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Ultrathin multilayer films of a novel molybdenum(VI) polyoxometalate cluster ((NH4)21[H3Mo57V6-
(NO)6O183(H2O)18]) (Mo57) andpoly(allylaminehydrochloride) (PAH)havebeenpreparedby the consecutive
stepwise adsorption of Mo57 and PAH from dilute aqueous solution. The Mo57/PAHmultilayer films have
been characterized by optical spectroscopy and small-angle X-ray reflectivity (XR) methods. UV-vis
measurements reveal regular film growth with each Mo57 adsorption. The average Mo57 surface density
was found to be (1.4 ( 0.4) × 1013 clusters per cm2, corresponding to an average surface coverage of 56
( 12%. XR experiments confirm uniform film growth, with the film thickness increasing with each Mo57
adsorption step. The average thickness for the Mo57/PAH layer pair was determined to be 0.8 ( 0.1 nm.
The Mo57 density in the film can be readily controlled by varying the polyelectrolyte interlayer separation
between eachMo57 layer, and the total film thickness canbe controlled by altering thenumber of adsorption
cycles.

Introduction

The controlled incorporation of metal nanosized par-
ticles into a well-defined solid matrix is of widespread
interest inmaterials science. Ordered assemblies of such
composite materials have potential uses as electron-
transfermaterials for energy storage applications,1,2 data
storage systems,3 optical gratings,4 filters,5 and coatings6
and in theareaofmicroelectronics.3,7-9 Several techniques
have been employed to produce solid-state assemblies of
metal nanoparticles. Langmuir-Blodgett depositionhas
beenused to construct orderednanocompositematerials.10
Ultrathin multilayer films of metal oxides have been
prepared by means of a surface sol-gel process.11 More
recently, the preparation of ordered layers of gold nano-
particleswithinporoussilicamatrixesusingacombination
of colloidal adsorption and sol-gel processing techniques
has been reported.12 The layer-by-layer self-assembly
method originally applied to produce multilayer as-
semblies of polymers13-24 has also recently been used to
produce various orderedmetal-polymer composite films;

multilayer films of colloidal gold, cadmium sulfide, lead
sulfide, and titanium dioxide incorporated into polymer
matrixes have been fabricated.1,2,9,25,26 This technique,
which involves the sequential adsorption of oppositely
charged species from dilute solution, has been widely
employed because of its simplicity and effectiveness in
preparing multilayer films, as well as allowing the film
composition and film thickness to be easily controlled.
Polyoxometalates are an attractive class of nanopar-

ticles because of their particularly interesting nanosized
structure27,28 and their potential applications in the areas
of catalysis, molecular electronics, and medicine.29-31

Practical applications of polyoxometalates in these areas
depend on the successful preparation of thin polyoxo-
metalate-containing films. Ingersoll et al. employed cyclic
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voltammetry to demonstrate the formation of polyoxo-
metalate-based layered films on conducting substrates;
films of isopolymolybdate, phosphotungstate, or silico-
tungstate, alternatingwith various cationic species,were
prepared.30 That study focused mainly on the electro-
chemical properties of the films. More recently, Ichinose
et al. fabricated multilayer films of molybdenum oxide
and linear polycations.32 Film formation was studied
using a quartz crystal microbalance, and film structure
was studied by scanning electron microscopy.32 In that
work,adsorptionof theammoniumoctamolybdate ((NH4)4-
[Mo8O26]) on poly(allylamine hydrochloride) (PAH) sur-
faces was found to proceed without saturation due to the
consecutiveprecipitation of polyoxomolybdates asa result
of condensation of the adsorbed octamolybdate species.
The layer thickness depended on the adsorption time: the
growth rate of the layer was 0.57 nm min-1; film
thicknesseswere in the range 2-25nm for the adsorption
times employed, corresponding to 2-30 layers of the
[Mo8O26]4-unit. Inaddition to theunique time-dependent
characteristics observed for the adsorption of (NH4)4-
[Mo8O26] on PAH, the formation of the multilayer films
was found to critically depend on the pH of the polymer
solutions. Multilayer films of the molybdenum oxide
alternating with PAH could not be formed at pH values
of about 5-6 for the PAH solution, but only at lower pH
values (∼3). Further, molybdenum oxide/poly(ethylene-
imine) (PEI) multilayer films could not be formed due to
thehigh solubility of themolybdenumoxide/PEI complex,
nor could multilayers of [V10O28]6-/PAH.
In the present study, we report on the preparation of

