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Abstract

Stable suspensions of gold nanoparticles in watge \wrepared with high yield by a novel one-stéfasbund
assisted electrochemical process. Various stratdgised on the addition of either tailor-made pehgor
mixtures of commercially available polymers, in #ectrochemical bath have been found successaidal
nanoparticles aggregation commonly observed byedentsochemistrya-Methoxy-w-mercapto-poly(ethylene
oxide) or poly(vinyl pyrrolidone)/polyethylene oxidnixtures were able to build up a coalescencedsaround
the gold nanoparticles. The results showed thasite=of the gold nanoparticles could be easilgtubetween 5
nm and 35 nm by simple control of the electrochaiparameters, i.e. the deposition tifmigy) from 10 ms to
20 ms. The properties of as-prepared gold nanatestivere compared to the ones of gold colloidpamed by
the more conventional wet nanoprecipitation methsidg chemical reductive agents.
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1. Introduction

Nanotechnology is now expanding very rapidly, asilteof the unique physical and/or chemical prapsrthat
nanoparticles (NPs) exhibit compared to bulk materiStabilization of the nanoparticles againsteszence

into large aggregates is however a prerequisiténar remarkable optical, electrical, catalytidanagnetic
properties to be exploited in a variety of applimas. As a rule, the presence of an at least 2hick steric
coalescence barrier (which corresponds approxis#ded Gg chain) can offset the Van der Waals interactions,
allowing particles smaller than 10 nm to be stabii [1].

Nowadays, special attention is paid to organic neyer-protected clusters (MPC) of metals and esfigaf
gold, because of very specific electronic, biolagjiand catalytic properties [2-4]. Neverthelesangn
applications require the production of large qu#tiof particles with a controlled and uniformesiAlthough
many synthetic methods have been reported to premad nanoparticles [5-8], only few of them aresatile
enough to tune the nanoparticle size in a rangewéral tens of nanometers while preserving mopedsity of
the particles size distribution. The most populathnd was developed by Brust et al. It relies @n th
borohydride reduction of a gold salt in the pregeoican alkyl thiol capping agent leading to paesowith very
narrow size distribution [8]. In this case, varyithg size of the nanoparticles requires howeverattjustment
of either the reducing agent, the protective suttgathe gold concentration the solvent, the teatpes or
several of these experimental conditions [9a]. Mdshe methods used to prepare small gold cluglefsnm),
take advantage of the strong capping ability dflthiolecules. Because of a very strong affinitygord, the
alkyl thiols cover the particles with a dense mawyel [9]. Other capping agents mentioned in tleediure
include organic sulfides, disulfides and carbogddtl0]. Recently, thiolated polymers were alsaluse
macroligands to protect gold nanoparticles morigiefitly than alkyl thiols [11-14].

Even if these production techniques are perfecdij-suited for laboratory-scale production anditesttheir
scaling-up to industrial production might be ditficand expensive. A general method to produce pamicles
of adjustable size without altering the experimeatenditions such as medium concentration, tempezat
ligands is the sonoelectrochemical technique. Téetr@deposition process combined with high intgnsi
ultrasound pulses was proposed for the synthedessgd amounts of nanoclusters with a narrow siggillution
[15]. This technigue allows an extensive controlhaf size and composition of the particles (puréaitie or
alloyed nanoclusters) over a quite wide range fianometers up to few hundreds of nanomaters) [16Thé
starting material is an aqueous solution of meglissvhich is electrochemically reduced on a titamielectrode
for a very short time (~10-30 ms). Then the curisstopped and an ultrasonic wave is appliededithnium
electrode dislodging the metallic nuclei in theuidjmedium. By this sonoelectrochemical process,
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nanoparticles with a naked surface are howeverddrmwhich is a major drawback because of the agtiey
of these particles, which settle down as showngnlg. Moreover, the aggregates resist redispe/isio
individual particles and are thus useless.

The purpose of the study reported here was to sgitth and to use water-soluble macroliganemethoxy«-
mercaptopoly(ethylene oxide) (MPEO-SH) and-dihydroxy poly(ethylene oxide) disulfide (PEO dftle),
that could be added to the electrochemical batbhich the metal particles are formed under ultrasou
irradiation to get stable suspensions of gold addiprepared by sonoelectrochemistry. Optical prtigseand
sizes of such gold colloids were compared to gokpsnsions prepared by conventional reductiongufic salt
by borohydride. MPEO-SH was prepared as a macradigdle to stabilize gold nanopatrticles in organic
solvents and in water, as well [18,19].

