Photoluminescent multilayer films based on polyoxometalatesT
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Ultrathin multilayer films consisting of the polyoxotungstoeuropate cluster K>[EuPsW3,0110] (EuPsW3o) and
poly(allylamine hydrochloride) (PAH) have been prepared by the layer-by-layer self-assembly method. The
(EuPsW3o/PAH) multilayer films have been characterized by small-angle X-ray reflectivity measurements, X-ray
photoelectron spectra, and atomic force microscopy (AFM). From the AFM images, the thickness of the {PEI/
PSS/PAH(EuW;o/PAH)} multilayer film was estimated to be 6.5 nm, corresponding to an average thickness of

ca.1.1 nm for a EuW;y/PAH layer pair. The photoluminescent behavior of the film at room temperature was
investigated to show the characteristic Eu>* emission pattern of >Dy — F. The fluorescence behavior of the
multilayer film is essentially identical to that of H,[EuPsW3,0;10]"> ~ ™~ in a concentrated aqueous solution,
except for the relative intensities and peak bandwidths. The occurence of photoluminescent activity confirms
the potential for creating luminescent multilayers with polyoxometalates (see ref. 23).

Introduction

Over the past few years, the fabrication of self-assembled
ultrathin films has attracted considerable interest because of
their importance in the design of nanostructured materials with
tailored structures and properties.! The layer-by-layer (LbL)
self-assembly method, initially developed for pairs of oppo-
sitely charged polyelectrolytes,> is a facile and versatile
technique that has recently emerged as a viable approach to
the preparation of large area ultrathin films. Many different
multilayers with nanocrystallites, colloidal gold, titanium
dioxide, magnetite nanoparticles and other functional com-
ponents incorporated into polymer matrices have been
fabricated.*”?

Polyoxometalates (POMs), a class of molecularly defined
inorganic metal oxide clusters, possess intriguing structures
and diverse properties and, therefore, are attracting increasing
attention worldwide.'®!! The relevant properties related to
developing functional materials are (i) catalytic activity for
chemical transformations,'? (ii) molecule-based conductivity, '
(iii) magnetism,'* as well as (iv) photochromism, electrochro-
mism, and luminescence.!> Obviously, polyoxometalates are
extremely versatile inorganic building blocks for the con-
struction of functional materials. However, their potential
application in electrocatalysis, molecular electronics, and
electro-optical devices requires successful fabrication of thin
films.'® Ichinose et al. prepared multilayer films of isopolymo-
lybdate ((NHy)4[Mo0gOy¢]) by means of alternate adsorption of
POM and poly(allylamine hydrochloride) (PAH).!” Kurth’s
group recently reported the preparation of two ultrathin multi-
layer polyoxometalate—polyelectrolyte films, incorporating
the polyoxometalate cluster (NHy),1[H3Mo0s57Vg(INO)gOq53-
(H,0)5] as well as the Keplerate cluster (NH4)42[M013,037>-
(CH3CO0)34(H20)7,], by the LbL method.'®! Their results

TXRR spectrum of {(PEI/PSS/PAH)(EuPsW;o/PAH)¢}, UV-Vis spec-
trum of EuPsW3( anion and AFM image of the top layer of (PEI/PSS/
PAH). See http://www.rsc.org/suppdata/jm/b1/b108283c/
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demonstrate that the LbL method is also applicable for the
fabrication of multilayer films of anionic POMs and poly-
cationic PAH. However, to our knowledge, the exploration of
POM-based multilayer films as functional materials is relatively
rare.’*?! For this, it will be of critical importance to
successfully incorporate the functional properties of POMs
into the ultrathin material. In this paper, we describe a
photoluminescent POM-based LbL multilayer film pre-
pared from both polyoxotungstoeuropate Ki;[EuPsW300]
(EuPsW3() and positively charged polyelectrolytes.

Experimental
Materials

Polyoxotungstoeuropate, K >[EuPsW3¢014]-54H,0, was pre-
pared according to the literature method,?* and the product
was recrystallized twice. IR (KBr): 1161.94, 1091.65, 959.18,
911.54, 780.68 cm ™', Poly(ethyleneimine) (PEI; MW 50,000),
poly(styrenesulfonate) (PSS; MW 70,000), and poly(allylamine
hydrochloride) (PAH; MW 70,000) were purchased from
Aldrich and were used without further treatment. The water
used in all experiments was deionized to a resistivity of
17-18 MQ cm.

