
F
a

Y
a

b

a

A
R
R
2
A
A

K
P
S
L
P
X
S

1

c
h
e
p
r
o
d
c
f
o
h
f
i
L
T
m
t
i

0
d

Journal of Alloys and Compounds 519 (2012) 136– 139

Contents lists available at SciVerse ScienceDirect

Journal  of  Alloys  and  Compounds

j our na l ho me  p ag e: www.elsev ier .com/ locate / ja l l com

abrication  of  lanthanide  decatungstate  [LnIII/IV(W5O18)2]8−/9− (Ln  =  CeIV/III,  EuIII,
nd  ErIII)  thin  films  using  spin-coating  from  aqueous  solutions

usuke  Fujitaa,  Noritaka  Ishiharaa, Keisuke  Fukayab, Atthapon  Srifab,  Haruo  Narukea,∗

Chemical Resources Laboratory, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan
National Nanotechnology Center (NANOTEC), 111 Thailand Science Park, Paholyothin Rd, Klong 1, Klong Luang, Phathumthani 12120, Thailand

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 18 October 2011
eceived in revised form
6 December 2011
ccepted 27 December 2011
vailable online 3 January 2012

a  b  s  t  r  a  c  t

Lanthanide  decatungstate  Nam[Ln(W5O18)2]·nH2O (LnW10: m  =  9  for  Ln  =  EuIII, CeIII, and  ErIII;  m  =  8  for
Ln  = CeIV)  thin  films  were  fabricated  on  quartz  glass  substrates  by spin-coating  using  water  as the  solvent.
In  this  method,  we  exclude  hybrids  with  organic  materials  to avoid  undesirable  modification  of  the
original  photophysical  properties  of  LnW10. The  resultant  films  were  characterized  by  X-ray  diffraction
(XRD),  scanning  probe  microscopy  (SPM),  optical  absorption,  and  photoluminescence  spectroscopy.  All
the films  had  high  transparency,  flatness,  and  homogeneity.  The  thickness  of  the  films  was  controllable  by
adjusting  the  concentration  of  LnW solution.  XRD  measurements  showed  that  the  [LnIII/IV(W O ) ]9−/8−
eywords:
olyoxometalate
pin-coating
anthanide
hotoluminescence
-ray diffraction
elf-organization

10 5 18 2

molecules  in  all  the  films  were  self-organized,  forming  a  layer-like  periodic  structure  with  a periodicity
of  ∼14 Å in  the  early  stage,  followed  by time-dependent  structural  changes.  The  EuIIIW10 film  exhibited
photoluminescence  upon  excitation  at ∼250  nm;  the  film’s  spectrum  and  lifetime  were  similar  to  those
of  the  crystal  sample.  These  results  demonstrate  that the  molecular  environment  in LnW10 thin  films  is
similar  to  that  found  in  solid  crystals.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Polyoxometalates (POMs) are inorganic polynuclear clusters
onsisting mainly of edge and corner-shared metal-oxygen poly-
edrons [1,2]. The compositional and structural diversity of POMs
nable a variety of physicochemical properties such as catalytic,
hysiological, optical, magnetic, and redox behavior [3].  One cur-
ent interest lies in the immobilization and orientation control
f POM molecules for application to functional nano-structured
evices. Unlike general metal-oxide crystals, most POM crystals
ontain a large number of solvent molecules and are not suitable
or direct use as functional materials. In recent years, several meth-
ds for the immobilization of POM thin films on solid substrates
ave been developed. The current trend followed by POM-film

ormation techniques is to utilize nano-structured hybrids consist-
ng of POMs and organic materials, which are well exemplified by
angmuir–Blodgett (LB) and layer-by-layer (LbL) methods [4–6].
hese methods have remarkable advantages in controlling the

olecular arrangement and orientation in the films, where func-

ions of POMs and organic materials can be combined. However,
n some cases, the formation of a hybrid with organic substances

