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bstract

A procedure for preparation of uniform gold nanoparticles in the ternary Triton X-100/water/cyclohexane system in the presence of sodium

ulfite is suggested. The formation and stabilization of nanoparticles in Triton X-100-based reverse micelles in the above ternary system and in
he quaternary system (additionally containing n-hexanol) have been explored. The mechanism for formation of Au(0) and growth of gold clusters
as found to depend on the initial concentration of HAuCl4 and Na2SO3. The mean size of nanoparticles formed in reverse micelles in the ternary

ystem was markedly smaller (less 5 nm) than of those formed in the quaternary system (from several to dozens nanometers).
2007 Elsevier B.V. All rights reserved.
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. Introduction

Interest in studies on nano-sized particles stems from their
otential use as new smart materials in various fields of modern
cience and technology. Of especial interest is the preparation
f metal nanoparticles (NPs), in particular gold NPs, with the
ean size of several nanometers. The most popular method

or preparation of such particles is the reduction of hydro-
en tetrachloroaurate(III) trihydrate (HAuCl4·3H2O) into gold
etal with such reducing agents as hydrazine, sodium tetrahy-

roborate, etc. Stable gold colloids were first prepared long ago
y Faraday (using phosphorus as a reducer) [1] and then by Zsig-
ondy (reduction with hydrogen peroxide and formaldehyde)

2]. High stability of such systems is ensured by the presence
f additives – such as sodium citrate [3,4], thiols [5–9], phos-
hines [10], Triton X-100 (TX, octylphenol-polyethyleneglycol
ther) [11–15], dendrimers [16,17], chitosan [18], polyvinyl
yrrolidone [4,19], polyethylene glycol [20], etc. – that pas-
ivate the surface of gold particles and prevent from physical
ontact between the particles. Some of these compounds (e.g.

odium citrate and TX) can also act as reducing agents.

Gold NPs can also be prepared through radiochemical or pho-
ochemical reduction of HAuCl4. Gold particles 1.5–2.5 nm in

∗ Corresponding author. Tel.: +7 496 522 4476; fax: +7 496 522 5636.
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ize are known to form upon radiolysis of HAuCl4 in aqueous
olutions containing polyvinyl alcohol or polyvinyl pyrroli-
one [19]. Metal NPs were also formed upon UV irradiation
f HAuCl4 solutions containing poly(amidoamine) dendrimers
16]. The photochemical reduction of HAuCl4 in aqueous solu-
ions containing TX was reported in Refs. [11–14]. In Ref. [15],
he synthesis of gold NPs in TX aqueous micellar solutions was
arried out (without irradiation) in the presence of dopamine
ydrochloride as a reducing agent and TX as a stabilizer.

A promising method for preparation of metal NPs is their syn-
hesis in reverse micelles (RMs). The size of metal NPs formed
n the micellar water pool can be expected to be confined by the
ool size, while the shell of surfactant molecules ensures their
tabilization [21]. But in reality, the mean size of gold particles
repared in the RMs based on cetyltrimethylammonium bromide
22,23] or sodium bis-(2-ethylhexyl)sulfosuccinate (AOT) was
ound [24–26] to be markedly larger than the diameter of micel-
ar pool. Therefore, some additional measures are seemingly
eeded in order to ensure a small size of synthesized particles
long with their narrow size distribution. For example, addition
f dodecanethiol to an RM solution led [23] to formation of
table gold NPs about 5 nm in size.

According to [25], a low stability of gold NPs in the AOT-

ased RMs can be associated with their oxidation in micellar
ools. The stability of such micellar solutions was found to
ncrease either upon addition of surface-passivating agents or
fter removal of dissolved oxygen. It was also found that the use

mailto:razumov@icp.ac.ru
dx.doi.org/10.1016/j.jphotochem.2007.12.014
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Fig. 1. The absorption spectra of TX/n-hexanol/water/n-hexane mixture
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f the TX-based RMs (hereinafter TX-RMs) led to a marked
ecrease in the mean particle size, increase in their yield, and rise
n the stability of loaded RM solutions (compared to AOT-based
nes).

In this paper, we report the data of our recent studies on
he mechanism for formation and stabilization of gold NPs in
X-based reverse micelles.

