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Abstract: A new one-pot homogeneous methodology at
room temperature to obtain Au nanoparticles (AuNP) on the
basis of the epoxide route is presented. The proposed
method takes advantage of the homogenous generation of
OH� moieties driven by epoxide ring-opening, mediated by
chloride nucleophilic attack. Once reached alkaline condi-
tions, the reducing medium allows the quantitative forma-
tion of AuNP under well-defined kinetic control. A stabilizing
agent, such as polyvinylpyrrolidone (PVP) or cetyltrimeth-
ylammonium chloride (CTAC), is required to maintain the
AuNP stable. Meanwhile their presence dramatically affects
the reduction kinetics and pathway, as demonstrated by the
evolution of the UV/Vis spectra, small-angle X-ray scattering

(SAXS) patterns, and pH value along the reaction. In the
presence of PVP nanogold spheroids are obtained following
a similar reduction mechanism as that observed for control
experiments in the absence of PVP. However, if CTAC is em-
ployed a stable complex with AuIII is formed, leading to a dif-
ferent reaction pathway and resulting in ellipsoidal-like
shaped AuNP. Moreover, the proposed methodology allows
stabilize the growing AuNP, by coupling their formation with
nonalkoxidic sol–gel reactions, leading to nanocomposite
gels with embedded metallic nanoparticles. The epoxide
route thus offers a versatile scenario for the one-pot prepa-
ration of new metal nanoparticles–inorganic/hybrid matrices
nanocomposites with valuable optical properties.

Introduction

Gold nanoparticles (AuNP) are among the most studied noble
metal nanoparticles because of their key role in fundamental

and applied nanoscience.[1] Several morphologies and sizes
could be obtained nowadays, such as spheres, rods, triangles,
bipyramids, among others.[2, 3, 4] This wide variety of AuNP with
well-controlled sizes and shapes was exploited for the produc-
tion of new optical sensors,[5, 6] sensors based on surface-en-
hanced Raman spectroscopy,[7, 8] more efficient catalysts,[9, 10, 11, 12]

and for innovative medical[13, 14] and biological applications.[15, 16]

Depending on the chosen applications, the nanoparticles can
be used directly in solution, forming arrays onto surfaces[17] or
embedded in inorganic or polymeric matrices, in nanocompo-
sites.[18, 19, 10, 12] The reported methods to obtain such nanoparti-
cles typically involve the direct mixture of the reagents and
can be divided into two families: one-step synthesis or seed-
mediated approaches.[2] While the former are inherently easier
to implement, the latter offer a more accurate textural control
over the final nanoparticles, achieving sophisticated morpholo-
gies. Nowadays, much effort is focused on improving the per-
formance of one-pot routes, elucidating the role of the most
relevant and eventually hidden experimental variables. Perhaps
the most popular one-step approach is the Turkevich
method,[20] which consists in adding a reducing agent (sodium
citrate), adjusted at a suitable pH value, to a boiling tetra-
chloroauric acid solution. In this case, in the starting reagent’s
mixture AuIII ions are instantly exposed to a quantitative driv-
ing force for their reduction. Spheroidal AuNP with a diameter
around 15 nm are obtained by this means. Even this relatively
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simple synthesis, which has been tested for more than
60 years, is still being revisited in the recent literature, with the
objective of controlling size reproducibility and monodispersity
of the resulting AuNP.[21, 22] For example, Ojea-Jim�nez et al.[23]

have demonstrated that the mixing sequence of the reagents
has an effect on the AuNP size and morphology. Also, Schulz
et al.[24] demonstrated that there is an optimal pH value that
gives rise to uniform and monodisperse AuNP. In the same
sense, Kettermann et al.[25] studied the Turkevich method in
great detail alerting about the influence of the resulting pH of
the solution on the size and polydispersion of the obtained
AuNP. In recent years, milder reducing agents such as alcohols
and polyols gained increasing attention, because they offer a
proper reactivity in aqueous media, defining a highly eco-
friendly synthesis.[26, 27, 28, 29, 30] However, the inherently inconven-
ient scenario, related to the mixing sequence of the reagents
and pH optimization, still remains.[31]

Most of these inherent drawbacks related to adding and
mixing solutions that are dramatically far from chemical equi-
librium, can be solved by employing homogeneous synthesis
methods. In those ones, the chemical driving force for particle
formation is activated after mixing the reagents, typically by
temperature increment or the in situ generation of one of the
reagents. This approach ensures that both the nucleation and
growth of the particles take place in the absence of any com-
positional inhomogeneity in the solution.