Characterization of the films

UV-vis absorption spectra were recorded on a quartz slide
using a 756CRT UV-visible spectrophotometer. X-Ray photo-
electron spectroscopy (XPS) was carried out on a silicon wafer
using an Escalab-MK II photoelectronic spectrometer with
ALK?2(1486.6 eV) as the excitation source. X-Ray reflectivity
(XRR) experiments were performed with a Philips X’Pert
instrument using Cu-Ko radiation (1 = 1.5405A). XRR
measurements for the multilayer film deposited on a silicon
wafer yielded data similar to that on quartz substrates. AFM
images were taken on mica slides using a Digital Instruments
Nanoscope I11a instrument operating in the tapping mode with
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silicon nitride tips. Photoluminescence spectra were measured
using a SPEX FL-2T2 instrument with a 450 W xenon lamp
monochromatized by a double grating (1200 grooves mm ™).

Preparation of the films

The cleaned substrates (quartz, silicon, or mica), were
immersed in a 1 x 1072mol L™! PEI solution for 20 min,
rinsed with water, and dried under a nitrogen stream. The PEI-
coated substrates were then exposed to a 1 x 10 > mol L™
PSS solution for 20 min, followed by alternating 20 min
immersions in 1 x 107>mol L™' PAH solution (contain-
ing 1mol L~ ! NaCl; pH ~ 2.5-3) and EuPsW3;, (1 x
10 *mol L™}, pH ~ 6-7) solutions. After each adsorption
step, the substrates were rinsed with water and dried under a
stream of nitrogen.

Results and discussion

UV-vis spectroscopy was used to monitor the deposition
process. Fig. 1 shows the UV-vis spectra of (EuPsW3o/PAH),
multilayers (n = 0-6) deposited on a precursor {PEI/PSS/
PAH} film on a quartz substrate. The absorption band at
225 nm in the UV-vis spectrum of the precursor (PEI/PSS/
PAH) film arises from the aromatic group present in the PSS
polyanion. The UV-vis spectrum of an aqueous EuPsWj3,
solution shows three absorption bands at 211, 267 and 302 nm,
so we utilized these absorption bands to monitor film growth.
For the UV-vis spectrum of the multilayer films, the adsorption
maxima at 267 or 302 nm cannot be observed clearly. However,
plotting the absorbances at 216, 267, and 302 nm versus the
number of (EuPsW;o/PAH) layers still results in nearly straight
lines (see the inset in Fig. 1), which confirms constant
incorporation of EuPsW3q in the multilayer. The polycation
PAH does not absorb above 200 nm, and its presence in the
film does not contribute to the absorption spectra. A partial
loss of EuPsW3q clusters after each PAH deposition step is
observed in the UV-vis spectra, but the steady increase in the
absorbance demonstrates that EuPsW3o anions are deposited
in the multilayer films.

To identify the elemental composition of the multilayer films,
XPS experiments on the (EuPsW;o/PAH), (n = 1 and 4) films
were carried out. Although the XPS measurements give only a
semi-quantitative elemental composition, the presence of C, O,
N, S, P, Eu, and W in the film is confirmed, and the expected
molar ratio of 1:30 for Eu to W is also approximately
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Fig. 1 UV-vis spectra of (EuPsW3y/PAH), multilayer films with n =
0-6 on PEI/PSS/PAH-modified quartz substrates (both sides). These
curves, from bottom to top, correspond to n = 0,1,2,3,4,5, and 6,
respectively. The inset displays both a schematic polyhedral represen-
tation of the EuPsWj3, cluster and the absorbance growth at 211, 267,
and 302 nm as a function of the number of (EuPsW3o/PAH) bilayers for
the (EuPsW3o/PAH), multilayer films.
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Fig. 2 X-Ray photoelectron spectra in the N(1s) and W(4f) regions for
the (EuPsW3o/PAH), multilayer films with n = 1 and 4.

established. The XPS data for the (EuPsW3o/PAH), films
(n = 1 and 4) are given in Fig. 2. We observed that the peak
intensities of the Wyr and Ny, levels (at 35.1 and 401.2 ¢V,
respectively) increase as the number of (EuPsW;i/PAH)
bilayers increases. The observed variation of the relevant
peak intensities with successive depositions is clearly indicative
of constant film growth as a result of LbL deposition, in
agreement with the result from the UV-vis spectra. Further-
more, the presence of a single N;; peak in the XPS
measurements indicates that the valence state of the nitrogen
atoms from PAH does not change after LbL deposition,
suggesting that only a simple electrostatic interaction exists
between the layers.

