film homogene-
ity on the macroscopic scale. Scanning electron mi-
croscopy (SEM) can provide further detailed information
involving the surface morphology and the homogeneity of
the LbL films down to the nanometer scale. Fig. 4 shows
the SEM image of a P/(EW/PAH);o multilayer film pre-
pared on a silicon wafer. It can be seen that the film sur-
face is relatively smooth over a large area. However, this
SEM image also shows some individual domains. This
perhaps arises from the adsorption of bi- and multi-layer
aggregates of the EW polyanions and/or the PAH poly-
electrolyte chains.
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Fig. 3 Schematic representation of the internal layer structure
of a PEL/PSS/PAH/( EW/PAH ), multilayer film
self-assembled on a substrate. Note that this drawing
is an oversimplification of the actual layer structure.

Fig. 5 (a) shows the photoluminescence spectrum of
a solid sample of EW and Fig. 5 (b) shows that of the
P/(EW/PAH )3 films self-assembled on a smooth quartz
substrate excited at room temperature, respectively.
When [Eu(Ws0,3),1°" is excited in the intense UV
bands corresponding to the oxygen-tungsten transitions
within the [ Eu{Ws045),1°~ “ligand” or in the weak visi-
ble bands corresponding to f - f excited states of the Eu>*
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Fig. 4 Scanning electron micrograph of a P/(EW/PAH);y multi-
layer on a silicon wafer (surface view). The sample was
prepared at 20-min adsorption of EW and PAH (ten cy-
cles) on a PEL/PSS/PEI precursor film.
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Fig. 5 Photoluminescence spectra of a solid sample of EW (a)
and a P/(EW/PAH); multilayer films assembled on a
quartz substrate (b), both excited in the UV region at
room temperature .

ion in the visible region at room temperature, weak lumi-

nescence arising from the 5 Dy—>'F 7 (J =0—4) transi-

tions can be observed.® As shown in Fig. 5, for the

EW/PAH film, the photoluminescence spectrum exhibits

multiple peak structure, very similar to that found for the

EW solid. This again confirms that the structure of [ Eu

(W5015),1° is retained after incorporation into the film,
that is, the [Eu(Ws0,5),]°~ polyanions can exist in the
film stably. As shown in Fig. 5 (a), the most intense
bands at ca. 590 nm and 595 nm correspond to the 3Dy
—"F, emission transition. The broad band around 621 nm
is also relatively intense and ascribed to the Dy—"F, e-
mission transition. The less intense bands at 693 nm and
701 nm are assigned to the Dy—>"F, emission transition,
while the very small band at ca. 652 nm corresponds to
the SDy—>"F; emission transition.””* However, the Dy
—"F, emission transition at ca. 580 nm, which can
hardly be identified at room temperature or under low res-
olution,” is practically absent in both spectra. This Eu®*
emission pattern for the EW solid corresponds to the Cy,
site symmetry of Eu®* .%® Further, it is noteworthy that for
Fig. 5 (a) and (b) there are some variations in the rela-
tive intensity, multiplicity and width of individual bands.
Above all, the Dy—"F; and >Dy—"F, emission transi-
tions, which are respectively split into a doublet and an
approximate triplet in the spectrum of the EW solid, are
not split in the spectrum of the LbL film. This may be as-
sociated with the relatively low content and uniform distri-
bution of EW in the IbL film, and most of all, the strong
electrostatic interaction between the EW polyanions and
the PAH polycations, which probably induces the varia-
tion in symmetry and strength of the molecular electric
field surrounding the Eu** ion and the modification of the
interaction of the Eu’* ion with its environment.*"*!
Since it is generally believed that the less symmetrical the
geometric arrangement surrounding the rare-earth ion, the
more numerous the lines appearing in the spectrum due to
internal- Stark splitting of the “unperturbed” ionic lev-
els,® the disappearance of the splitting of the SDy—"F;
and >Dy—"F, emission transitions in the present case may
be attributed to the higher symmetry of the molecular field
around Eu’* ion in the film than that in the solid ( Cs.).
In the second place, it is also noteworthy that the 5D0
~>"F, emission transition becomes more intense for the
film than for the solid. This can be explained by the fact
that this transition is hypersensitive and its transition
probability can increase considerably by minor changes in
the surroundings.”” On the whole, the changes in the
molecular electric field of the Eu®* ion determine the im-
portant variations in relative intensity, width and splitting
of the individual emission bands.*
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Conclusions

A simple but powerful strategy based on LbL self-as-
sembly has been used for preparing stable ultrathin muti-
layer films that incorporate a rare-earth-containing POM.
The films have displayed a linear increase in the absorp-
tion and film thickness with the number of deposition cy-
cles. SEM image indicates that the films are relatively u-
niform and smooth. The photoluminescent properties of
the multilayer film are similar to those observed for the
solid of the rare-earth-containing POM, which is of poten-
tial importance to the fabrication of photoluminescent thin
film materials incorporating POMs. This method may be
adaptable to other POMs and the study on this respect is
still underway.
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