2. Experimental section
2.1. Materials

Toluene was dried by reflux over sodium/benzopheremmplex and distilled under nitrogen before use.
a-Methoxy, o-hydroxy poly(ethylene oxide) (MPEO-OM, = 2000 g/mol) was purchased from SIGMA and
dried by three azeotropic distillations of toludrefore use. All the other reagents were used a&$vet:
poly(vinyl pyrrolidone) (PVPrM, = 30,000 g/mol) and mercaptoacetic acid were purchfisen Aldrich,
HAUCI;  nH,0 (99.9%) from Strem and NaBKP8%) from Janssen.

2.2. Synthesis of-methoxys-mercapto-poly(ethylene oxide) (MPEO-SH)

a-Methoxy-w-mercapto-poly(ethylene oxide) (MPEO-SH) was sysited by esterification of the hydroxyl end-
group of the monomethoxy poly(ethylene oxide) (MR&8) (M,, = 2000 g/ mol) with mercaptoacetic acid [18].
A typical reaction was carried out as follows. MRB®! (10 g; 5 mmol) was added into a 100 ml two-rmetk
flask equipped with a stirrer and a Dean-Stark @e=vihe MPEO-OH was dried by three azeotropicl@igtns
with toluene and finally dissolved in 50 ml of tehe. Mercaptoacetic acid (3.5 ml, 50 mmol) and eotrated
sulfuric acid (two drops) were then added. Thekflaas heated in an oil bath at 110 °C overnightBOPSH

was collected by precipitation in ether at 0 °C #reh dried at 40 °C under vacuum for 24 h.

'"H NMR (CDC1s) (TMS): = 2.01 (t, 1H, SH)¢ = 3.26 (d, 2H, S-Ch), d = 3.36 (s, 3H, Ch), § = 3.62
(270H,CHCH,0), 6 = 4.28 (t, 2H, CHOCO). A mixture of MPEO-SH and MPEO disulfide wdganed
resulting from the coupling reaction of thiol (FR). This mixture is abbreviated MPEOQ in the follog:

2.3. Synthesis af,w-dihydroxypoly(ethylene oxide) disulfide (PEO disial)

Poly(ethylene oxide) disulfide end-capped by hygtaxoups, (S-PEO-OH)YPEO disulfide) was synthesized
by anionic polymerization of ethylene oxide frons(@-hydroxyethyl)disulfide. The starting disulfif®g, 0.058
mol) was dried by three azeotropic distillationshitbluene. Some of the hydroxyl groups were caeeto
alkoxide by adding a naphthalene potassium soluti@oluene until a light green coloration persist€he

mixture was charged to a 1 1 Engineers Europe Aatecand the temperature and pressure were irettéas

50 °C and 0.75 bar, respectively. Finally, 60 gibfylene oxide were added. After 6 h, the polymas w
recovered by addition of the solution to ether. $bkd product was dried under vacuum until to astant

weight was obtainedV, was determined by H NMR in CD{QIM,, = 1500g/ mol), and polydispersity (IP = 1.09)
was determined by size exclusion chromatographjSiE THF.

2.4. Chemical synthesis of gold nanopatrticles $itedadl by MPEO

In a 100 ml flask equipped with a stirrer, 30 mhwice-distilled water was purged with nitrogen dais15 min
to deaerate the system. HAYChH,O (10 mg) and MPEO (3 eq.) were added under nitroged the solution
was cooled in an ice bath. After a few minutes,|2ha freshly prepared aqueous solution of NaB#
eq./Au™) were rapidly added under vigorous stirring. Teéow mixture immediately turned dark red brown,
and the mixture was kept under stirring for fivéraxhours. The solution was filtered through a Qu4%
Millipore filter in order to separate the insolubsteterial and the filtrate that was stored at reemperature.
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Fig. 1. Gold NPs electrochemically prepared by applyiageaatedly, (i) a potential of -1300 mV/NHE during
Ton = 50 ms, (ii) an ultrasonic wave of 27 kHz durifigs = 100 ms and (iii) a rest time of= of 200 ms during
5 h (a) without ligands (b) in the presence of MP&®@ PVPr mixture.

