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The immobilization of polyoxometalates (POMs) into thin or-
ganized films is of major importance for the development of
functional devices like electrochromic films and catalysts. We
investigate herein two methods to incorporate the wheel-
shaped tungstophosphate [H;PgW,501g4]°>~ (PgW4s) polyoxo-
metalates (POM) into polyelectrolyte multilayer (PEM) films,
which offer the advantage of controlled thickness and ease
of processability. The first method, whose feasibility has been
widely demonstrated, consists in the alternate deposition of
a polycation and the negatively charged POM. The second
method has never been used to load POMs into thin films:

an exponentially grown polyelectrolyte multilayer film, made
from sodium hyaluronate (HA) and poly-L-lysine (PLL), is
brought in contact with the POM solution to allow its passive
diffusion into the PEM film. Both methods of incorporation
are compared in terms of effective POM concentration in the
film. In addition it is shown that the second method leads to
a maximum in the amount of incorporated POM as a function
of its concentration in solution.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Polyoxometalates (POMs) are known since 1826 and sys-
tematically synthesized for almost a century!'->! Research on
this compound class becomes an increasingly popular sub-
domain of supramolecular chemistry!®! because they are ob-
tained through the non-covalent association of metal oxide
fragments. They find very interesting applications in cataly-
sis, electrooptical devicest! and last but not least in medi-
cine for their potential applications.[® !9 Related to poten-
tial applications in both medicine and surface science, their
surface chemistry is being more and more investigated.['!]
Different immobilization methods of POMs on solid sur-
faces have been demonstrated: chemisorption on carbon or
metallic surfaces,[''! Langmuir Blodgett deposition,[?! elec-
trodeposition!!3l and deposition using the concept of layer-
by-layer (LBL) assembly of oppositely charged species.!'4l
This method relies basically on the charge overcompensa-
tion after the adsorption of a multicharged species at a so-
lid-liquid interfacel'™ and offers the advantage of a great
versatility: it can be applied on any kind of charged surfaces
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even on small colloids,[' it does not need specific equip-
ment and it can be automated. In addition, films can be
deposited by spraying(!” or spin casting!!®! to speed up the
deposition. Several reviews describe the fundamental con-
cepts as well as the applications of PEMs produced by the
LBL method.!'2% The field of surface coating with PEMs
has found great success to design drug delivery systems on
micro and nanoparticles.?'! Many films have been produced
incorporating nanoparticles and among these studies are
some using POMs as the inorganic building block.[?>2#]
The possible application of POM-containing PEM films as
electrochromic and photochromic materials has already
been demonstrated.?3¢?81 Wheel shaped POMs like
[H,PsW,50,44]3* may have very interesting electrocatalytic
propertiesi>?! as well as electrochromic properties. This is
the reason why we want to investigate them on surfaces.
The advantage of LBL deposition is that the amount of
active molecules can be controlled through the number of
deposition steps: in most situations the amount of active
molecules is proportional to the number of layer pairs,
where one layer pair is obtained by the deposition of one
polycation and one polyanion layer. However, these linearly
growing films have to be permeable to the molecules that
should undergo a chemical reaction in contact with the
catalytical centres embedded in the film. This is however
not always the case, particularly in the case of ions.*l From
this point of view, PEM films whose thickness grows expo-
nentially with the number of deposition steps®®!! are very
promising owing to their permeability to ionsi*?l and even
to charged colloidal nanoparticles.*¥ It has recently been
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Scheme 1. Representation of the two methods used to load PsW,g into PEM films. On the left, method I consists on the alternated
adsorption of PLL and the POM, whereas on the right the POMs are allowed to diffuse into (PLL-HA), multilayer films.

demonstrated that CdTe quantum dots capped with thio-
glycolic acid are able to diffuse in PEM films made from poly-
(acrylic acid) (PAA) and poly(diallyldimethyl ammonium
chloride) (PDADMA).[33 Even if these PEMs were several
tens of pm thick, confocal laser scanning microscopy
(CLSM) showed that the filling of the film was homogen-
eous and thermogravimetric analysis showed that the mass
fraction of CdTe can reach 20-22%.53 It is hence the aim
of this investigation to build up linearly growing PEM films
from poly-L-lysine (PLL) and from Naj; [H;PgW43054]
92H,0 (loading method I) and to compare the concentra-
tion of POM in these architectures with the concentration
that can be reached when an exponentially growing film
made from sodium hyaluronate (HA) and PLL is put in
contact with a solution of Nas33H;[PsW40154]°92H,0 at
various concentrations (loading method II). It has been
demonstrated that the thickness of PEM films made from
HA and PLL increases exponentially with the number of
deposited layer pairs in the presence of 0.15 m NaCl and at
pH 5-6.1312.316] A film obtained by the deposition of 7 pairs
of PLL and HA will be denoted (PLL-HA),. The difference
in the two loading methods is depicted in Scheme 1.

When using UV visible spectroscopy (UV/Vis) and cyclic
voltammetry (CV) we found that the POM concentration
obtained by method II is similar to that observed with
method I and that the diffusion kinetics is extremely slow
(characteristic times of the order of a few hours). However,
the POMs present in the films loaded by method II do not
desorb when the films are brought in contact with buffer
solution. A very interesting finding is that the POM concen-
tration in the (PLL-HA), film is not a monotonous func-
tion of the bulk concentration used to load the film. Never-
theless combination of UV/Vis and CV suggests that the
films are homogeneously filled with POM by loading
method II at all the investigated concentrations. In the fol-
lowing we will denote the used POM with the shorthand
notation PgW, 5 making abstraction of the Na™ counterions.