. Experimental

RMs were prepared from TX, HAuCl4, dodecanethiol, and
-hexanol (all reagent grade, as purchased from Sigma), double-
istilled water, and chromatographically purified n-hexane (or
yclohexane). Other reagents (Na2SO3, N2H4·H2SO4) were
f reagent grade and used without further purification. RM
olutions were prepared as described elsewhere [25,27]. In
he absence of n-hexanol (as a co-surfactant), the mole
atio W = [H2O]/[surfactant] was 1:1 (hydrodynamic radius of
icelles 30.5 nm [27]). Gold NPs were prepared by mixing two
M solutions, one containing HAuCl4 in the aqueous phase
hile another, either reducing agent or Na2SO3.
Concentrations of water-soluble components in RMs are

iven for the aqueous phase. Formation of gold NPs was
onitored by absorption spectroscopy (Shimadzu UV-3101PC

pectrophotometer and/or Ocean Optics HR-2000 spectrome-
er). Samples for IR spectroscopy were prepared just before

easuring by placing a drop of micellar solution between two
inc selenide glass plates. IR spectra were taken with an Infra
UM FT-02 spectrometer. Samples for electron microscopy

transmission electron microscope JEM-100CX) were addi-
ionally stabilized with dodecanethiol. Stabilized NPs were
recipitated from RM solutions by centrifuging. A precipitate
as dispersed in cyclohexane, and the suspension was then
eposited onto a copper grid covered with carbon.

. Results and discussion

Colloidal gold NPs exhibit a well-pronounced band of plas-
on absorption in the range 500–550 nm. Location and width

f this absorption band are known to depend on the size/shape
f particles [28,29]. For a wide range of Au particles (from
ubnano-sized clusters to particles up to several dozen nanome-
ers in diameter), the size dependence of absorption spectra has
een well confirmed by both theoretical and experimental stud-
es [5,30]. The effect of environment on position of the plasmon
and was reported in Ref. [31].

According to [25], the mean size of gold nanoparticles
ynthesized in TX-RMs in the presence of sodium sulfite is
arkedly smaller than that of gold particles synthesized in AOT-

ased RMs. Stable TX-RMs are normally formed in the presence
f co-surfactant [32] (e.g. n-hexanol).

Fig. 1 presents the absorption spectra of TX/n-
exanol/water/n-hexane mixture (W = 2, [HAuCl4] = 0.02 M)

ontaining sodium sulfite as taken in 3, 60, 120 min and 23 h
fter preparation of micellar solution. It follows that the feeble
and belonging to gold NPs (peaked around 515–520 nm)
egins to manifest itself in 60 min after mixing starting solu-

t
s
I
2

W = 2, [HAuCl4] = 0.02 M, [Na2SO3] = 0.24 M, [TX] = 0.34 M, [TX]/[n-
exanol] = 1:4.7) as taken in 3 min (1), 60 min (2), 120 min (3) and 23 h (4)
fter preparation of micellar solution.

ions (curve 2). With time, the mixture became turbid, which
as followed by precipitation of dark deposit. This is indicative
f system instability. With increasing W and/or concentration
f starting reagents, destabilization of microemulsion became
aster.

The use of cyclohexane as a dispersion medium afforded the
reparation (at low values of W) of TX-RMs in the absence of co-
urfactant [27]. Such micellar solutions exist only within a very
arrow range of W and also are thermodynamically unstable. At
oom temperature and for W ≤ 1, such RMs remains stable only
ithin a few hours. Nevertheless, it was this system in which

table gold NPs with an extremely small size have been recently
ynthesized [25].

In a few hours, the TX-RM solutions containing gold NPs
ecame turbid and gradually separated into two layers: a trans-
arent upper layer rose in color (typical of gold NPs) and a
lightly turbid colorless underlayer. The separation rate grows
ith decreasing temperature. Upon stirring, the solution became

ose and transparent again. All this was not accompanied by any
roadening and red shift of the absorption band, thus suggesting
hat no coarsening of gold particles took place.