∗ Corresponding author. Tel.: +81 045 924 5271; fax: +81 045 924 5271.
E-mail address: hnaruke@res.titech.ac.jp (H. Naruke).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.12.140
may  suppress certain features of POMs. For example, photolumi-
nescent lanthanide-containing POMs such as [Ln(W5O18)2]m− and
[Ln(XM11O39)2]n− (Ln = EuIII, TbIII; X = BIII, SiIV, PV; M = WVI, MoVI)
in LB and LbL films and in composites with organic cations exhibit
lower luminescence intensities than expected. This is because of
the low content of the POMs resulting from dilution with bulky
organic molecules [7–9] and/or non-radiative deactivation path-
ways through organic functional groups [10]. Furthermore, in most
cases, an interaction between POM molecules and organic cations
in multilayers induces remarkable molecular distortions that result
in changes in the emission spectra [7–10].

Herein, we  describe the fabrication of pure, inorganic POM thin
films on quartz glass substrates by means of a simple spin-coating
method using aqueous solutions of POMs taking advantage of their
water solubility. Because this method does not require the forma-
tion of a composite with organic substances, the POM anions are
expected to be located in ambient environments similar to the envi-
ronments in inorganic crystals. In this study, we fabricated thin
films of sodium salts of Ln decatungstate Nam[Ln(W5O18)2]·nH2O
(LnW10: m = 9 for Ln = EuIII, CeIII, and ErIII; m = 8 for Ln = CeIV).
EuIIIW10 is known to exhibit strong photoluminescence of Eu3+

under ultraviolet excitation, and its spectrum is sensitive to a

change in the ligand field of Eu3+ induced by molecular distor-
tion [11–15].  Therefore, EuIIIW10 is a favorable material to be used
for evaluating the molecular environment in thin films. In order to
evaluate the effects of molecular size and anion charge of POMs,

dx.doi.org/10.1016/j.jallcom.2011.12.140
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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to form a unique layer-like periodic structure. Other thin films,
namely CeIIIW10, CeIVW10, and ErIIIW10, showed similar XRD pat-
terns (Figs. 4(d), (g) and S1)  with d-spacings of 14.3, 14.4, and 13.7 Å,
respectively. It is of significance that the POM films formed without
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ig. 1. UV spectra of EuIIIW10 films fabricated with various concentrations of casting
OM solutions. (a) 0.1 g/ml; (b) 0.2 g/ml; (c) 0.3 g/ml; and (d) 0.5 g/ml. Inset: image
f  transparent EuIIIW10 film on quartz glass substrate.

he characteristics of three isotypic LnW10 films, where Ln = EuIII,
eIII/IV, and ErIII, are compared. To the best of our knowledge, this

s the first example of direct fabrication of POM films in the form of
norganic salts.

. Experimental

.1. Sample preparation

The sodium salts of Ln decatungstate, Nam[Ln(W5O18)2]·nH2O (LnW10: m = 9 for
n  = EuIII , CeIII , and ErIII; m = 8 for Ln = CeIV) were synthesized according to the method
eported by Sugeta and Yamase [15]. Solutions of LnW10 were then prepared by
issolving the LnW10 crystals (0.05–0.25 g) in distilled water (0.5 ml).

.2. Fabrication of films

Quartz glass substrates (20 × 10 × 1 mm)  were ultrasonically cleaned with a
etergent solution, rinsed three times with distilled water, and washed with ace-
one (for 10 min  each). To increase their hydrophilicity, the substrates were then
reated with a glow discharge using an ion sputtering device (JEOL JFC-1100E) with

 discharge current of 10 mA for 5 min  under reduced pressure. LnW10 thin films
ere made using a temperature-controllable spin-coater (Imoto machinery) accord-

ng to the following procedure. The quartz glass substrate was set on a rotation
tage that had been heated to 45 ◦C. Two  or three drops of aqueous LnW10 solu-
ion (0.1–0.5 g/ml) were added to the top of the substrate, which was  then cast at a
pinning rate of 2500 rpm for 30 s.