Results and Discussion

We used quartz crystal microbalance with monitoring of
the dissipation (QCM-D) to investigate the time needed to
reach saturation adsorption in both the deposition of PLL
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and PgW,5 (Figure 1, A). It appears that saturation in the
adsorbed amounts are reached in less than 5 min and that
PsW.,5 does not desorb when it is put in contact with either
the sodium acetate buffer or the PLL solution (at 0.7 g/L).
This finding is in contrast with the observed partial desorp-
tion of the adsorbed (NHy)4[(H>O), C Mo;3,0375-
(CH;COO0);3(H50)7,] when the film is put in contact with
a solution containing poly(allylamine hydrochloride).?3"!
Hence in the following, a deposition time of 5 min was used
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Figure 1. A: QCM-D experiment displaying the build up of a PEI-
(PgW4g-PLL),, film. The concentration of PgW,g and of PLL are
of 2.4 X107 and 2.5X 103 mol L', respectively, in 10 mM sodium
acetate + 150 mm NaCl buffer at pH 4.0. The concentration of PLL
is expressed in mol of lysine monomers. The black vertical lines
and blue vertical lines correspond to the injection of PsWyg and
PLL, respectively. The injection of PEI (at z = 5 min) has not been
labelled. Data calculated from the third harmonic (black line, v ca.
15 MHz) and from the fifth harmonic (red line, v = 25 MHz) B:
evolution of the thickness of the deposit, calculated from the Sauer-
brey relationship, as a function of the number of deposited layer
pairs. The deposition of PgW g (open cirlce) corresponds to the end
of a layer pair, whereas the deposition of PLL (filled circle) marks
the beginning of a layer pair. The straight line corresponds to a
linear regression to the thickness evolution at the end of each layer
pair.
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for the deposition of each layer of a PEI-(PgW45-PLL),, film
where poly(ethylene imine) (PEI) was used as anchoring
layer to the silicon oxide substrate. The reduced frequency
changes for the first, third, fifth and seventh overtone of
the QCM-D signal being identical (within the experimental
precision) we used the QCM-D frequency changes to calcu-
late the film thickness according to: d = I'/p, where I is the
mass surface coverage obtained from the experimental data
using the Sauerbrey equation®*¥ and p is the density of the
film, which we set arbitrarily equal to 1.3 gcm 3.

Anyway, the QCM-D frequency change does not only
take the mass of PLL and PgW,g into account but also that
of the water of hydration. Figure 1 (B) shows that most of
the thickness increase is due to the deposition of the POM.
In addition the average thickness increment due to the de-
position of each PgWyg layer is of (4.6 = 0.4) nm, whereas
the PLL layers are much thinner, on average (1.5 %+ 0.2) nm.
The thickness increment of each PgW 5 layer is thus much
larger than expected on the basis of the radius deduced
from the X-ray crystal structure (2.2 nm).[>3 At this level
we can attribute this finding to either an aggregation of the
POM upon its adsorption on a PLL ending film or to the
effect of hydration contributing to an increase in the appar-
ent layer thickness.

AFM height measurement (Figure 2) of the dried film
from a scratched PEI-(PgW,s-PLL), deposit show that a
film is already formed for such a low number of deposition
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steps: indeed, in the non-scratched region, the silicon oxide
surface is totally covered with the PEM. In addition the
step height between the film surface and the scratched re-
gion is between 25 and 35 nm with a root mean squared
roughness of about 10 nm.

The average thickness obtained by AFM is compatible
with the thickness calculated from QCM-D where the thick-
ness increment per layer pair is of (6.1 = 0.6) nm. This later
value is larger than, but not inconsistent with the thickness
increment obtained from single wavelength ellipsometry,
namely (3.25*0.1) nm (Figure 1 of the Supporting Infor-
mation). This trend is in line with other comparisons be-
tween film thicknesses estimated from piezoelectric and op-
tical sensors.*® It has to be noted that the thickness deter-
mined by ellipsometry is probably overestimated by the fact
that the refractive index of the film was arbitrarily fixed at
1.465 (See experimental section).

To get a better picture of the film deposition process, we
used UV/Vis spectroscopy and CV to calculate the molar
surface coverage of the POM in the films. The data from
both kinds of experiments are displayed in Figures 3 and 4
respectively. As for the QCM-D (Figure 1) and the ellipso-
metry data (Figure 1 of Supporting Information), the UV/
Vis experiments demonstrate that the amount of deposited
material increases linearly with the number of layer pairs.
In addition the film is transparent at wavelengths higher
than 400 nm demonstrating that the film is not scattering

100 nm
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Figure 2. A: AFM topography of a PEI-(PgW,5-PLL), film deposited on the surface of the quartz crystal used for the QCM-D experiment
(Figure 1). B, left: topography of the same film close to a needle scratched region. B, right: average step profile in the dashed rectangles

represented on the left.
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light and hence that it does not contain large in homo-
geneities at the scale of the wavelength of the beam used in
the spectroscopy experiments The increment in absorbance
per layer pair is of 0.054 and 0.033 at wavelengths of 226
and 250 nm respectively.
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Figure 3. Evolution of the absorbance of PEI-(PgW4s-PLL), films
as a function of the number of deposited layer pairs at 226 nm
(open circle) and at 250 nm (black filled square). The thick lines
correspond to a linear regression to the data whereas the dashed
lines correspond to the limit of the 95% confidence intervals.