The absorption spectra of gold NPs formed in TX-RMs in
he presence of Na2SO3 (curve 1) and N2H4·H2SO4 (curve 2)
nd taken (at other equal conditions) in 30 min after mixing
re presented in Fig. 2. Curve 1 is seen to exhibit a narrow
bsorption band peaked at 514 nm whose intensity is greater
y a factor of ten compared to that in curve 2. Such absorp-

ion is typical of uniform gold particles about 5 nm in their
ize [4], which is also confirmed by the data of TEM (Fig. 3a).
n case of hydrazine sulfate as a reducing agent (Fig. 2, curve
), the plasmon absorption of gold particles represents a broad
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Fig. 2. The absorption spectra of gold NPs obtained in TX/water/cyclohexane
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ixtures ([HAuCl4] = 0.02 M) in the presence of Na2SO3 (1) and N2H4·H2SO4

2) as taken in 30 min after mixing the starting solutions.

t
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t

ig. 3. TEM images and size distribution of gold nanoparticles prepared in condition
ere plotted for an ensemble of 300–400 particles in several micrographs of the sam
otobiology A: Chemistry 196 (2008) 174–179

and in the range 500–700 nm. The TEM image of the sample
Fig. 3b) shows the presence of particles from several to dozens
anometers in their size.

Similar results were obtained for TX-RMs with HAuCl4 in
he absence of sodium sulfite and any other reducing agent
Fig. 4). The broad band with a maximum at 540 nm (curve 3) is
een to appear in 24 h after mixing the starting solutions, which
s indicative of a broad size distribution of gold NPs formed in
he system. Therefore, it can be inferred that, in the presence
f sodium sulfite, the yield of NPs increases by a factor of sev-
ral times, the mean particle size decreases, and the stability
arkedly increases even in the absence of stabilizing agents.
Position of the plasmon band was also found to depend on

HAuCl4] and [Na2SO3]. The higher is [HAuCl4]0, the greater
re the yield of gold NPs and red shift of the plasmon band [25],

hat is, the larger gold NPs are formed.

As follows from Fig. 5, the action of Na2SO3 is most pro-
ounced at the initial stages of NPs formation. At low [Na2SO3],
he plasmon band initially peaked at 522 nm undergoes a grad-

s corresponding to curve 1 (a) and curve 2 (b) in Fig. 2. Respective histograms
e sample.



M.G. Spirin et al. / Journal of Photochemistry and Ph

Fig. 4. The absorption spectra of TX/water/cyclohexane mixture
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[HAuCl4] = 0.02 M) in the absence of Na2SO3 and other reducing
gents as taken in 1–3 min (1), 280 min (2), and 24 h (3) after mixing the
tarting solutions.

al blue shift and then (in t = 20 min) levels off at 510 nm
curve 1). On going too higher [Na2SO3], the effect becomes
pposite (curves 2 and 3): the initial value of λmax = 503 nm
radually shifts to longer wavelengths and then levels off around
10–512 nm.

As is known, nano-sized gold aggregates may undergo oxida-
ion under the action of dissolved atmospheric oxygen. Sodium
ulfite is known to bind oxygen and thus to suppress oxidation
25]. In addition, this compound may react with HAuCl4 to give
odium aurate which (at pH 7–13) gradually transforms into
Au(OH)4]− [33]. According to [34], the reaction of HAuCl4
ith sodium sulfite is accompanied be conversion of Au(III) to
u(I) resulting in formation of the relatively stable colorless

omplex as shown below:

2HAuCl4 + 5Na2SO3 + 2H2O = 2Na3[Au(SO3)2]
+ 2NaCl + 6HCl + Na2SO4 (1)

he SO3
−2 ions are known to exhibit nucleophilic properties and

hus to compete with OH− [35]. In this context, the SO3
−2 ions

ig. 5. Position of λmax for the plasmon band as a function of time t for
Na2SO3] = 0.12 M (1), 0.24 M (2), and 0.72 M (3); [HAuCl4] = 0.02 M.
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resent in water pools of TX-RMs act as carriers of charge to TX
olecules, due to which the latter ones acquire the properties of

old reducer in the following reaction:

–OCH2CH2OH
I

+ Au(I) → Au(0)+R–OCH2CHO
II

+ 2H+,

(2)

here R = (CH3)3CCH2C(CH3)2C6H4(OCH2CH2)9.
According to [12,14], formation of gold NPs in HAuCl4 solu-

ions proceeds in two stages. One involves the formation of very
mall gold clusters which then act as seeds for subsequent aggre-
ation. At the second stage, the nucleation stops, and NPs begin
o grow on these seeds. This process takes place due to adsorp-
ion and subsequent reduction of ions on the surface of clusters
hich catalyze the growth of NPs. The size of resultant NPs
epends on the size of seeds and on the number of ions reduced
n their surface [36]. The smaller size of starting clusters, the
igher probability for formation of NPs with a minimal size and
arrow size distribution.