.3. Measurements

Powder X-ray diffraction (XRD) (Rigaku RINT-2100) was carried out on all films.
he  surface topography of the films was observed by using a scanning probe micro-
cope (SEIKO Instruments, SPA300HV) operating in dynamic force mode and the
hickness was  measured by a profilometer (Veeco, DEKTAK3ST). UV–vis spectra
ere recorded on a spectrophotometer (JASCO V-570). Glow-discharge optical emis-

ion spectroscopy (GD-OES) (Jobin Yvon, JY-5000RF) was  carried out for the CeIVW10

lm, which enabled the measurement of elemental distribution as a function of
epth from the film surface. A photoluminescence spectrum for the EuIIIW10 film
as  recorded at room temperature using a fluorescence spectrometer (HITACHI F-

500). Decay of the 5D0 → 7F1 emission (593 nm)  of Eu3+ was obtained using a system
omprising a 266-nm pulse laser (Nd:YAG, Litron N250T-20FHG), a monochroma-
or (Spex 270M) equipped with a photomultiplier (Hamamatsu R3896), and an
scilloscope (Iwatsu DS-8608).

. Results and discussion

.1. Optical, morphological, and compositional properties

All the fresh LnIII/IVW10 films are highly transparent with light
ransmittances (>400 nm)  over 90%. The UV–vis absorption spec-
rum of the EuIIIW10 film is shown in Fig. 1(a). The spectrum shows
 broad O → W LMCT band of the [W5O18]6− unit at <300 nm; this
esult is in agreement with that of the spectrum of EuIIIW10 in
queous solution [14]. The morphology of the EuIIIW10 film was
bserved by SPM (Fig. 2). Surface RMS  (root mean square) of the film
Fig. 2. SPM image of EuIIIW10 film surface.

with a thickness of ∼60 nm was  3.5 nm,  demonstrating that the film
surface has only a slight roughness. The result of the GD-OES mea-
surement for the CeIVW10 film is shown in Fig. 3. Although a small
condensation of Na is seen near the film surface and film/substrate
interface, W and Ce distribute homogeneously throughout the cross
section of the material. These results demonstrate that the spin-
coating process can produce POM films with high transparency,
smoothness, and homogeneity. It should be noted that the films
lost part of their transparency when they were stored under atmo-
spheric conditions (refer to the following section).

3.2. XRD patterns

Fig. 4(a), (d), and (g) show XRD patterns of the as-prepared
LnW10 films (Ln = EuIII, CeIII, CeIV). The diffraction pattern of the
EuIIIW10 film (Fig. 4(a)) consists of peaks at 2� = 6.28◦, 12.68◦,
19.06◦, 25.68◦, and 32.3◦, which correspond to 00l  (l = 1–5) reflec-
tions with a periodicity of d = 13.9 Å. It should be noted that the
pattern does not agree with a simulated pattern of a EuIIIW10 crystal
[15] and reveals a self-organization of the [EuIII(W5O18)2]9− anions
Depth from surface (a.u.)

Fig. 3. Element distributions in CeIVW10 film measured by GD-OES.
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ig. 4. Time-evolutions of XRD patterns of LnW10 films Eu W10: (a) 0 h; (b) 48 h;
nd (c) 168 h. CeIIIW10: (d) 0 h; (e) 24 h; and (f) 168 h. CeIVW10: (g) 0 h; (h) 45 h; and
i)  168 h.

n organic–inorganic hybrid exhibited such self-organized periodic
tructures. The LB and LbL films composed of multilayers of organic
olecules and [EuIII(W5O18)2]9− anions have been shown to have
uch longer periodicities (21–49 Å) [7,18].  It is strongly suggested

hat the [LnIII/IV(W5O18)2]9−/8− anions be arranged in layers with
 d-spacing of ∼14 Å, and that the Na+ ions occupy the intersti-
ials of the anions for charge compensation. Taking the anion size
∼15 × 8 Å) into account, the d-spacing can accommodate single or
ouble layers of the anions. Because all the LnW10 films show sim-

lar initial XRD patterns and d values, it is clear that the anionic
harge and ionic radius of LnIII/IV only have a small influence on the
elf-organization and periodicity.