To estimate the molar surface coverage per layer of de-
posited PgWys, I'yy, we can only use the absorbance at
250 nm because PLL, the other component of the film is
absorbing light up to 230 nm. The Beer—Lambert law al-
lows calculating, I'yy, directly from the absorbance in-
crement Ay per bilayer, according to Equation (1).[236-23d]

4350
2850 (1)

rUV -

where the factor 2 accounts for the fact that the film
is covering both sides of the quartz slide. The extinction
coefficient of PgWyg in the sodium acetate buffer at pH 4.0
was calculated from a calibration plot using PgWy,g dis-
solved at different concentrations: &350 =
2.01 X 10° Lmol'em™" = 2.01 X 108 cm?mol ! (the molecu-
lar mass of the POM is equal to 14446 gmol™!). The area
occupied per molecule, Syy, can be easily obtained from
I'yy; we obtain I'yy = (8.2+0.5) X 107" molem 2 and Syyv
= 2.0 nm>. The surface occupied per POM cluster is clearly
lower that the 3.8 nm? expected on the basis of a disk
I.I nm in radius according to the crystal structure of
PsW 5.3 This strongly suggests that that POM adsorbs as
small aggregates and at least as more than a single mono-
layer on a PLL ending deposit. Such a finding has been
already described by the group of Kunitake in the case of
ammonium octamolybdate deposited in PEM films con-
taining poly(allylamine) (PAH) as a polycation.[??!

To confirm this observation as well as to check the elec-
trical connectivity between the POMs in the PEI-(PgW4-
PLL), architecture we performed cyclic voltammetry mea-
surements. These experiments were performed on amorph-
ous carbon working electrodes, hence on a different sub-
5118
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Figure 4. A: Evolution of the peak current 1,,, of the first oxi-
dation peak of PgW,g in PEI-(PgW,s-PLL), films as a function of
n in two independent experiments. The measurements were per-
formed at a scan rate of 10 mVs™!. Inset: cyclic voltammogram of
a PEI-(PgW4-PLL), film at a scan rate of 10 mVs™!. Al and Cl
denote the first oxidation and reduction peak of PgW,g in the film.
B: Peak separation AE,, between Al and C1 as a function of n. The
CV measurements were performed at a scan rate of 10 mVs™' in
two sets of independent experiments.

strate as those used in the previously described characteri-
zation methods. In the case where the POMs are immobi-
lized in the PEI-(PgW,5-PLL), films, the difference in the
peak potential between Al and C1 never exceeds 25-30 mV
for n values between 1 and 8 (Figure 4, B) and the oxidation
and reduction peak currents for a given number of layer
pairs scale linearly with the potential scan rate, which is a
signature of a thin-film behaviour (Figure 2 of the Support-
ing Information). This contrasts with the CV of PgWy5 in
solution where the oxidation peak A1l and its corresponding
reduction peak C1 are separated by 80 mV (at a scan rate
of 50 mVs™"). In addition, for experiments performed in
solution, the oxidation and reduction peak currents scaled
as the square root of the scan rate, i.e. their electrochemistry
is limited by the diffusion from the solution to the electrode
surface (data not shown). It also appears from Figure 4 (A),
that the oxidation and reduction peak intensity increases
linearly with the number of deposited layer pairs in the PEI-

(PgWys-PLL), films. Each layer pair contributes to i, =
(2.25+0.02) X 107 A, as obtained from experiments per-

formed at a scan rate of 10 mVs'.

Eur. J. Inorg. Chem. 2009, 5115-5124
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This value allows calculating the surface coverage, I',oq,
based on the cyclic voltammetry experiments, see Equation
()7

i,RT(4-2yT,,)
n*F*v-A @

volta

i,, R, T, n, F, v are the peak current intensity increment
per layer pair, the gas constant, the absolute temperature,
the number of electrons implied in the A1-CI redox process
(here n = 2), Faraday’s constant and the potential scan rate,
respectively. A4 is the area of the electrode and y is an inter-
action term of the redox probe with the matrix of the film.
In the case where y is very small, which should be the case
here because i, scales linearly with v, equation (2) simplifies
to Equation (3).

_ 4RTi,
volta n2~F2~v~A (3)

From the value of i, we obtain a surface coverage of
Tyora = (1.9220.2) X 1071 molcm 2 per layer and a corre-
sponding area per PgW,g of about 0.9 nm?. The surface
coverage obtained by electrochemistry in this study is of the
same order of magnitude as the value obtained by Volkmer
et al., namely 1.3 or 1.7X 10 molem2 for Eu(H,O)-
[PsW500,10]'>” POM depending on the layering structure of
the POM with the used polycation, PAH.[>34 It has to be
noted that I'yy and I, are very close (within a factor
of about 2). The difference between the surface coverage
calculated from the UV/Vis and the CV data may mainly
originate from the non-validity of two assumptions: (i) we
assumed that the interaction term y in equation (2) is equal
to zero, (ii) and that the electrochemical area of the elec-
trode, A4, is equal to its projected area, hence neglecting the
surface roughness which is different from zero owing to the
fact that the electrode was polished with a 50 nm alumina
suspension before each experiment (see Experimental sec-
tion). From the electrochemistry data as well from the
thickness increment per bilayer, obtained by QCM-D, we
can calculate the loading efficiency (defined as the current
per layer pair divided by the corresponding thickness) of
the PEM film loaded with PgyW,g according to method I, it
amounts to 37.4X10° Anm!. To obtain this value, we
used the thickness calculated from the QCM-D experiment
because it corresponds to an hydrated film.

