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In this work, we exploit the molecular engineering capability of the layer-by-layer (LbL) method to immobilize
layers of gold nanoparticles on indium tin oxide (ITO) substrates, which exhibit enhanced charge transfer
and may incorporate mediating redox substances. Polyamidoamine (PAMAM generation 4) dendrimers were
used as template/stabilizers for Au nanoparticle growth, with PAMAM-Au nanopatrticles serving as cationic
polyelectrolytes to produce LbL films with poly(vinylsulfonic acid) (PVS). The cyclic voltammetry (CV) of
ITO-PVS/PAMAM-AuU electrodes in sulfuric acid presented a redox pair attributed to Au surface oxide
formation. The maximum kinetics adsorption is first-order, 95% of the current being achieved after only 5
min of adsorption. Electron hopping can be considered as the charge transport mechanism between the PVS/
PAMAM-Au layers within the LbL films. This charge transport was faster than that for nonmodified electrodes,
shown by employing hexacyanoferrate(lll) as the surface reaction marker. Because the enhanced charge
transport may be exploited in biosensors requiring redox mediators, we demonstrate the formation of Prussian
blue (PB) around the Au nanoparticles as a proof of principle. PAMAM-Au@PB could be easily prepared by
electrodeposition, following the ITO-PVS/ PAMAM-Au LbL film preparation procedure. Furthermore, the
coverage of Au nanoparticles by PB may be controlled by monitoring the oxidation current.

Introduction dence is described by a scaling 18&heng and Cox employed

. . . the layer-by-layer (LbL) deposition technique to fabricate
Dendrimers area spemal_class of organic molecules that Car‘multilayer films consisting of polyoxometalates (POMs) and

undergo a series of chemical modifications through surface 4-PAMAM.10 They demonstrated the fabrication of uniform

chemlstry while their Interior cavities serve as tempIaFes for and well-defined multilayered supramolecular structures consist-
_nanopgrncle growth. Polyamidoamine (PAMAM) dendnmer_s, ing of inorganic POMs and organic PAMAM for application

n partlcglar, hav_e_ been recgntly re_ported as very effective in catalysis. Hybrid nanopatrticles of carboxyl-terminated PAM-
nanopgrtmle stabilizers, allowing their use as n_anoreaét@rs. AM dendrimers containing encapsulated Pt nanocrystals were
Dendrlmer.mqlecules possess three ba§|c grchltgctural COmpo]c:repared, and reports on the fabrication of Au, Cu, and Pd
nents: an |n|t‘|‘ator core (e."g., et_hylenedlamme), |nter_|or Iaye_rs nanoparticles within PAMAM dendriméetbave also been made.
often called gener.at'ons’ which comprise repeatmg units Highly monodispersed,-12 nm diameter, Au nanoparticles were
attac.hed to the initiator core, and the shell which generally prepared by Kim et & using PAMAM dendrimers as templates
.COHS.IStS of functpnahzed groups attached.to the OUtermOSt(PAMAM-Au). The synthesis was carried out in water and took
Interior _Iayer. e we_zll-lmown _that dendrimers of _Iowgr less than 30 min, requiring no subsequent purification. He et
generations tend to existin relatively open forms, V\.'h'le h_|gh al. reported the electrostatic LbL assembly of a Au-dendrimer
generation dendrimers take on a spherical three-d|mensmnalmmocompOSite using poly(sodium 4-styrenesulfonate) (PSS) as

structurtg. qur latter stlr ucture, hﬁWﬁvec;’ 'St ve%dﬁfere.?t Irom the oppositely charged polyelectrolyte leading to nanoscale
conventional linéar polymers, which adopt random-coil Struc- - itorm multilayers of Au-dendrimer nanoclusters.

tures. Thus, many interesting reactions using dendrimers have An advantage of PAMAM nanoreactors is the small nano-
been reported because they can provide reaction sites in theparticle diameter. Metal nanoparticles (less than 4 nm in

interior or on the peg:)phery of the dendrimers and are very useful y;, eter) are interesting because of their inherent size-dependent
as model systens. . optical, electrical, catalytic, and magnetic properties® These
Monolayers of PAMAM dendrimers have been prepared by aterials have been integrated into new kinds of biosensors,
electrostatic self-assembly from aqueous solutfoigliznyuk have shown effects of particle size on heterogeneous catalytic
et al. proposed a model of molecular ordering, which assumes aactions, and have been used for the fabrication of nanometer-
highly deformed (compressed parallel to the surface) ellipsoidal ¢5e electronic devices, supercapacitors, and data storage
shapes for macromolecules in condensed monolayers. Theyeayicesli-22
molecular dimension (thickness) versus molecular mass depen- |, his work, we report the fabrication of nanostructured films