ultrathin multilayer polyoxometalate-polyelectrolyte films
by the consecutive stepwise adsorption of a novel, well-
characterized molybdenum polyoxometalate cluster
((NH4)21[H3Mo57V6(NO)6O183(H2O)18]) (Mo57) and poly-
(allylamine hydrochloride) (PAH). UV-vis spectroscopy
and small-angle X-ray reflectivity (XR) are exploited for
examining the growth, structure, and morphology of the
compositeMo57/PAH films. The external formof theMo57
cluster resembles a flattened ellipsoid with dimensions
1.6 × 2.4 nm (determined from X-ray crystallography
measurements). The electronic structure of these types
of molybdenum polyoxometalate clusters has previously
been investigated by MO calculations, by different spec-
troscopic methods, and magnetochemically,33 and their
structural diversity has only recently been recognized.34
The wide-spread application of polyoxometalates based
on the Keggin structure type in solid-state devices,
catalysis, biochemistry, and medicine provides further
impetus for investigation of this newclass ofmolybdenum
polyoxometalate clusters.29

Experimental Section

Materials. Poly(ethyleneimine) (PEI), MW 50 000, poly-
(sodium 4-styrenesulfonate) (PSS), MW 70 000, and poly(ally-
lamine hydrochloride) (PAH),MW8 000-11 000, were obtained
fromAldrich. PEI andPAHwereused as received,whereasPSS
was dialyzed against Milli-Q water (MW cutoff 14 000) and
lyophilized before use. The Mo57 cluster was synthesized by a
modified synthetic route to that published:28Amixture of (NH4)6-
[Mo7O24]‚4H2O (8.7 g, 7.0 mmol), NH2OH.HCl (4 g, 57.5 mmol),

and NH4Cl (4.32 g, 80.7 mmol) in 150 mL of H2O was heated
without stirring in a 300 mL wide-necked Erlenmeyer flask
covered with a watch glass at 60 °C for 17 h. The hot solution
was filtered and stored at room temperature. Red crystals of
(NH4)12[Mo36(NO)4O108(H2O)16]‚33H2O,whichprecipitatedwithin
6 h, were filtered and air-dried. Yield: 7.9 g (91% rel. to Mo).
Anal. Calcd for H146Mo36N16O161: H, 2.30; Mo, 53.96; N, 3.50.
Found: H, 2.27; Mo, 53.3; N, 3.36. (NH4)12[Mo36(NO)4O108-
(H2O)16]‚33H2O (2 g, 0.312 mmol) was dissolved in 22 mL of a
0.5MaqueousVOCl2 solutionatpH1.0and the resulting solution
heated at 90 °C for 30 min. A brown precipitate was filtered
from the hot solution, andNH4Cl (0.5 g, 9.3mmol) was dissolved
in the purple filtrate. Purple hexagonal crystals of the Mo57
cluster deposited at room temperature within 3 days. Yield:
0.79 g (36% rel to Mo). Anal. Calcd for H233Mo57N27O262V6: H,
2.21; Mo, 51.69; N, 3.57; V, 2.89. Found: H, 1.67; Mo, 51.52; N,
3.52; V, 2.76. Sodium chloride (AR grade) was purchased from
Merck and used as received. Quartz slides (1.25× 12× 46mm)
were obtained fromHellma Optik GmbH. The water used in all
experimentswasprepared ina three-stageMilliporeMilli-QPlus
185 purification system and had a resistivity higher than 18.2
MΩ cm.
FilmPreparation. Quartz slideswere cleanedby immersion