We will now investigate the loading of PEI-(PLL-HA),
PEM films with PgW,g from the solution in contact with
the as-built film (Scheme 1). As a first control we investi-
gated the film stability when it is put in contact with a
buffer solution containing PgW,4g by means of attenuated
total reflection Fourier-transfom infrared spectroscopy
(ATR-FTIR). To that aim we deposited a PEI-(HA-PLL);,-
HA film on the ZnSe crystal. The thickness of this film is
significantly higher than the wavelength-dependant pene-
tration depth of the evanescent wave into the solution
(about 1 um at 1000 cm™') as shown by the fact that the

Eur. J. Inorg. Chem. 2009, 5115-5124
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signal of the amide I band characteristic of PLL does not
increase significantly after the deposition of the 9" HA-
PLL layer pair (Figure 3 of the Supporting Information).
When such a film is put in contact with a PgW g-containing
buffer, the characteristic vibration peaks of the POM (at
704, 793 and 917 cm™!) appear in the region sensed by the
evanescent wave even after only 2 h of contact between the
film and the solution (Figure 5). The amide I band inten-
sity, attributed to PLL increases during the infiltration of
the POM in the PEM film, which means that at least in the
region of the film close to the ZnSe crystal, the film un-
dergoes some deswelling, i.e. an increase in the polyelectro-
lyte concentration. It also appears in Figure 5 that the in-
tensity of the peaks attributed to PgyWg is higher when the
film is put in contact with a PgW g solution at 1.2 X 1075 m
than with a solution at 1.2X 10~* M. In all cases the peak
positions are identical to those of the POM in solution at
1.2X 10~* M, meaning that PgW,g keeps its integrity when
incorporated in the PEM film. In addition, the peak inten-
sity of PsWyg in the film is always higher than in the corre-
sponding solution (Figure 5 displays the spectrum of PgWyg
in the film when it is loaded from a solution at 1.2X 10 m
as well as its spectrum in solution at the same concentra-
tion). This finding means that the PEM film allows to con-
centrate the POM. This result is qualitatively similar to that
obtained for negatively charged CdTe quantum dots diffus-
ing in PEM films made from PAA and PDADMA 133
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g 0.04 1 Amide | and COO™ of HA
< 02| —
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1800 1500 1200 900
1/ % em™)

Figure 5. ATR infrared spectrum of two PEI-(HA-PLL);,-HA
films put in contact during 2 h with a PyW,¢ containing solution
having a concentration of 1.2 X 107> M (black line) and 1.2 X 10* ™
(red line). The POM solution was removed from the flow cell before
spectral acquisition and the absorbance was calculated with respect
to that of the PEI-(HA-PLL),,-HA film (Figure 3 of the Support-
ing Information). The spectra were also compared to that of a
PgW g solution at 1.2 X 104 M flowing atop the ZnSe crystal (bold
black line).

Nevertheless the ATR configuration of the IR measure-
ment makes a quantitative determination of the POM con-
centration in the film very difficult. Hence we again used
CV and UV/Vis spectroscopy to investigate both the perme-
ation kinetics as well as the concentration of PgWyg in the
PEI-(HA-PLL),-HA films (in this study we restricted the
measurements to films ending with a negatively charged
layer, having hence a negative surface potential which con-
stitutes a priori a barrier for the negatively charged POM).
5119
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UV/Vis spectroscopy (Figure 6) as well as CV (Figure 7)
show that the permeation kinetics as well as the steady state
concentration of PgW,g in the PEI-(HA-PLL)o-HA films
are concentration dependant, as anticipated from the ATR-
FTIR experiments. In addition, the permeation kinetics are
extremely slow, the time needed to reach saturation lying in
the 1-25 h time interval depending on the solution concen-
tration of PgW 5. This characteristic time 7 was determined
by fitting equation (4) to the experimental CV data.
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Figure 6. Permeation kinetics of PgW, in PEI-(HA-PLL)y-HA
films as followed by UV/Vis spectroscopy as a function of the con-
centration in POM: open triangle 1.2X 10° M, red filled square
2.4%10°% M, filled circle 1.2 X 1073 M, filled diamond 2.4 X 10 M,
open circle 1.2 X 10# m. The lines are only aimed to guide the eye.
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Figure 7. Permeation kinetics of PgW,5 in PEI-(HA-PLL)y-HA
films as followed by CV for different concentrations in POM: open
triangle: 1.2X10°wm, filled circle 1.2X 10w, filled diamond
2.4 X105 m,(open circle) 1.2 X 10* m. I,o; represents the first oxi-

dation peak current of PgW,g as a function of time t (see inset of

Figure 4a). All the data were acquired at a scan rate of 10 mVs!.

The lines correspond to the fit of equation (4) to the data.