comprising nanoparticle-containing amine-terminated G4 PAM-
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SCHEME 1: Schematic Fabrication of LbL Films a) 24
Comprising PVS and Gold Nanoparticles Encapsulated in
Polyamidoamine Generation 4 (G4 PAMAM) S
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@ The sequential deposition of LbL multilayers was carried out by 8
immersing the substrates alternately into the PAMAM-Au and PVS °
solutions for 5 min. After deposition of each layer, the substrate/film 2
system was rinsed and dried withp.N <

1665.0  1449.9
tin oxide (ITO) electrode for electrochemical characterization. Wavenumber / cm™

The aim was to obtain enhanced charge transport, which mayFigure 1. (a) Electronic absorption spectra of KAuGblution (blue
be important for a number of applications, especially in line) and PAMAM-Au suspension (red line). Inset: TEM images of a

The PAMAM-Au hybrids were then assembled onto an indium

; - ; ; layer of PAMAM-Au nanoparticles with resolution of 5 nm. (b) FTIR
biosensors requiring redox mediators. To further exploit the spectra for PAMAM and PAMAM-Au fims deposited onto Si

enhanced transport, in subsequent electrochemical experimenty| pcirates.
we show that a new system based on Prussian blue (PB) around
the Au nanoparticles (PAMAM-Au@PB) can be easily obtained  Cyclic Voltammetry. Cyclic voltammograms (obtained in

by electrodeposition using cyclic voltammetry (CV). films containing different numbers of bilayers) were registered

) . using on Autolab type Il running with GPES (General Purpose
Experimental Section Electrochemical System) 4.9 software (EcoChemie, Utrecht, The
Synthesis and Characterization of PAMAM-Au. Au- Netherlands). The electrochemical cell was a three-electrode

PAMAM nanohybrids were prepared as follows: 2 mL KA4CI system. A Ag/AgCI (sat. KCI) electrode was used as reference,

solution (1 mmol %) was added to 2 mL PAMAM (0.07 mmol Pt wire as counter electrode, and ITO or ITO covered with a
L-1) and 2 mL formic acid (1 mmol t2). This pale yellow (PVS/PAMAM-AU), film as the working electrode (whereis

solution was vigorously stirred for 2 min. When the zerovalent the number of PVS/PAMAM-Au bilayers). All electrodes were

Au complex was formed, the color immediately changed from Inserted into the electrochemical cell containing £8 (0.5
yellow to red. This reaction occurred ava 4 htime period, mol L) solution, and the voltammogram was immediately
and the nanoparticle growth kinetics was followed by Uv-vis récorded. The voltammograms were recorded at 293 K at
spectroscopy (Hitachi U-2001 spectrophotometer; San Jose,dlﬁerent scan rates. Befo_re each cycle, the electrolyte was
CA). The morphology and particle size distribution were PUrged with Ngas for 15 min. The charge-transfer mechanism
characterized using a 200-kV transmission electron microscopeWas studied using 5 mmol ' Fe(CN)® as electroactive
(TEM, model CM200; Philips, Eindhoven, The Netherlands). SPecies in 0.5 mol t* H,SQ, electrolyte solution.
The particle size distribution was estimated by the measurement
of at least 200 particles in TEM images.

PVS/PAMAM-Au Multilayer Self-Assembly. PVS/PAMAM- Characterization of the Au Nanoparticles. The formation
Au LbL and cast films were assembled onto hydrophilic glass, of the Au nanoparticles inside PAMAM was monitored via
quartz, ITO-coated glass, and silicon substrates. The concentrallV —vis spectroscopy, showing a time-dependent spectrum for
tion of the dipping solutions was set at 0.07 mmotland 0.5 the reduction of Au(lll) to Au(0) and growth of nanosize Au
g L1 for PAMAM-Au and PVS, respectively. The sequential particles. The initial reduction stage may be followed by the
deposition of multilayers was carried out in an HMS series decrease in the 300 nm Au(lll) band, as shown in Figure la.
programmable slide stainer (Carl Zeiss Inc, Jena, Germany) byThe peak around 500 nm is associated with the plasmon
immersing the substrates alternately into the PAMAM-Au and resonance. An increase in the baseline due to scattering effects
PVS solutions for 5 min. After deposition of each layer (Scheme is also observed.For the conditions employed, the complete
1), the substrate/film system was rinsed and dried withTke reduction of Au(lll) was attained after 200 min (seen by
growth of the multilayers was monitored by cyclic voltammetry. monitoring of the peak at 500 nm).
Fourier transform infrared spectroscopy (FTIR) measurements Results obtained by TEM after 200 min reaction for a 1-layer
were carried out on films deposited onto Si substrates using acast film on a copper grid showed well-organized Au patrticles,
Nicolet 470 Nexus spectrometer (Madison, WI), after the sample with a particle diameter of approximately 3 nm and a narrow
chamber had been purged with bas. size distribution (as shown in the inset of Figure 1a). In addition,