The size of NPs in RMs is controlled by the size of micel-
ar pools, while their growth is governed by the process of
ntermicellar exchange. Collisions between micelles give rise
o exchange by molecules and ions, so that the properties of

icellar shells are of utmost importance. In the presence of co-
urfactant molecules, the mobility and permeability of micellar
hells are known to increase [37], which makes possible the
xchange not only by individual molecules but also by their
ggregates [38,39]. In this case, the formation of clusters will
e accompanied by their aggregation, which will accelerate the
onsumption of seeds and, as a result, lead to a broad size distri-
ution of resultant NPs. Accordingly, all this will manifest itself
n appearance of a broad plasmon band in the absorption spectra.

The micellar shells formed by TX molecules contain a large
umber of oxyethylene groups which are capable of binding
old-containing ions [20]. In the presence of sodium sulfite,

harged TX molecules can reduce Au(I) to Au(0). In reaction (2),
he molecules of TX I are oxidized to compound II in which the
lcohol group is replaced by carbonyl. In the IR spectrum of the
ample top layer (Fig. 6, curve 1), the band at 1735 cm−1 (C O

ig. 6. The IR spectra of the top layer (1), underlayer (2) of delaminate
X/water/cyclohexane mixture, and of pure TX (3).
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Table 1
Position (νOH) and full width at half maximum (FWHM) of absorption bands
assigned to the stretching mode of the OH group in the oxyethylene chain of TX
molecules

Phase νOH (cm−1) FWHM, (cm−1)

Top layer 3474 225
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tretching mode) can be regarded as an evidence for formation
f compound II since such a band is absent in the spectrum of
ure TX (curve 3) [17]. Reduced Au atoms are assembled into
lusters and located amidst oxyethylene groups of surfactant
olecules, i.e. in the micellar shells rather than in micellar water

ools. In the presence of sodium sulfite in water pools, gold NPs
ould be expected to convert into [Au(OH)4]−. However, our
ata show that the obtained Au particles are very stable (and also
o oxidation). Therefore, TX molecules not only form micellar
hells but also act as reducing agents and stabilizers for gold
Ps.
Keeping in mind that pH of micellar water pools depends on

he [HAuCl4]/[Na2SO3] ratio, the hypsochromic shift of λmax
bserved for low [Na2SO3] (Fig. 5, curve 1) can be explained as
ollows. Gold ions are distributed between the water pools and
hells of micelles (where they are captured by oxyethyl groups
f TX). At low [Na2SO3], the medium of water pools becomes
cidic, which is a necessary condition for reduction of gold ions
nto Au(0) under the action of sodium sulfite. In this case, the
eduction of gold is pH-dependent in the aqueous phase and
H-independent within the shells. In these conditions, gold ions
n water pools are rapidly reduced with sodium sulfite. Appar-
ntly, such a process was reported in Ref. [26] where HAuCl4
as reduced with K2SO3 in AOT-RMs. As a result, the size of
old NPs is restricted by the pool diameter, while gold ions in
he aqueous phase are completely consumed. Further formation
f gold NPs takes place in the micellar shells due to slow reduc-
ion of captured ions with TX (see reaction scheme (2)) yielding
mall NPs exhibiting plasmon absorption at shorter wavelengths
as compared to NPs localized in water pools). Gradual accumu-
ation of small NPs eventually makes them predominant, which
ives rise to an apparent blue shift of their absorption.

At high [Na2SO3], the role of sodium sulfite is only confined
o the transfer of charge to TX molecules. In this case, the reduc-
ion of gold ions takes place largely within the micellar shells to
ive gradually accumulating small gold NPs. This process man-
fests itself as a ‘normal’ red shift of the plasmon absorption
Fig. 5, curves 2 and 3).