The quality of the fits was satisfactory but not excellent
as can be seen in Figure 7, hence the value of the character-
istic time is only given as an indication (Table 1).

The data from the UV/Vis and CV experiments are in
qualitative agreement in the sense that the amount of incor-
porated POM is maximal at a bulk concentration of about
5120
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Table 1. Influence of the bulk concentration in PgW,g on the oxi-
dation current of peak Al for loading methods I and II.

Loading CllmolL"] ¢ M [h] Ioar 9 [A]

method

I 1.2Xx10° 25 3.08x10°

11 1.2X10° 0.9 6.44x10°

I 24X%107 18 1.18 X107

I 1.2x10% 0.8 1.33X10°

1 24%107 no kinetic ef-  (2.25+0.02) X 10”7

fect

[a] Concentration of the PyW,g solution in contact with the PEI-(HA-
PLL)y-HA film in the case of loading method II or of the solution
used to build up the PEI-(PgW4s-PLL), films in the case of loading
method I. [b] Characteristic time of the filling process of PEI-(HA-
PLL)y-HA films determined by fitting equation (4) to the experimental
CV data. This fit is only meaningful in the case of loading method II.
[c] Intensity of the oxidation peak Al at the end of the filling process
in case where the PgW 5 loading is performed according to method II.
In the case of method I the given value corresponds to the oxidation
current increment per layer pair, as obtained from Figure 4 (A).

107> M. It has to be noted that by UV/Vis one detects the
optical effect of all the POMs present on both sides of the
quartz slide (saturation of the detector was not reached)
whereas CV may only be sensitive to the POM in close con-
tact with the working electrode.

However, if a percolation threshold in the incorporated
amount of PgWg is reached, the measured current may be
an indication of the whole amount of incorporated POM,
as has been shown in the case of method I. At first glance
the occurrence of a maximum in the amount of PgW,g in-
corporated in the PEI-(HA-PLL),-HA films is surprising.
One could provide a first explanation for this effect: when
the solution concentration increases, the rate of permeation
increases too, as suggested by the decrease in the character-
istic filling time (Table 1), producing a barrier at the top-
most part of the PEM film. This barrier could impede the
POMs to reach the lower part of the PEM film. If this fill-
ing mechanism would occur, the CV and UV/Vis data will
not be in direct correlation, owing to the fact that in the
case where a barrier is formed the electrode will not neces-
sarily be able to oxidize/reduce all the present PgW ganions.
However if we plot the absorbance at 226 nm at the end
of the permeation kinetics (Figure 6) as a function of the
oxidation current of peak Al at saturation (Table 1), we see
that both methods used to determine the film filling provide
data that are in linear correlation (Figure 8). This excludes
the validity of a barrier mechanism to explain the reduction
in the amount of loaded POM at concentrations higher
than 10> mol L' and suggests that the films are always ho-
mogeneously filled with POMs at the saturation of the fill-
ing kinetics.

At this level, there is no reasonable assumption for the
non-monotonous filling of the PEM films with PgWy5 as a
function of its solution concentration. It is nevertheless a
reproducible phenomenon as shown by the data from inde-
pendent experiments performed with different characteriza-
tion techniques [ATR-FTIR spectroscopy (Figure 5), UV/
Vis spectroscopy (Figure 6) and CV (Figure 7)]. From
Table 1 one sees that the maximal current of peak Al (equal

Eur. J. Inorg. Chem. 2009, 5115-5124
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Figure 8. Relationship between the oxidation current I,o; corre-
sponding to peak Al (Figure 7) and the absorbance at 226 nm at
the end of the loading kinetics (Figure 6) of PgW,5 in PEI-(HA-
PLL)y-HA PEM films. The thick line does not correspond to a fit,
it is meant to guide the eye.

to the corresponding reduction current of peak C1) is pretty
much higher, by at least an order of magnitude to the maxi-
mal current per layer pair obtained when PgW,g is de-
posited according to method I. However, the PEI-(HA-
PLL)o-HA film is much thicker (about 1 um measured by
confocal laser scanning microscopy) than the PEI-(PgW45-
PLL)g films (about 50 nm obtained from the QCM-D ex-
periment). Hence to make a better comparison between the
two loading methods, we also calculated the loading effi-
ciency obtained when the POMs are infiltrated in the PgW g
films according to method II. At the bulk concentration of
2410 M, method II yields a loading efficiency of
10.8 X 10° Anm!. Method I allows to reach a loading effi-
ciency of 37.4X 10 Anm™!, being only slightly more ad-
vantageous in terms of loading efficiency, by a factor of
about 3-4. It has to be noted that our comparison is only
semi-quantitative because we neglected the swelling that the
POM causes upon its diffusion into the PEI-(HA-PLL)o-
HA film in the calculation of the film thickness. After 2 h
of loading we observed that (PLL-HA);,-PLL(FITC) films,
labelled with PLL(FITC) swelled by a factor of about 2
(Figure 4 of the Supporting Information) when put in con-
tact with PgW,g at 6 X 107 M. The film swelling was mea-
sured by means of confocal laser scanning microscopy
(CLSM). At all the other concentrations the film swelling
was much smaller, suggesting that the maximum load in
POM, also found at around 107> M, is related to the maxi-
mum swelling ability of the film. We will investigate the
swelling kinetics of the PLL-HA films in contact with
PsWy5 solutions for prolonged time durations by means of
CLSM in a forthcoming investigation. CLSM shows that
the PLL-HA films are extremely smooth as long as the
number of layer pairs is higher than 10B3!&31®l however, the
incorporation of PgW,g increases the film roughness to the
50-100 nm range but without modifying the transparency
of the films. Indeed if the film roughness would be of the
order of the wavelength of visible light, it would not remain
transparent above the absorption band of PgW,g ie above
320 nm (Figure 5 of the Supporting Information) We did
not use AFM to image the (PLL-HA);3,-PLL(FITC) films
owing to their viscous liquid statel* which makes AFM
imaging very tedious. CLSM also highlighted an intriguing
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self assembly processes of the POMs: they seem to be highly
aggregated at the surface of the (PLL-HA);,-PLL(FITC)
PEM film after two hours of contact with a PgW 45 solution
at 1.2 X 10* mol L! (Figure 9). The film appears to be cov-
ered with star like structures of about 20-30 um in dia-
meter.