Results and Discussion
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X-ray diffraction of PAMAM-Au cast films (not shown) enabled 1) g
easy identification of the (111), (200), and (220) atomic planes _—
of the Au nanoparticles. To confirm Au encapsulation inside 4l 550 s deposiﬁon/'/'m ,

the PAMAM dendrimer, we compared FTIR spectra in the
transmission mode for neat PAMAM and PAMAM-Au in
Figure 1b. The band at 1449 c# assigned to the amide band

Il from inside the PAMAM molecule, splits into two bands,
indicating a strong perturbation of the amide by the presence
of the nanoparticles. The split indicates that the amide group
can be strongly attached to the gold nanoparticle surface.
Furthermore, a new shoulder appears at ca. 1665 dor

PAMAM-Au, also confirming the interaction and Au encapsula- 4
tion inside the PAMAI\/éIS(Z:?vities. Similar results have been 02 04 06 08 10 12 14
reported in the literature:
Kinetics of PAMAM-Au Adsorption and LbL Properties. ETV (AgiACI)

After nanoparticle formation, PAMAM-Au was assembled b) 6
together with PVS onto ITO substrates in a layer-by-layer S 5 )
fashion. The Au-oxide reduction current was determined as a 51
function of immersion time in PAMAM-Au using cyclic 4]
voltammetry, to ascertain the time required for total coverage
of the ITO electrode surface previously covered with a PVS < 3
layer. The results are shown in Figure 2a. Voltammograms from <
Au nanoparticles in sulfuric acid solution presented a charac- T2
teristic oxidation peak at-1.2 V (vs Ag/AgCl) and a single
reduction peak at1.00 V, which was attributed to the reduction " o)
of Au oxides at the nanoparticle surface. Figure 2b shows a 04—, . . , . . .
nonlinear correlation between the electrode immersion time in 0 500 1000 1500 2000 2500 3000
the PAMAM-Au solution and the cathodic peak current. The Deposition time / s
kinetics of adsorption of PAMAM-Au LbL films can be
described by a first-order equation ) 60, 30

I'=1madl — exptity)] 1) 01 2

401% "
wherel is the peak current at timg andlmax is the maximum 304~
current at infinite time. During the first 5 min of adsorption, < 20- 01 PR
the amount of PAMAM-Au deposited represents 95% of the Z 0] 0 4 81216 20
total current, with no significant increase in the current being = Number of bilayers .2~~~ _ ¢
observed after this time. It is worth mentioning that the growth 4o increasing bilayer “"\‘.\\‘-:,,'_/"
of multilayers in LbL films has been studied by WUwWis ]
spectrophotometry and two deposition stages are generally 201 'u'
identified, corresponding to fast nucleation followed by slow -30- T T — T T
diffusional growth?® 02 04 06 08 10 12 14
The sequential deposition of the PVS/PAMAM-Au in order E 1V (Ag/AgCI)

to obtain a multilayer assembly on the ITO substrate was carried Figure 2. (a) Kinetic study using cyclic voltammetry to determine
out by immersing the ITO electrodes for 5 min into the PVS the time necessary for the total recovery of the ITO electrode surface
and PAMAM-Au solutions, alternately. The deposition of the (¢ cn?), details in the Experimental Section. (b) Plot of gold oxidation

. - . . current as a function of immersion time in PAMAM-Au. (c) Cyclic
_mult_llayers was monitored V'?‘ Cyc“.c voltammetry, as Shown voltammograms of ITO-(PVS/PAMAM-Ay)with different numbers
in Figure 2c that features a linear increase of the anodic and

. > @ R of bilayers ) and dependence of the oxidation peak current on the
cathodic peak current, indicating that the same amount of numper of bilayers (inset). Scan rate: 50 m\.<Electrolyte solution:
material is adsorbed during each deposition step. UsingUV 0.5 mol L™ H,SO.