Fig. 2. SEC chromatogram of the reaction product betweemethoxyw-hydroxy poly(ethylene oxide) and
mercaptoacetic acid. The dotted curves are the mlemlated elution peaks.

|

0.015
0.010 /
0.005 /

24 25 26 27 28 29 30 31 32
Elution time (min)

Refcation indexe

0.000

2.5.Sonoelectrochemical synthesis of gold nanopartistakilized by MPEO

In a typical experiment using MPEO as stabiliziigguhd, the concentration of HAuCIhH,0 was 2.8 x 18 M
in the aqueous electrochemical bath. The pH wasstatj to 1 with HC1 followed by the addition of MBE
(1 g/l). The sonoelectrochemical experimental geistshown in Scheme 1. A titanium horn is usedadode
completed by a gold anode and a SCE (saturatechehkdectrode) reference electrode. All the meaksure
potentials were corrected and reported versus NitdE{al hydrogen electrode). Pulsed electrodepositias
triggered by potential pulses imposed to the cah@@cussel PRT 10-20X with a Tacussel GSTP wave
generator) and controlled by the cathodic potenitie potential pulse duratiofidy) and the off durationTpeg)
during which the cathodic potential is equal tobst potential of the electrodes in the electmlydltrasounds
were generated durinfly;s by two piezoelectric crystals (Sinaptec SA; resmeafrequency of 27 kHz) and
maximized at the end surface of the titanium hdire surface of the horn was electrically isolateckgt for the
end surface, which acts as cathode. The electiigahl that excited the piezoelectric crystals (Ne288) was
synchronized with the electrochemical pulse. Thesbunds were generated during Tae-period, starting at
the end of the potential pulse (affeyy) and lasting for &8s period [Tys < Tors). The metallic clusters were
formed at the titanium surface during fhs period and they were expelled into the electrobgteavitation
during theTs period [15].

The cathodic potential was in the range of -850 RNNVE to -1300 mV/NHEToy ranged from 10 to 50 ms,
while TorrandTyswas comprised between 200 and 300 ms. At the ettieafonoelectrochemical process, the
electrolytic bath was neutralized by the additidsa@dium hydroxide pellets. The excess of salt diak/sed
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against water, through a Spectra/Por dialysis mangwith a threshold of 100 kD. A violet suspensidgold
nanoparticles was finally recovered from the dislysembrane.

2.6. Characterization methods

MPEO and PEO disulfide were characterized byHiNMR spectroscopy with a Bruker AM 400 MHz
apparatus at 25 °C, in deuterated chloroform addtdtetramethylsilane as an internal reference angi)

size exclusion chromatography (SEC) in THF withR 1090 liquid chromatography, equipped with a HB71.0
A refractive index detector and four PL GEL colun(h€’, 10*, 500 and 100 A) calibrated with poly(ethylene
glycol) standards.

Transmission electron micrographs (TEM) were reedndith a Philips CM-100 microscope. Samples were
prepared by spreading a drop of a dilute dispersfaranoparticles on a copper grid coated with f@mmThe
grid was placed on a filter paper for drying.

The size and size distribution of the particlesendetermined with a "Disc Centrifuge CPS" devidee T
centrifugal sedimentation during disc rotation \stebilized by setting up a density gradient witthia fluid by
the sequential addition of sucrose solutions aofdasing/decreasing concentration. The granulometric
distribution curve was determined by continuouslyarding the turbidity of the fluid near the outsiellge of
the rotating disc. The turbidity measurements veereverted into a weight distribution curve on tlasib of the
Mie's theory for light scattering and the partioliemisity. The particles diameter was probed irlthen and 40
KLm range.

The optical absorption spectra of aqueous suspesisibgold nanoparticles were recorded with a U¥ 4
3300 spectrophotometer at room temperature.

Scheme 1. Electrochemical set-up for the production of namtigées by sonoelectrochemistry.
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3. Reaults and discussion

Because of a high solubility in polar and apoladiagpoly(ethylene oxide) (PEQO) was already presipuised
as a stabilizing agent of nanoparticles in watéf ghd inorganic solvents [21]. Moreover, solidfages exhibit
biocompatibility and proteins repellence when they covered by PEO, which is usually explainedhey t
constitutive uncharged hydrophilic residues of P& a very high surface mobility responsible féeetive
steric exclusion [21]. Today, PEO is one of the hatsactive synthetic polymers for biomedical apgions. In
this work, thiol end-capped PEO was prepared forgoesed as chains prone to be adsorbed at thecsunf
gold nanoparticles produced by sonoelectrochemistfgrm of a steric coalescence barrier.