It was found that the initial XRD patterns of these films changed
ynamically with time when the films were stored in an atmo-
pheric environment. The initial pattern of the EuIIIW10 film
isappeared and was replaced by several new peaks (Fig. 4(b)).
inally, approximately seven days after film preparation, the
iffractogram showed a dominant peak at 2� = 9.44◦ and other
maller peaks at higher angles (Fig. 4(c)). Similar behavior was
bserved for the CeIIIW10 film (Fig. 4(d)–(f)). We  have not suc-
eeded in indexing these transient and final XRD peaks. Such
emarkable variation in the diffractograms indicates a rearrange-
ent of the [LnIII(W5O18)2]9− anion. On the other hand, the

iffractogram of the CeIVW10 film changed in a different man-
er, as shown in Fig. 4(g)–(i). Here, the final pattern consists of an

ntense diffraction at 2� = 9.48◦ with other weaker peaks at lower
ngles. The difference in the charge of the [LnIII/IV(W5O18)2]9−/8−

nion is suggested to influence the rearrangement process owing
o different electrostatic interactions between the anions and the

+
a cations. It is worth noting that these variations in the diffrac-
ograms occurred with turbidity in the films; the turbidity led to a
light decrease in transparency. Prolonged storage (several weeks)
n humid air gave rise to further loss of transparency, retaining
Fig. 5. The relationship between thickness of EuIIIW10 films and concentration of
casting solutions.

the final XRD patterns shown in Fig. 4(c), (f), and (i). When the
as-prepared films were stored in a vacuum desiccator, no such
behavior was  observed and the initial patterns (Fig. 4(a), (d), and
(g)) remained unchanged for at least four months. We  ascribe that
water molecules absorbed by the films induced the rearrangement
of the anions.

3.3. Film thickness

The control of film thickness was  studied for the EuIIIW10 film
by changing the concentration of the POM solutions in the range
0.1–0.5 g/ml. The 0.1 g/ml solution resulted in a film thickness of
approximately 60 nm.  When the concentration was increased to
0.5 g/ml, under the same spin-coating conditions, the thickness
increased proportionally to ∼270 nm (Fig. 5). The increase in the
film thickness was reflected by a gradual growth of the O → W
LMCT band in the absorption (Fig. 1) and photoluminescence exci-
tation (Section 3.4)  spectra. Thus, the film thickness is controllable
to some extent simply by adjusting the POM concentration of the
casting solution. Furthermore, the thickness had no effect on the
initial XRD patterns (Fig. S2).

3.4. Photoluminescence properties of the EuIIIW10 film

The crystalline solid of EuIIIW10 film shows bright photolumi-
nescence owing to f–f transitions in Eu3+ under photoexcitation
into O → W LMCT and f–f bands [11–15].  In this work, we recorded
emission and excitation spectra of the EuIIIW10 thin film and com-
pared them to those of the crystalline solid. It is remarkable that
photoluminescence spectra of the film and crystals are quite sim-
ilar (Fig. 6). The spectral peaks are assigned to 5D0 → 7F1 (588,
593 nm), 5D0 → 7F2 (613, 617 nm), 5D0 → 7F3 (648 nm), 5D0 → 7F4
(688, 697 nm)  within the 4f6 configuration of Eu3+. It is well known
that the relative intensity of the 5D0 → 7F2 transition to that of
5D0 → 7F1 strongly reflects the ligand-field of Eu; this transition
is referred to as a “hypersensitive” transition [13]. The 5D0 → 7F2
transition is forbidden in an ideal D4d point symmetry of a free
[EuIII(W5O18)2]9− anion. In the sodium salt, the anion is slightly
distorted and the 5D0 → 7F2 transition is partially allowed because
of vibronic effect at room temperature and a small deviation in
C4v symmetry [13,15],  resulting in weak intensity (Fig. 6(a)). The
5D0 → 7F1 luminescence of the film showed an exponential decay
(Fig. 6 inset) with a lifetime of 3.0 ms,  which is consistent with that

of the Eu W10 solid at room temperature (2.9 ms)  [14]. It should
be noted that many hybrid films consisting of [EuIII(W5O18)2]9−

and organic molecules prepared by means of LB and LbL meth-
ods showed significantly larger relative intensity of the 5D0 → 7F2
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ig. 6. Photoluminescence spectra of EuIIIW10 crystals (a) and film (b) at room tem-
erature under 260-nm excitation. Inset: decay of 5D0 → 7F1 luminescence under
66-nm excitation.