—

20

—l

20 pm

Figure 9. Left: optical micrograph, obtained by CLSM of a (PLL-
HA);o-PLL(FITC) PEM put in contact with a PgW,g solution at
1.2%x10#molL" during 2 h. Right: the same architecture but
without PgW,g. The scale bars represent 20 pm.

In addition we found that no desorption of the PgW,g
occurred when they were incorporated according to method
IT (Figure 5 of the Supporting Information). Therefore, we
have to discuss the mechanism of irreversible POM incor-
poration in these exponentially growing PEM films which
can display an extrinsic charge compensation.*!] This
means that the electroneutrality of the film is ensured by
counterions. We have demonstrated in a previous study that
HA-PLL films are permeable to ferrycianide anions and
that this irreversible permeation is due to an anion ex-
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change process.*”) We believe that the same mechanism is
at the origin of the irreversible incorporation of PgWyg in
the same PEM architecture.

Conclusions

In this article we demonstrated that very high loading of
polyoxometallates can be reached in as-built exponentially
growing PEM films by putting these films in contact with a
PgW,5 solution at different concentrations. The permeation
kinetics of PgWyg in the PEM film is pretty slow but the
final loading efficiency is comparable to that obtained by
regular LBL deposition according to method I using a
POM solution at the same concentration. The advantage of
loading method II is that for films having a thickness of
about 1 pm, the total load of POMs can be greatly in-
creased with respect to the traditional LBL deposition
method in a single one-step process as soon as the PEM
film is deposited. The response of the PEM film with re-
spect to its swelling upon the incorporation of nanopar-
ticles, a phenomenon already observed in a previous investi-
gation with CdTe nanoparticles,** remains to be fully in-
vestigated before considering possible applications of POM
containing exponentially growing PEM films. It appears
also that the amount of POM loaded in the film is a non-
monotonous function of the POM concentration probably
in relation with the ability of the PEM film to swell in re-
sponse to the incoming nanoparticles.

Experimental Section

Chemicals: Nas3[H;PgW450,54]92H,0 was prepared from a mixed
K-Li salt (synthesized according to the literature*$l) by ion ex-
change to replace the counter cations by Na*. The polyelectrolytes
used to build the polyelectrolyte multilayers (PEMs) were sodium
hyaluronate (HA, viscosimetric molecular weight MW, =
4.2%10° gmol ™!, LifecoreBiomedical, Chaska, MN, USA) as the
polyanion and poly-L-lysine (PLL, MW, = 4.8 X 10* gmol !,
Sigma-Aldrich, St. Louis, MA, USA, ref. P2636) as the polycation
(the counteranion being Br-). Before building films, the deposition
of an anchoring layer of poly(ethylene imine) (PEI, MW =
7.5%10° gmol !, Sigma—Aldrich, no. P3143) was necessary for the
deposition of PEM films on the amorphous carbon electrodes as
well as on the ZnSe crystal used for infrared spectroscopy. The PEI
layer was not necessary for film deposition on silicon oxide and
quartz slides, but we nevertheless deposited such a layer to have a
uniform surface treatment in our study.

All solutions were freshly prepared before use from water with a
resistivity of 182 kQm purified in a Milli Q Plus water purification
system (Millipore, Billerica, MA, USA). Two kinds of supporting
electrolyte and buffer solutions were used: (i) 0.15M NaCl solu-
tions, without further pH adjustment, ie at pH 5.6-6.0, to dissolve
PEI, HA and PLL in order to build the PEI-(HA-PLL),-HA films
and (ii) 10 mm sodium acetate + 0.15 M NaCl buffer at pH 4.0 in
order to build up the PEI-(PgW4s-PLL), films as well as to load
the POM in PEI-(HA-PLL),-HA films. This buffer was used in
order to avoid decomposition of PgW .

PLL was conjugated with fluoresceine isothiocyanate (FITC) in or-
der to observe the (PLL-HA), films by confocal laser scanning mi-
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croscopy. Briefly, a PLL solution at 0.7 gL ! in Tris buffer (50 mm,
pH 8.5) was put in contact during 1 h at ambient temperature and
in the dark with FITC dissolved in a small volume of dimethyl
sulfoxyde (SdS, Peypin, France). The initial ratio between the
number of FITC molecules and the number of PLL monomers
was lower than 107°. The PLL-FITC/free FITC mixture was then
dialysed against Tris buffer solutions using a dialysis bag made of
cellulose ester with a molecular weight cut-off of 10 kgmol ' (Spec-
tra/Por, Spectrum Laboratories, Rancho Dominguez, CA, USA).
This dialysis step was repeated at least 2 times and was stopped
when no FITC could be detected anymore in the dialysate. This
was checked by UV/Vis spectroscopy at a wavelength of 494 nm.