In order to end-capped commercially availadimethoxy,-hydroxy PEO with a thiol group, a first strategy
was tested starting from the preformed monomethiRE§ polymer. The hydroxyl end-group of MPEO-OH was
derivatized to get a thiol, by esterification wittercapto acetic acid (Scheme 2a). The yield ofrdastion was
higher than 90%, as determined’ByNMR on the basis of the relative resonance iritgi$ the CH protons
adjacent to the esterend-group (-O-CO-CHSH; ¢ = 4.2 ppm) and the GHprotons of ther-end-group

(0 = 3.36 ppm). SEC analysis of the reaction prodhotved a bimodal molecular weight distribution (R
The small peak at the higher elution volume wasatttaristic of the original MPEO-OH, whereas a pody
with a twofold higher molecular weight was eluteédte lower volume, resulting from the couplingaéan of
thiols in disulfides occurring easily in the usedction conditions (high temperature). Howevereaidisulfide
compounds are as efficient as thiols to chemisoidotd surfaces [22], the mixture of MPEO-SH andB\P
disulfide was used as such for the preparatiorotaf golloids.

In order to test the efficiency of this MPEO mix@uor stabilizing nanoparticles suspensions by dberning
onto gold, nanoparticles were first prepared byeational NaBH reduction of HAuCJ in the presence of the
MPEO stabilizer in water [23].

For the chemical reduction of gold, a classicalrmdar ratio of gold salt to stabilizers (a disd#ibeing
considered as equivalent to two thiols) has bessotlied in water. Upon addition of an excess of Na&s
reducing agent, gold nanoparticles were formed vapidly, in agreement with the scientific literauhat
reports time as short as 20s for a conventiondeation and growth mechanism [24]. These nanopesticave
been observed by TEM. Fig. 3a shows spherical remtiofes with a small average size diameter of5nm
and no particles aggregation was observed.

The efficiency of this mixture of MPEO to stabiligeld nanopatrticles being checked, this polymentunechas
been added to the electrochemical bath (ratit :MPEO = 1:~2) for the sonoelectrochemical preparatif
gold nanoparticles. Polarisation curves, showirgdépendence of the intensity of the reductionecuiras a
function of the imposed potential for the gold/puabr solution, were first recorded in order to dmiee the
value of the cathodic potential pulses to be useddnoelectrochemical preparation of nanogoldhénabsence
of macroligands, gold deposition started at +100MNNE and increased drastically at potentials matbadic
than -500 mV/NHE (Fig. 4). In the presence of the MPEO mixture, the cunverlaid the one recorded
without ligand meaning that the addition of theymoér to the solution does not modify the reducpotential

of the gold salt and that commonly used conditimnghe deposition of gold can be applied.

By applying repeatedly, (i) a potential in the raraf -850 mV/ NHE to -1300 mV/NHE durinkpy ranging
from 10 to 50 ms, (ii) an ultrasonic wave of 27 kiiringTys = 100 ms and (iii) a rest tim&grrranging from
100 ms to 200 ms during 5 h to the MPEO/Au salitsorh, gold nanoparticles are formed. However, the
nanoparticles aggregate and sediment in the etdetroical bath similarly as presented in Fig. lacdntrast to
the chemical synthesis, the MPEO mixture (thiol disdilfide) appears to be not efficient for thebdtaation of
the gold particles produced by the sonoelectrocbalimiay. One possible explanation for this obséowais the
significant hydrolysis of the ester bond that littks thiol to the PEO chain during the 5 h of ekpent. Indeed,
the solution pH is very acidic in the electrocheahizath and the temperature increases significampn
sonication. As a consequence, MPEO becomes urablead to the gold surface and only the mercaptiace
acid, resulting of the hydrolysis remains availdbleadsorption to gold surface. As far as the gayhic acid is
kept in strong acidic conditions, it is not ionizadd becomes a poor stabilizer.

This problem has been overcome by using two diffeserategies. In a first approach, a second, cawiadby
available polymer highly prone for chemisorptiorimgold has been added to the medium. In the second
approach, a novel more stable PEO disulfide has pespared by anionic polymerization (Scheme 2b).
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Fig. 3. Transmission electron micrographs of prepared gwdoparticles (NPs) by: (a) chemical route
stabilized by MPEO (gold diameter 5 +2 nm), (biigelectrochemical route stabilized by MPEO/PVPrtomix
(Eon=-1300 mV, By = 20 ms) (gold diameter 20 £4 nm), (c) chemiaalte stabilized by PEO disulfide (gold
diameter 5 £0.5 nm), (d) sonoelectrochemical ratibilized by PEO disulfide = -1300mV, By =20 ms)
(gold diameter 35 £4 nm) and (e) sonoelectrochaimigute stabilized by PEO disulfide = -1300 mV, by
=10 ms) (gold diameter 5 +1 nm).
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Fig. 4. Polarization curves recorded on Ti in HAuGblution. @): without macroligand; ¢): with a mixture of
PEO-SH and PVPr.