Surfactant molecules are present in TX-RM solutions either
s well-ordered aggregates in micellar shells or as monomers
n dispersion medium, both in dynamic equilibrium [27]. It can
e assumed that, when gold particles are formed in micellar
hells, some surfactant molecules bound with NPs are present
n their oxidized form II (see reaction scheme (2)). Since the
nteraction between hydroxy groups is much stronger than that
etween carbonyl groups, hydroxyl-substituted molecules can
orm their associates in solution while carbonyl-containing com-
ounds are present as individual molecules. As-prepared RM
olutions remain transparent and homogeneous for over sev-
ral hours, and during this period surfactant molecules undergo
xchange between micellar shells and cyclohexane. Since car-
onyl groups of oxidized TX molecules only weakly interact
ith hydroxyl groups of the neighboring TX molecules and

ith the micellar water pool, they are gradually displaced by
X molecules. Gold NPs stabilized with several R–OCH2CHO
olecules turn out in the organic phase where their further

ggregation occurs very slowly. These aggregates remain in the

t
s
t

nderlayer 3484 264
riton X-100 3477 234

uspended state in the top layer for a long time. Bicontinuous
tructures consisting of disordered or locally ordered particles
f water and cyclohexane separated by surfactant molecules are
robably formed in the underlayer [40]. The gold NPs from
he underlayer are unstable and undergo rapid aggregation fol-
owed by precipitation of aggregates to the cell bottom. This
s indirectly confirmed by the following observations: (1) after
haking the delaminated microemulsion, the mean size of gold
Ps remained unchanged and (2) the rate of thermodynamic

eparation of TX-RM solutions grew with increasing [HAuCl4].
Additional information about the top layer and underlayer of

elaminated TX-RM solutions can be inferred from the IR data
resented in Table 1 and Fig. 6.

According to [41], the IR band around 3480 cm−1 belongs
o the terminal OH group in the oxyethylene chain of TX

olecules. As follows from Table 1, the absorption band of the
nderlayer formed in delaminated RM solution is broader and
hifted to higher ν in comparison with the top layer and pure Tri-
on X-100. According to [42], interaction between oxygen atom
rom the oxyethylene chain and water gives rise to the absorp-
ion band at 3506 cm−1 which can overlap the band peaked at
480 cm−1; as a result, this leads to broadening of the latter and
ts shift to higher ν. Since the νOH values for the top layer and
ure TX (containing no water) are close, it can be concluded
hat the top layer contains no water.

Another support for such an interpretation can be deduced
rom Fig. 6 which shows a fragment of IR spectrum (around
49 cm−1) for the three samples of Table 1. According to [43],
his band belong to the coiled conformation GTTG (here T stands
or trans while G, for gauche) of the oxyethylene chain in a TX
olecule. Curves 1 and 3 in Fig. 6 exhibit a shoulder 925 cm−1

hich is absent in curve 2. The shoulder was attributed [43]
o another conformation (GGTG and probably GGGG) which
ppears due to some disordering of the oxyethylene chain. It
as been found [42] that the shoulder at 925 cm−1 is most pro-
ounced in the absence of water and disappears when even trace
mounts of water are present. Therefore, the above IR data
learly demonstrate that the top layer of delaminated TX-RM
olutions contains gold NPs stabilized by surfactant molecules
nd contains no water.

. Summary
The gold NPs formed in ternary TX/water/cyclohexane mix-
ures in the absence of co-surfactant (n-hexanol) are markedly
maller and more homogeneous in their size than those syn-
hesized in quaternary TX/n-hexanol/water/n-hexane mixtures.
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his is because in the former case gold NPs are generated in
icellar shells where, upon attaining some certain size, they

re stabilized by TX molecules in the organic phase. In the
resence of Na2SO3 in the ternary mixtures, gold NPs can be
repared even without using an inert atmosphere. In the quater-
ary mixtures, the formation and growth of gold NPs proceed in
icellar water pools, while the co-surfactant molecules present

n micellar shells promote the aggregation of NPs.
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