Preparation of the PEM Films: The substrates used for ellipsometry,
UV/vis experiments and confocal laser scanning microscopy
(CLSM) were oxidized silicon slides (cut in 4 X 1 cm? rectangles,
Siltronix, Archamps, France), quartz slides (Thuet, Blodelsheim,
France) and 14 mm diameter glass slides (VWR, Fontenay-sous-
bois, France), respectively. They were all cleaned in the same way
by immersing them during 20 min in a piranha solution (H,SO,
and 30% H,0, mixed in a 2:1 relation v/v) followed by extensive
rinse with water.

The QCM-D experiments were performed on silica coated quartz
crystals (Q Sense AB, Goteborg, Sweden), which were cleaned in
situ with a 2% v/v Hellmanex solution (Hellma GmbH, Miillheim,
Germany) during 30 min, rinsed with distilled water, put in contact
with HCI at 0.1 m (Sigma-Aldrich) during 10 min, intensively
rinsed with water, and finally with sodium acetate buffer.

The PEM films used for the loading method 1, were all prepared
in the same manner by putting the substrate alternatively in contact
with a polycation solution (PEI at 1 gL ! as the starting layer or
PLL at 0.7 gL' for the following polycationic layers), buffer, a
PgW.4 solution at 2.4 X 10> molL !, and finally buffer. Each im-
mersion lasted for 5 min. This cycle of depositions constitutes a
“layer pair” and was repeated n times. In case of method II, the
PEI-(HA-PLL)y-HA films were deposited manually as for method
I, when the loading with PgyW,4g was investigated by means of UV/
Vis and cyclic voltammetry. For CLSM experiments, we used a
dipping machine (DR3, Riegler and Kirstein GmbH, Berlin, Ger-
many) to deposit the (PLL-HA)3, film on glass slides. The final
PLL(FITC) layer was deposited manually. In these experiments
each deposition step lasted for 8 min.

Characterization Methods

QCM-D: In order to define the adsorption time needed to reach
saturation in the adsorbed amounts of both PgyW,5 and PLL, the
adsorption kinetics were followed using QCM-D (D300 apparatus,
Q-Sense AB, Goteborg, Sweden). The working principle of this de-
vice relies on the piezoelectric properties of quartz and has been
extensively described previously.*”] In the case of the Q-Sense D300
device, the oscillations of the quartz crystal are excited close to its
resonance frequency of about 5 MHz. When the exciting signal is
stopped, the decay of the shear wave is followed as a function of
time at the fundamental frequency as well as at its 3", 5" and 7t
overtones. From this decay curve, the pseudo frequency and the
dissipation, i.e. the energy loss of the crystal in contact with the
deposit and the viscous fluid are calculated as a function of time.
The change in the reduced resonance frequency with respect to
time will be denoted Af,/n where n is the overtone number (n = 1,
3, 5 or 7). When the reduced frequency changes associated with the
different harmonics overlap, the film can be considered as rigid
and one can use the Sauerbrey relationship to calculate the surface
coverage from the measured Af,/n.34
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Ellipsometry: The thickness of the silicon oxide layer covering the
silicon substrate was measured before the build up of the PEM film
by ellipsometry (HORIBA Jobin Yvon, model PZ 2000, Longju-
meau, France) at a wavelength of 632.8 nm and an incidence angle
of 70°. The total thickness of the oxide layer and the PEM was
calculated from the measured w and A ellipsometric angles as-
suming the film to be uniform and isotropic and using a refractive
index value of 1.465 as for the silicon oxide layer (which maybe a
somewhat arbitrary value owing to the fact that the PEM film con-
tains highly refractive tungstates). The thickness values given are
the average (= one standard deviation) over 5 to 10 independent
measurements taken along the major axis of the rectangular silicon
slide. The thickness of the PEI-(PsW4s-PLL),, PEM was determined
by subtracting the thickness of the SiO, layer from the measured
total thickness. Owing to the fact that the refractive index of the
film should be higher than the used value, the film thickness may
be overestimated. Its geometric thickness was hence determined by
means of AFM.

UVI/Vis Spectroscopy: the absorption spectra were measured with
a double beam mc? spectrophotometer (Safas, Monaco). For the
determination of the extinction coefficient of PsW s, the spectra of
different POM solutions in 10 mm sodium acetate + 0.15 M NaCl
buffer (pH 4) were acquired in quartz cuvettes between 200 and
700 nm. The spectra of the PEI-(PgW 45-PLL), films as well as those
of the PEI-(HA-PLL)o-HA films after contact with PgW g contain-
ing acetate buffer were taken with the films adsorbed on quartz
slides. The spectrum of the cleaned and uncoated slide was taken
as the reference spectrum.