E (mV/NHE)
Without macroligands [

With macroligands

3.1. First strategy: stabilization of gold by a MBEPVPr polymer mixture

PVPr has been extensively used to stabilize ca@lgidrticles of different materials in water andnynaon-
aqueous solvents [25]. Specifically, PVPr proteftsctively the surface of gold nanoparticles impng their
stability [26]. This commercially available polym@, = 30,000 g/mol) was thus added to the electroctemi
bath together with MPEO mixture in a molar ratio’AM-PEO:PVPr = 1:~2:0.2.

Polarization curve was recorded for the agueousisal of the MPEO/PVPr and gold salt. In this cake,
nucleation was slightly delayed, about 100 mV/NHig(4 e). Again, the addition of polymer does not affect
too much the gold deposition conditions, the sligift towards lower potential being in line withianger
interaction of Au with PVPr able to complex alredtlg gold salt. Nevertheless, the deposition patecduld
still be selected in the -850 to -1300 mV/NHE range

Applying the sonoelectrochemical conditions in thege described above (particulaEyy = -850 mV/ENH
with Tony = 50 ms potential pulses) in the presence of MPBBf mixture, a stable violet suspension was
obtained at the end of the process without sediatient (Fig. 1b). Disc Centrifuge CPS allowed toedatine the
size and size distribution of the sample and shoavedrrow size distribution centered on 12 nm togetvith a
few larger particles (~30 nm) (Fig. 5a). By usigaelectrochemistry, it is not rare to get a sipaflulation of
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nanoparticles of higher size (about double sizatlvhorresponds to nuclei that remained attachédleto
electrode after the first sonication. Then durimg mext application of the potential, these nuateigrowing
again to reach approximately the double size asrbeT his can be avoided by increasing the intgmdithe
ultrasonic wave. As far as size distribution ise@nmed, comparable results are obtained for theniclaé and
sonoelectrochemical strategies respectively irptiesence of MPEO and a mixture of MPEO and PVPr as
evidenced by Fig. 5a and b.

Fig. 5. Size distribution determined by Disc Centrifug@Sfor (a) electrochemically prepared gold
nanoparticles stabilized by a MPEO/PVPr mixturg{E -850 mV/ NHE, §y= 50 ms, Br= 100 ms) (b)
chemically prepared gold nanopatrticles stabilizgdWPEO.
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By using the MPEO/PVPr mixture, i.e. commercialaiable or easily transformed polymers, good dyali
suspensions were thus successfully obtained fdirtdime by the sonoelectrochemical processctvimakes
now the method highly competitive with the more wamtional ones.

One advantage of the sonoelectrochemistry is tHetyaof parameters that are controllable in ofdetune the
nanoparticles characteristics. By tuning the valine applied potentiaEgy) or its duration Toy). the amount
of reduced gold ions should be controlled and scsthe of the grown nuclei on the cathode and cpresgly,
the nanoparticle size of the colloid.

For Ton = 50 ms andEgy = -850 mV (Table 1, entry 1), the particles are lsd2 nm) due to low cathodic
potential. A more cathodic potenti&ddy = -1300 mV/ENH) of shorter potential pulse durat{@gy = 20 ms)
(Table 1, entry 2) was then applied in order to utatt the particles size. Gold nanoparticles ofdased size
(20 nm) are observed by TEM (Fig. 3b). In this ¢aseng a more cathodic deposition potential laadsfaster
gold deposition on the surface of the working etea¢ and thus to the formation of bigger gold nudlet's
mention that for this example a shorter depositime (Ton = 20 ms) was used which opens the possibility to
increase further the nanopatrticles size by incregidieToy:

In the presence of the MPEO and PVPr mixture, stabspensions of gold nanoparticles with a diamgido
50 nm have been successfully prepared (Fig. Ib).
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3.2. Second strategy: stabilization of gold by P&gulfide stable to hydrolysis

In order to avoid the use of PVPr, PEO disulfidehich does not contain hydrolyzable ester bondaiabt by
anionic polymerization [27] - was used as a stainij ligand in the electrochemical bath (Scheme 2b)

Fig. 3a and c shows that using this PEO disulficlgrmer instead of MPEO for the chemical way of @negion
in the same conditions as described above leagisitar gold colloids: 5 nm gold nanopatrticles &oamed by
NaBH, reduction.