vis spectroscopy (not shown), we obtained similar results. Here,

we can consider the system ITO-PVS/PAMAM-Au as a electrochemically active polyelectrolytes can be incorporated
polymer-modified electrode, more specifically as a redox in multilayer structures, in such a way that the redox-active
polymer systeni! which can transport charge from the electrode material throughout the multilayer is electrochemically addres-
substrate to the external solution or vice versa. The mechanismssable via electron hopping between neighboring sites.

for charge transport within a redox polymer are electron hopping  One important feature in Figure 2 is that the electrochemical
and ion migratiort® The oxidatior-reduction of gold entails reactions take place at the gold nanoparticle surface, as revealed
two different charge transport mechanisms. Electrons must flow by the shape of the anodic and cathodic peaks, which are
between the nanoparticles and the electrode and the ions releasecharacteristic of gold surface oxid&sThe latter is evidence

by the water splitting to form the oxide must diffuse to keep thatthe Au nanopatrticles are accessible and participating in the
electroneutrality inside the film. The limiting transport in the electrochemical reactions. This fact will be further evidenced
case of the PVS/IPAMAM-Au multilayer system seems to be in the formation of a Prussian blue film on the nanoparticles
electron hopping, since Au-nanoparticles are immobilized inside (see below). The potential corresponding to the anodic and
the PAMAM molecules. This is in good agreement with the cathodic current peak changes linearly with the scan rate, as
work by Laurent and Schlenoft, which demonstrates that shown in Figure 3 for a 6-bilayer PVS/PAMAM-Au film,
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Figure 3. Influence of scan rate(: 5, 10, 20, 30, 40, 50, and 60 mV b) .
s™1) on oxidation and reduction peak current of a 6-bilayer ITO-PVS/ g~ s o
PAMAM-Au modified electrode. There are 10 cycles shown for each <+ [o°
rate. Electrolyte solution: 0.5 mol® H,SO,. 6= N
) 200 mv's” 0_3? v
indicating charge transport involving the PVS/PAMAM-Au film. 4 042V I
o — mVs
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The PVS/PAMAM-Au LbL films were found to be very stable,
with the peak current remaining the same even after many
cycles. It was also observed that the films retained their

11 pA
N

electrochemical properties even after having been stored for °
several months at room temperature. 2+
Charge Transport Mechanism and Kinetics.To examine 4
the electrochemical performance of ITO-PVS/PAMAM-Au 02 0.0 0.2 0.4 06
electrodes, we employed cyclic voltammetry under the same E/V (Ag/AgC)

conditions as described above, in the presence of hexacyano-
ferrate(lll) as redox marker for the electrochemical reaction at
the surface of electrode and for monitoring the kinetics of charge
transport. Figure 4a shows a typical voltammogram for an ITO
electrode and an ITO electrode covered with a 6-bilayer PVS/
PAMAM-Au film in hexacyanoferrate(lll) in 0.5 mol £ Hy-

SO, electrolyte solution. The voltammograms correspond to a
reversible system, sindépdlpd = 1 andAE = Epa — Epc =

57/ mV.32 Furthermore, the difference in peak potential ofrb7/
mV is consistent with a semi-infinite linear diffusion, not with
surface confined species for which the peak potentials should
coincide. This was confirmed by varying the scan rateas
shown in Figure 4b, where charge transfer is diffusion-limited
up to 200 mV st at a bare ITO electrode, above which there

i i T 1/2
!S a lack of linearity In. the versusy™* plot. Furthermqre;_AE 6 bilayers of PVS/PAMAM-Au in the presence of 5.0 mmotiL
!ncreases grgdually with th.e scan rate _due toa pos't'V.e 'rllcr?as%exacyanoferrate(lII) in 0.5 mol! H,SQ;. (b) Influence of scan rate

in the potential of the anodic peak at high scan rates, indicating (10 and 200 mV s) on oxidation and reduction peak current for 5
slower kinetics. For example, a difference of 10 mV exists mmol L! hexacyanoferrate(lll) in 0.5 mol 1* H,SO, at an ITO
betweenE,, at scan rate 10 mV$ with 200 mV st for bare electrode. Inset shows a plot of anodic peak current as a function of
ITO. On the other hand, when an ITO-PVS/PAMAM-Au the square root of the scan rate. (c) Influence of scan rate on oxidation

: . . and reduction peak current for 5 mmot‘Lhexacyanoferrate(lll) in
electrode was employed (Figure 4c), linearity was observed up 5" . - =1 Hzgq at a 6-bilayer ITO-PVS/PAM);/AM-AU ele((:tr())de.