Cyclic Voltammetry: We used a conventional three electrode setup
(CHI 604B, CH Instruments, Austin, TX, USA) comprising an Ag/
AgCl (sat KCI) reference electrode (CHI 111), a platinum wire as
a counter electrode (CHI 115) and an amorphous carbon working
electrode (CHI 104). The working electrode was polished on
gamma alumina powder, 0.05 um in diameter (Buehler, Lake Bluff,
IL, USA, no. 40-6325-008). Three successive polishing steps were
performed, each one separated from the next one by intensive rins-
ing with water. The electrodes were sonicated during 6 min in a
water bath just before the beginning of the electrochemical experi-
ment. The quality of the polishing was evaluated by measuring the
CV of K4Fe(CN)g (Sigma—Aldrich, no. P9387) at 1 mMm in presence
of the sodium acetate buffer at pH 4.0. The electrode was used only
when the difference in the oxidation and reduction potentials was
between 60 and 70 mV. In case of loading method I, the CV of the
deposit was acquired at different scan rates (from 10 to 200 mVs!)
in the potential range between —0.9 and +0.6 V (vs. Ag/AgCl) after
the deposition of each PgW,g layer. Before each measurement, the
buffer solution was deoxigenated by means of nitrogen bubbling
during 10 min. In the case of loading method II, the CV (in the
same potential range as previously) of the PEI-(HA-PLL)y-HA
film was taken as the reference capacitive current. The CV of the
film was measured after given contact times with the PgWg con-
taining buffer. Before each measurement, the electrode was rinsed
with sodium acetate buffer and the CV was measured at different
scan rates (from 10 to 200 mV's ') in the presence of deoxygenated
buffer without of PgW,s. Hence only the contribution of the POM
present in the film to the faradaic current will be measured. The
reported currents have been corrected for the capacitive currents.

Atomic Force Microscopy: AFM topographies of PEI-(PgWys-
PLL), films deposited on a QCM-D silica coated quartz crystal
were acquired in the dry state and in contact mode using a Nano-
scope 1V (Veeco, Santa Barbara, CA, USA) microscope. The em-
ployed cantilevers (model MSCT, Veeco) had a nominative spring
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constant of 0.01 Nm™! and were terminated with a silicon nitride
tip.

Infrared Spectroscopy in the Attenuated Total Reflection Mode: The
details of the experimental procedure as well as the theoretical
background have been reported in previous publications.*3] We
used an Equinox 55 spectrometer (Bruker, Wissembourg, France)
fitted with a flow cell whose bottom surface was a trapezoidal ZnSe
crystal onto which the PEI-(HA-PLL);,-HA film was deposited.
Spectra were acquired after the deposition of each layer to follow
the film build up. For these experiments the polyelectrolytes as well
as the PgW5 and its counterions were dissolved in the same buffer
as for the other experiments but H,O was replaced by D,O
(99 D atom-%, Aldrich ref. 435767) in order to avoid the inter-
ference of the water elongation bands in the spectral region be-
tween 1500-1700 cm~! with the amide I and II bands of PLL. After
the deposition of the PEI-(HA-PLL);,-HA film (from a 0.15m
NaCl solution) it was rinsed with sodium acetate buffer at pD 4.4
(there is a 0.4 pH unit difference between H,O and D,O-containing
buffers) and put in contact with the buffer containing PsWyg at a
given concentration. This solution was allowed to flow atop the
film during 2 h, the film was rinsed with buffer and the spectrum
was measured. The absorbance was calculated by taking the trans-
mission through the PEI-(HA-PLL);,-HA film as the reference.

Confocal Laser Scanning Microscopy (CLSM): The (PLL-HA)3(-
PLL(FITC) films were imaged with an LSM 510 inverted confocal
laser scanning microscope (Zeiss, Oberkochen, Germany). The co-
ver glasses supporting the PEM films were placed in a homemade
sample holder in 10 mm sodium acetate plus 0.15 M NaCl buffer
(pH 4.0). The FITC molecules were excited at a wavelength of
488 nm with a 25 mW argon ion laser and the emitted fluorescence
was collected at wavelengths between 505 nm and 530 nm. The em-
ployed immersion objective (Plan Neofluar, Zeiss) had a 40-times
magnification and a numerical aperture of 1.3. Stacks of line scans
with a length of 230.3 um in the sample plane were acquired at a
resolution of 512 pixels and combined to virtual z-sections to mea-
sure the film thickness at five different places of each sample. The
number of line scans and their distance normal to the sample plane
were calculated by the operating software of the microscope as a
function of the sample thickness. The film was imaged before being
in contact with the POM solutions as well as after 2 h of contact
and rinsing with the acetate/NaCl buffer. The ratio between the
film thickness after loading with PsW,g and its initial thickness
allowed calculating the relative film thickness.

Supporting Information (see also the footnote on the first page of
this article): Evolution of the PEI-(PgWys-PLL), film thickness
measured by ellipsometry as a function of the number of deposited
layer pairs, cyclic voltammograms and oxidation currents corre-
sponding to peak Al of a PEI-(PgW45-PLL), film as a function of
the potential scan rate, ATR FTIR spectra showing the buildup of
PEI-(HA-PLL), films as a function of n, relative thickness mea-
sured by CLSM of (PLL-HA)z,-PLL(FITC) films after 2 h of con-
tact with PgW,g solutions at different concentrations, evolution of
the UV/Vis spectrum of a PEI-(HA-PLL)y-HA film loaded with
PgW,s (at 1.2 X 107> mol L~! during 1 h) and put in sodium acetate
buffer (pH 4) during 10 h.
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