By using this PEO disulfide for the sonoelectrocluatnway, and applying the same conditions as dwmsdr
above (i.e. Afi:PEO disulfide = 1:1.5y = -1300 mV/ENH Toy = 20 ms), a very stable suspension of
particles with a mean diameter of 35 nm (Fig. 3d)htained. The lower complexation ability of PEO a
compared to PVPr (as observed in Fig. 4) couldarghe increase in the nanoparticles size (frorto286 nm)
when MPEO/PVPr mixture is replaced by PEO disulfiienoelectrochemistry allowed the average dianeter
be tuned from 5 to 35 nm whégy, is increased from 10 (Table 1, entry 3; Fig. 3egwlto 20 ms (Table 1,
entry 4; Fig. 3d). However, precipitation of thennparticles was observed after few days whgywas 30 ms
or higher (Table 1, entry 5). This might be du¢hi® low molecular weight of the ligand.

Although the chemical approach allows very smaitipies to be formed (less than 10 nm of diametei3, not
effective in producing larger particles. In contrdlse diameter of the particles formed by sondedetiemistry
can be easily tuned in a large range (5-50 nmaeat)dy adjusting e.g. the deposition tifig,
Sonoelectrochemistry is thus a flexible and weiteslitechnique for the production of gold nanodet,
because size and shape may be also controllechby @xperimental parameters including pulsed étadtr
current density, concentration of the electrolpi@sed ultrasonic vibration frequency and amplituated
duration ofToy andloeras already reported elsewhere [28].

3.3. Properties of the PEO-coated gold nanoparticle

The optical properties of the aqueous gold nanenspns were analyzed by UV-vis spectroscopy. ig.
compares the absorption spectra for the nanopsstmepared by the chemical and sonoelectrochemical
techniques. A typical strong absorption was obskmehe visible region for both samples, whichutesfrom
the interaction of light with the electrons plasnudrihe nanosized gold particles. Moreover, the sizthe
nanoparticles and the quality of the stabilizatigrthe ligands at their surface play a criticakril the optical
properties. The maximum absorption (surface plagmas observed at approximately 520 nm (Fig. 6ajHe
chemically prepared nanoparticles (5 nm diameltewas shifted to higher wavelength (550 nm) far targer
nanoparticles (12 nm diameter) prepared by sonetgemistry (Fig. 6b). The maximum absorption was
slightly broadened probably due to the bimodal disg&ribution of the sample (Fig. 5b).

Fig. 6. UV-visible spectrum of gold nanosuspensions, lfejrdcally prepared Au NPs stabilized by MPEO, (b)
electrochemically prepared Au NPs stabilized by MMFE/Pr mixture (y= -850 mV/NHE, &y = 50 ms, B
=100 ms).
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Table 1. Summary of synthetic conditions and gold nanaglag size obtained by both strategies

Entry Ligand E (mMV/ENH) T, (ms) Size (nm)

1 MPEO/PVPr -850 50 12 (30§*

2 MPEO/PVPr -1300 20 20°

3 PEO disulfide  -1300 10 5P

4 PEO disulfide  -1300 20 35°

5 PEO disulfide  -1300 30 Precipitation

3 Determined by CPS.Determined by TEMC Bimodal size distribution.

4. Conclusions

Two strategies have been found successful to peegtable suspensions of gold nanoparticles by
sonoelectrochemistry in water. The first one, based mixture of the commercially available andlgas
functionalized products, poly(vinylpyrrolidone) andénethoxye-mercapto-poly(ethylene oxide) proved to be
effective stabilizers of gold nanoparticles in aSlDnm diameter range. The second strategy useigaalPEO
disulfide polymer that has to be synthesized bgminipolymerization. This unique ligand has beamfb
efficient to stabilize particles up to 35 nm. Th#tical properties of these electrochemically pregarolloids are
comparable to the one of similar colloids prepdredhe traditional chemical method using NaBH thus
appears that electrochemical reduction of a meatairswater complements very well the chemical nodt
Actually it bridges the gap between the chemicethtgques producing very small nanoparticles (diamet
smaller than 10 nm) and the classical techniquethéproduction of micro and sub-micro powdersstlizut

not least this technique is inexpensive (no neddgif cost reducing agent) and flexible being veeiited to be
extended to a large variety of metals (including noble metals) and alloys.
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