AFM images of the (PEI/PSS/PAH) precursor film and an
additional bilayer of (EuPsW3o/PAH) were taken to provide
detailed information about the surface morphology and the
homogeneity of the deposited films (see Fig.3). Before
EuPsW3, adsorption, the outer PAH surface layer of the
precursor film is uniform and smooth, with a mean roughness
of 0.5nm. After adsorption of EuPsW;,, followed by
adsorption of a PAH surface layer, the mean interface
roughness increased to 0.848 nm. X-Ray reflectance data
were collected for the multilayer films in order to investigate
their structure, but no Kiessig fringes appear in the XRR curve,
indicating that the film surface is inhomegeneous. In fact, a
strict lamellar structure with sharp interfacial confinements
between EuPsW3, and PAH layers is almost impossble to
reach, because the coverage of EuPsWj clusters on each layer
is incomplete and inhomogenous. Without Kiessig fringes in
the XRR curve, it was difficult to accurately establish the
thickness of the multilayer film by this method. AFM images
were therefore used to estimate the thickness of the film. The
maximum peak-to-valley distance on the AFM images was
considered to be approximately equal to the thickness of the
{(PEI/PSS/PAH)(EuPsW;¢,/PAH)} multilayer. The estimated
thickness of the {(PEI/PSS/PAH)(EuPsW;,/PAH)} multilayer
film is ca. 6.5 nm. From previous results, it is known that under
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Fig. 3 Tapping mode AFM images of precursor (PEI/PSS/PAH) and [(PEI/PSS/PAH) (EuPsW3o/PAH)] films.

the same experimental conditions the thickness of the precursor
PEI/PSS/PAH film is 5.4 nm.'® Based on the above-mentioned
data, we infer the thickness for an {EuPsW;o/PAH} layer pair
to be ca. 1.1 nm.

Since an intramolecular energy transfer via oxygen-to-metal
charge-transfer (O — M CT) to a lanthanide cation can occur
in the polyoxometalate lattice, the photoluminescence behavior
of polyoxometalates containing lanthanide cations has been
investigated by various groups, including that of Yamase.>* As
shown in the inset of Fig. 1, the Eu’™ cation is located in the
center of the [EuPsWsy0;19]'"> anion, which consists of a
cyclic assembly of five {PW¢O,,} units. The overall anion
symmetry is Cyy, and the central Eu®" cation is coordinated by
a H,O molecule that is enclosed in the central cavity.?* For the
aqueous solution of H,[EuPsW300;,0]*> ~ ™~ anions, the
photoluminescence spectrum at 303 K displays the character-
istic  Eu’" emission pattern consisting of °Dy— 'F;.
Dy — "F,, °Dy— 'F3, and *Dy— 'F4 emission bands.”
These emissions arise from the 3Dy excited state of Eu** and
terminate in the ’F, (J = 0-4) ground state. We determined the
photoluminescence spectrum of the (EuPsW;o/PAH), (n = 10)
multilayer film at room temperature (293 K), as shown in
Fig. 4. It was well known that the Dy — "F, emission band
cannot be observed in the fluorescence spectra of Eu’*
complexes because it is forbidden according to the selection
rule, unless the location of the Eu’" cation deviates from the
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Fig. 4 Photoluminescence spectra (at 300 K) of the (EuPsW;¢/PAH);¢
multilayer film on quartz. The positions of Dy—"F, (J = 0-4)
emission bands are indicated in wavelength units (nm).
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symmetry center. The Dy — 'F, emission band does not
appear in the fluorescence spectrum of this film, as might be
expected given that the Eu®" cation is located in the center of
the [EuP5W300110]12_ anion. This also reflects that the
[EuPsW300110]'2” anion structure does not change after it
enters the multilayer film. The fluorescence behavior of the
multilayer film is essentially identical to that of the aqueous
H,[EuPsW300110]"> ~ ™~ solution, except for the relative
intensities and peak bandwidths. Because of the low content
of EuPsW3;q in the multilayer film, its fluorescence intensity is
weak, so the fine structure is not revealed in the multilayer film
spectrum.

In consideration of the similar photoluminescent spectra of
the multilayer film and the aqueous H,[EuPsW5,0 110](12 -
solution, it is believed that in the multilayer film the dominant
interaction between EuPsW3, and PAH is indeed an electro-
static attraction, so that the original coordination of Eu’™ is
not affected. The occurence of photoluminescent activity
confirms the potential for creating luminescent multilayer
films with polyoxometalates and their use as functional
components may be achieved by adjusting the thickness,
composition, and structure of the multilayer film.

Conclusions

In this work, it has been shown that highly ordered EuPsW5,/
PAH multilayers can be successfully fabricated on solid
substrates using consecutive layer-by-layer electrostatic
adsorption. The ultrathin multilayer film has been character-
ized by UV-vis spectroscopy, small-angle X-ray reflectivity
measurements, X-ray photoelectron spectroscopy, and AFM
imaging. These reveal both regular film growth with each
EuPsW3, adsorption and the film thickness at nanoscale
(ca.6.5nm). The occurence of photoluminescent activity
confirms the potential for creating luminescent multilayer
films with polyoxometalates.*®
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