inasolutioncontaining1partNH4OH(29wt%aqueoussolution),
1 part H2O2 (30 wt % aqueous solution), and 5 parts pure water
at 70 °C for 20 min, followed by rinsing with copious amounts
of water (warning: Mixtures of ammonium hydroxide and
hydrogenperoxide are extremely corrosive and shouldbehandled
with great care). The cleaned quartz substrates were then
immersed in 10 mL of a 10-2 M PEI solution (based on the
molecular weight of the monomer unit) for 20 min, rinsed by
dipping them twice in pure water solutions for 2 min each, and
dried with a gentle stream of argon. Multilayers were prepared
by exposing the PEI-coated substrates to a 10-2 M PSS solution
containing 1 M NaCl for 20 min, followed by alternating 20 min
immersions in PAH (10-2 M containing 1 M NaCl, pH ∼ 5-6)
andMo57 (2× 10-4 M, pH∼ 3.5) solutions. (In some filmswhere
the polyelectrolyte interlayer separation was varied, the Mo57
deposition step was replaced by PSS deposition.) Water rinses
and argon drying steps were performed after each adsorption
step.
UV-vis and Small-Angle X-ray Reflectivity (XR) Mea-

surements. UV-vis absorption spectra were recorded using a
CaryModel 4EUV-visible spectrophotometer. XRexperiments
were performed with a commercial θ/2θ instrument (STOE &
CIE GmbH, Darmstadt, Germany) using copper KR radiation
(wavelength ) 1.54 Å). The divergence of the incoming beam
was 0.1°. Analysis of the XR data was performed with a box-
model simulation as described elsewhere.35 The error in the XR
thickness and surface roughness data is (0.2 nm. X-ray
reflectivity measurements performed on multilayer films as-
sembled on silicon wafers yielded data similar to those obtained
for films on quartz substrates.

Results and Discussion
The formation of Mo57/PAH multilayer films was first

examined byUV-vis spectroscopy. Figure 1 displays the
UV-vis absorption spectra of (Mo57/PAH)n multilayers
(with n ) 0-6) assembled on a precursor PEI/PSS/PAH
film on quartz substrates. The inset in Figure 1 shows
the absorption spectrum of an aqueous Mo57 solution, as
well as a polyhedral representation of the Mo57 cluster.
The solution absorption spectrumofMo57 exhibits a broad
band in the 500-600 nm range, with a maximum at 558
nm. The extinction coefficient at 558 nm (ε558 ∼20 000
M-1 cm-1) is 20 times smaller than ε225 (∼4 × 105 M-1

cm-1). This explains the absence of a strong absorption
band at 558 nm in theMo57/PAHmultilayer film spectra.
Theabsorption spectrum for theprecursormultilayer film
PEI/PSS/PAH (n ) 0) shows a peak at 225 nm, which is
due to the benzene chromophores in PSS. PAH does not
absorb above 200 nm, and therefore its presence in the
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film is not reflected in the absorption spectra. The
incorporation of Mo57 in the film is confirmed by the
increase in absorbance in the 200-600 nm range with
each additional deposition ofMo57 (n) 1-6). The spectra
shown in Figure 1 are for multilayers that have an outer
PAH layer, since some loss of Mo57 occurred at each step
ofPAHdeposition (monitoredviaUV-vismeasurements).
Recent studies have also demonstrated a loss of polyoxo-
metalate species,32 or charged organic dyemolecules,36-38

upon subsequent exposure to a polyelectrolyte solution in
the preparation of multilayer films.
Theabsorbancevalues for (Mo57/PAH)nmultilayer films

with n ) 1-6 at 225, 275, 300, and 558 nm are plotted as
a function of the number of Mo57 layers in Figure 2. For
filmswithn>1, the absorbance varies linearlywith layer
number at all four wavelengths, which reveals a constant
increase in the total amount ofMo57 remaining in the film

after each exposure to PAH solution. Since ε at 558 nm
for Mo57 is small, the absorbance data at 558 nm for the
films have beenmultiplied by 5. The average absorbance
values at 225, 275, 300, and 558 nm for (Mo57/PAH)n
multilayer films with n > 1 are 1.54 × 10-2, 6.60 × 10-3,
4.21× 10-3, and 5.93× 10-4, respectively. (These values
are for films formedonboth sides of thequartz substrates.)
It canalsobeseenthat theabsorbancevaluecorresponding
to the deposition ofMo57 onto the precursorPEI/PSS/PAH
filmsand after exposure to PAH solutionsis larger than
those obtained for subsequent Mo57 depositions; extrapo-
lation of linear regression curves toward n ) 0 reveals
that they do not pass through the origin. This reflects the
greater amount ofMo57 immobilizedby theprecursorPEI/
PSS/PAH film and may be explained by the nanosized
particles penetrating the polyelectrolyte layers. For a
precursor film of seven layers, PEI/(PSS/PAH)3, an even
largerabsorbanceof0.053at225nmforasingledeposition
of Mo57 is observed, compared with 0.037 at 225 nm for
the three-layer film (PEI/PSS/PAH).
The surface density, Γ, of Mo57 on the PAH surface in