to 1500 mV s*, confirming that the presence of the Au-  |nset shows a plot of the anodic peak current as a function of the square
nanoparticles enhances the charge-transfer rate. Al$D, root of the scan rate.

remained the same for all scan rates, as expected for reversible
systems. It is worth mentioning that the increase in peak apparent diffusion coefficient from the RandieSevcik relation
potential difference with scan rate may be due to uncompensated

resistance rather than a quasireversible electron transfer. In this l,= (2.687x 10°)n*2»YD
case, the role of Au may be to lower the ohmic (not charge-

transfer) resistance of the assembly. where I, is the peak currentn is the number of electrons

As shown in Figure 4, peak currents for hexacyanoferrate- transferredy is the scan rate (V3), A is the electrode area
(IH/(n increase linearly with the square root of the potential (cm?), Dapp is the hexacyanoferrate(ll) apparent diffusion
scan rate, from 10 to 200 mV-.for bare ITO and from 10 to coefficient (cn? s71), and C is the hexacyanoferrate(ll) con-
200 mV s'* for 6-bilayer ITO-PVS/ PAMAM-Au. Thus, both  centration (mol cm3). Under the same experimental conditions,
systems show linear diffusion conditions, and the Randles D,y for the hexacyanoferrate species is 494076 and 5.6x
Sevcik relatiod? for a one-electron reaction can be applied. The 1076 cn? s71 for bare ITO and 6-bilayer ITO-PVS/ PAMAM-
influence of the nanoparticles on the electrochemical perfor- Au, respectively. These values appear to indicate that Au
mance can be assessed by calculating the hexacyanoferrate(llpanoparticles enhance the physical transport of the hexacyano-

Increasing scan rate

0 10 20 30 40
V1/2/ mv1/2 5-1/2

T

00 02 04 06 08 10 12 14
E IV (Ag/AgCI)
Figure 4. (a) Cyclic voltammograms for ITO and ITO covered with

1/2
app AC 2)
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a) 1) PB It may be envisaged that this approach can be explored in
® technological applications where a redox mediator is required
Au ® to act in a highly efficient, effective way.

Conclusions

Electrochemical and spectroscopic studies have been under-
b) taken to better understand PAMAM-Au multilayers formed by
2) the LbL technique. The deposition of individual PAMAM-Au
layers has been examined in detail: the adsorption kinetics was
—0 determined by cyclic voltammetry to be first-order, and 5 min
of adsorption was sufficient for maximum coverage. Formation
® . of PVS/PAMAM-Au multilayers showed a linear increase in
anodic and cathodic peak currents, indicating that the same
¢) 1) amount of material was adsorbed in each deposition step.
Electron-hopping was considered as the charge transport mech-
Au@PB anism between PAMAM-Au layers.
It was also shown that the charge transport in the ITO-PVS/
I1 LA PAMAM-Au system was faster than that for a bare ITO
. . . electrode. With hexacyanoferrate(lll) to probe the electrochemi-
f . ! cal reaction at the electrode surface, it could be inferred that
0.0 0.6 12 the char i -
ge transport in the PAMAM-Au layers was faster than
E 1V (AglAgCl) that for nonmodified electrodes. A new system based on

Figure 5. Cyclic voltammograms at three stages of formation of PAMAM'AU@_PB was prepared by simple poten_tial cycling
Au@PB on a 6-bilayer ITO-PVS/PAMAM-Au electrode in a solution ~ €lectrodeposition after ITO-PVS/PAMAM-Au LbL film prepa-

of 5.0 mmol L°* hexacyanoferrate(lll) in 0.5 mol 1 HSQ;, scan ration. The latter approach can be applied in a number of
rate 50 mV s*. (a) First cycle. (b) Tenth cycle. (c) Cyclic voltammo-  technological applications such as biosensors and nanoelectron-
gram afte 2 h atopen circuit in the same solution, with stirring. ics where a reversible redox mediator is required.

ferrate species. They cannot be taken as proof of the enhanced . .

transport because the effective concentration of hexacyanoferrate Acknowledgment. Financial support from FAPESP, Capes

in the film could be different from that of the bulk, and may be (Process number 1238/05-1), CNPq, IMMP/MCT (Brazil), and

a function of film property. Further quantitative studies are Fundaéo para a Ciacia e Tecnologia (FCT) Portugal, ICEMS

required to ensure that the transport was enhanced. _(Research Unit 10_3), is a_cknowledged. The au_thors are also
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