mission and shorter lifetimes than the EuIIIW10 solid [7,16–18].
hese facts suggest that a sizable distortion of the [EuIII(W5O18)2]9−

nion (viz., reduction of the ligand-field symmetry around Eu)
ccurs in the hybrid films, probably due to the highly anisotropic
lectrostatic potential in inorganic/organic multilayers. The shorter
ifetime has been presumed to be due to enhanced 5D0 → 7F2 tran-
ition probability by symmetry reduction of the Eu center. The
eduction of emission lifetimes in POM/organic hybrid films was
bserved not only for the [EuIII(W5O18)2]9− anion but also for other
u-containing POMs [19].

The excitation spectrum of the EuIIIW10 crystal (Fig. 7(a)) con-
ists of a broad O → W LMCT excitation band around 330 nm and
harp peaks in the >350 nm region due to direct f–f excitation
f Eu. The former band demonstrates an efficient intermolecular
nergy transfer from the [W5O18]6− unit to the Eu center, even at
oom temperature [13,14]. In the film (Fig. 7(b)), the O → W LMCT
xcitation band is centered at around 275 nm, while the direct f–f
xcitation bands are unobservable. As the film thickness is grad-
ally increased to ∼270 nm,  the O → W LMCT band is enhanced
roportionally to the thickness (Fig. S3).  However, the f–f bands
emain too weak to be observed. The weak, direct f–f excitation
ands can be explained in terms of their low absorption coeffi-

ients due to forbidden transitions. In a highly transparent thin
lm, few Eu centers can be excited, whereas in the powder sam-
le, which has a larger thickness, the excitation light is diffused
y multi-reflections to excite larger numbers of Eu atoms. The

ig. 7. Excitation spectra of EuIIIW10 crystals (a) and film (b) for monitoring
D0 → 7F1 luminescence (593 nm).
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relatively low f–f bands and the blue-shift of the O → W LMCT band
(Fig. 7(b)) have also been observed in LB and LbL films [7,16–18] and
in aqueous solutions [14,20].  In summary, the EuIIIW10 film fabri-
cated by spin-coating retains the molecular environment present
in the crystal.

4. Conclusions

We obtained flat, homogeneous, and transparent thin films of
LnW10 by using temperature-controlled spin-coating from only
aqueous solutions. The XRD measurements showed that anions in
the film were self-organized, forming a layer-like periodic struc-
ture on the quartz substrates. The film thickness is controllable
in the range 60–270 nm by adjusting the concentration of the
casting solution. The photoluminescence spectrum and lifetime
of the EuIIIW10 film were comparable to those in the crystalline
sample, demonstrating that the molecular environment in the crys-
tal is retained in the film. This result is in contrast with that
of the inorganic/organic hybrid-type LB and LbL films contain-
ing [EuIII(W5O18)2]9−, which are distorted, resulting in different
luminescence properties from those of the crystalline sample. We
are currently analyzing the initial self-organized structure of the
[LnIII/IV(W5O18)2]9−/8− anions. In future work, it will be of interest to
study temperature effects (which include preheating of substrates
and film annealing after coating) on various film properties. Our
process is considerably simple and applicable to other substrate
materials. Preliminary attempts to form films on ITO and flexi-
ble organic polymer substrates have been successful. For practical
application to functional devices, there remain some challenges
to be overcome, e.g., prevention of film deterioration, control of
molecular orientation, and deposition of multilayers of POMs and
other inorganic materials.
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