the (Mo57/PAH)n films can be calculated using Γ ) [(Aλ/
2)ελ

-1NA]× 10-3, whereAλ is the absorbance ofMo57 in the
filmatagivenwavelength (λ), ελ is theextinctioncoefficient
of Mo57 in solution (M-1 cm-1) at λ, and NA is Avogadro’s
number.39 Using the absorbance values in the 200-300
nm range (where absorbance is largest) and the corre-
sponding extinction coefficients calculated from the solu-
tion absorption spectrumofMo57, anaverageMo57 surface
density of (1.4 ( 0.4) × 1013 clusters per cm2 is obtained
for (Mo57/PAH)n multilayer films with n > 1. This
corresponds to an average area perMo57 of 7.1( 2.0 nm2.
Hence, assuming a single Mo57 cluster occupies an area
of approximately 3.2-4.8 nm2, depending on its relative
orientation,40 the average surface coverage is 56 ( 12%.
The average surface density for the first layer of Mo57
deposited onto the PEI/PAH/PSS precursor film is (2.8 (
0.1) × 1013 clusters per cm2, which is twice that observed
for subsequent layers of Mo57. As discussed above, Mo57
penetrates the precursor layers, which explains the
increased coverageobserved. The surface coveragevalues
for films with n > 1 are approximately a factor of 2 lower
than those reported by Ingersoll et al. for smaller
polyoxometalate particles on native and modified con-
ducting surfaces30 and more than 1 order of magnitude
lower than those reported by Ichinose et al.32 for am-
monium octamolybdate ((NH4)4[Mo8O26]) on PAH, where
much greater than monolayer amounts of the polyoxo-
metalate species are deposited due to condensation of the
adsorbed octamolybdate species.
The effect of polyelectrolyte interlayer separation

(betweeneachMo57 layer) on theamount ofMo57 deposited
was also examined. Increasing the polyelectrolyte inter-
layer separation between Mo57 layers from a single PAH
layer to three layers (PAH/PSS/PAH) resulted in a larger
amount of Mo57 being incorporated into the film. The
average absorbance at 225 nm for these films from three
experiments is 0.037 ( 0.04 (two sides), demonstrating
that a constant amount of Mo57 is deposited with each
step. Furthermore, the amount ofMo57 in precursor films
of increasing thickness (one to seven layers) has no linear
correlation to the number of polyelectrolyte layers-a
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crystallographic planes of the hexagonal crystal lattice ofMo57 areΓ(100)
) Γ(010) ) 3.12 × 1013 clusters cm-2, and Γ(001) ) 2.06 × 1013 clusters
cm-2.

Figure 1. UV-vis absorption spectra of (Mo57/PAH)n multi-
layer films with n ) 0-6 on PEI/PSS/PAH-modified quartz
substrates. The lowest curve corresponds to the precursor film
(n ) 0). The other curves, from bottom to top, correspond to n
)1,2, 3, 4, 5, and6, respectively.The inset shows theabsorbance
spectrum of an aqueous 0.033 mg mL-1 Mo57 solution (Mo57
concentration is 3 × 10-6 M) and a polyhedral representation
of the Mo57 cluster.

Figure 2. Plot of the absorbance values at 225, 275, 300, and
558nmasa function of thenumber ofMo57 layers for the (MO57/
PAH)nmultilayer filmswithn)0-6onPEI/PSS/PAH-modified
quartz substrates. The absorbance at 558 nm has been
multiplied by 5.
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plateau in the absorbance is approached around seven
layers. This suggests that the polyelectrolyte multilayer
films become more dense with increasing polyelectrolyte
layer number, which is consistent with the notion that
there is high overlap of individual layers inpolyelectrolyte
multilayers.41
XRexperimentswere performed in order to confirm the

formation ofMo57/PAHmultilayer filmsand to investigate
the film structure. The broad oscillations seen in each
XR curve of theMo57/PAHmultilayer films (Figure 3) are
Kiessig fringes,whicharise fromX-ray interferences from
the substrate-filmand film-air interfaces. Braggpeaks,
whichare characteristic of ordered lattices, are observable
in XR curves when the film has regions of sufficiently
different electron density.1 The absence of such peaks in
the XR curves in Figure 3 indicates that the gradient of
the refraction index between distinct layers is not large
enough to resolveBragg peaks. One explanation could be
that the succession of Mo57 and polyelectrolyte regions in
the multilayer films is not strictly lamellar with sharp
interfacial confinements. The presence of Mo57 is con-
firmed by an increase in film electron density with an
increasing number of Mo57 layers, as determined from
analysis of the XR data. Evidence for multilayer film
growth comes from the decrease in the distance between
the Kiessig fringes (along the x-axis) in the XR curves as
a result ofMo57 andPAHdeposition. The thickness of the
precursor film PEI/PSS/PAH on quartz (curve a) is 5.4
nm, with a surface roughness of 1.0 nm. The presence of
Mo57 on the precursor film (curve b) increases the film
thickness by 1.7 nm to a value of 7.1 nm and the surface
roughness to 1.3 nm. Subsequent exposure of this film
to a PAH solution produces a further increase in film
thickness (7.5 nm) (curve c). From this value it is clear
that an increase in the total film thickness occurs, even

though PAH adsorption removes some preadsorbed Mo57
(assessed via UV-vis measurements). The surface rough-
ness for thePEI/PSS/PAH/(Mo57/PAH) film is 1.2 nm.The
deposition of alternate Mo57 and PAH layers to give a
PEI/PSS/PAH/(Mo57/PAH)6 filmresults ina film thickness
of 11.6 nm, and a surface roughness of 1.3 nm (curve d).
Thus, the average thickness for the Mo57/PAH layer pair
(for films with n > 1) is 0.8 ( 0.1 nm. Estimation of the
thickness of a single Mo57 or PAH layer is complicated by
the simultaneous removal of Mo57 and PAH deposition.
Furthermore, the individual layer thicknesses for Mo57
and PAH layers cannot be reliably determined given the
magnitude and error ((0.2 nm) in the experimental
thicknesses. The reflectivity data, however, confirm the
growth of Mo57/PAH multilayer films. The average
thickness obtained for the Mo57/PAH layer pair is ap-
proximately 20 times smaller than that reported for the
[Mo8O26]4- species (thickness ∼20 nm) for identical
adsorption times of 20 min.32 The thickness of 20 nm for
[Mo8O26]4- corresponds to ca. 20 layers of the molybdate
unit,32 whereas in the currentwork less than amonolayer
of Mo57 is deposited with each adsorption step. This also
suggests that condensationof theMo57 canbe largely ruled
out over the time frame of our experiments.
Atomic force microscopy (AFM) measurements of the

(Mo57/PAH)n films did not produce images in which
individualMo57 clusters couldbeclearly identifiedslargely
due to the roughness of the polyelectrolyte film and the
small size of theMo57 clusters. However, theAFMsurface
roughness data for the multilayer films is in excellent
quantitative agreement with that obtained from X-ray
reflectivitymeasurements. The surface roughness of the
Mo57/PAH films (ca. 1 nm) is considerably less than the
roughness of ∼10 nm reported for [Mo8O26]4-/PAH mul-
tilayer films.32

Conclusions
The present work demonstrates the successful consecu-

tive stepwise assembly of a new class of nanosized
molybdenum polyoxometalate clusters, and PAH, to
produce composite multilayer films: nanocomposite su-
pramolecular films of controlled thickness and Mo57
density have been prepared. The control of such param-
eters is crucial in the development of nanostructured
functional materials where molecular components are
required to be integrated in an ordered macroscopic film.
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Figure 3. X-ray reflectivity curves of alternating Mo57/PAH
multilayer films on quartz substrates. The reflectivity curves
have been recorded at different stages of film growth: (a)
precursor film PEI/PSS/PAH; (b) PEI/PSS/PAH/Mo57; (c) PEI/
PSS/PAH/(Mo57/PAH); (d) PEI/PSS/PAH/(Mo57/PAH)6. Indi-
vidual curves are shifted in the y-axis direction for clarity.
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