In this context, the in situ alkalinization of a solution con-
taining AuIII precursors in the presence of a reducing agent,
which can only effectively react under alkaline conditions, can
fulfil the requirements for a one-pot synthesis on a homoge-
nous basis.

In recent years, the epoxide route has demonstrated a great
versatility to drive the homogenous alkalinization of acidic sol-
utions at room temperature. Nucleophilic attack over epoxides,
typically driven by chloride,[32] is able to drive the precipitation
of several inorganic materials with an exquisite textural con-
trol,[33, 34] including metal (hydro)oxides,[35] layered basic
salts,[36, 37] layered double hydroxides,[32, 38, 39] silicates,[40] phos-
phates,[41] and, more recently, hybrid layered structures and
metal organic frameworks.[42] In all the cases a one-pot ap-
proach under room temperature conditions is used. In parallel,
coupled with the alkalinization process, this in situ method re-
leases diols to the media, which result from the partial hydroly-
sis of the epoxide. Taking into account the mild and controlla-
ble release of diol and hydroxide to the reaction medium, the
epoxide route can potentially drive metallic gold formation, on
the basis of an irreversible redox process.

The present work introduces the homogeneous reduction of
HAuCl4 into metallic AuNP through the epoxide route for the
very first time. The homogeneous growth mechanism is com-
prehensively studied by means of in situ UV/Vis spectroscopy,
small-angle X-ray scattering (SAXS) and pH evolution character-
ization, alerting about the non-innocent role of the stabilizing
agent in the chemical speciation of AuIII and its reactivity. In
addition, we present a particular application in which the re-
duction process is sequentially coupled with a non-alkoxidic
sol–gel process, leading to nanocomposites (AuNP at inorganic

hydrogels) of high optical quality on a one-pot basis. This work
paves the way towards the generation of a wide variety of
AuNP and composites by one-pot homogenous methods at
room temperature. Moreover, it demonstrates the feasibility of
using such methods to perform careful physicochemical char-
acterization of the AuNP formation process.

Results and Discussion

Synthesis feasibility

The alkalinization method based on the epoxide route consists
in the nucleophilic attack over an electrophilic carbon belong-
ing to the epoxide ring.[32] This reaction, typically carried out
by chloride anions added as KCl, results in the epoxide ring-
opening of glycidol (or Gly) in the present case, and chlorohy-
drine formation (see Scheme 1, reactions 1 and 2). Neverthe-
less, the aqueous medium itself is able to decompose Gly
through a hydrolytic attack, which results in the formation of
glycerol (see Scheme 1, reaction 3). This side reaction, which
does not contribute to the net alkalinization, is favored either
in acid or alkaline media.

In order to evaluate the feasibility of the epoxide route to
drive AuIII reduction, HAuCl4, KCl, and the main reducing agent,
glycerol, were mixed at room temperature (see Experimental
Section), on the basis of typical AuNP synthesis procedures
through polyol reduction. No signs of reduction were observed
when HAuCl4 (acid precursor) and KCl were mixed in the pres-
ence of glycerol; alkaline media (KOH) in the absence of glycer-
ol gave similar results. Quantitative reduction took place once
this solution was mixed under alkaline conditions, which con-
firms the inherent reducing ability of polyols at room tempera-
ture, once pH is raised to the proper value.[26, 27, 28, 29, 30]

Once the potential ability of Gly to drive the homogenous
reduction of AuIII was established, the experimental conditions
were screened in order to ensure the quantitative formation of
metallic nanoparticles, on the basis of the inherent reactivity of
these reagents.[32] When Gly (responsible of the alkalinization
reaction and polyol generation, see Scheme 1) was added, the
initial HAuCl4 yellow solution, containing chloride anions,
turned colorless and then reddish, indicating quantitative re-

Scheme 1. Ring-rupture reaction of glycidol in aqueous media: chloride
attack with chlorohydrin formation and net alkalinization (reactions 1 and 2)
or epoxide hydrolysis (acid- or base-catalyzed glycerol formation, reaction 3).
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duction of AuIII to AuI subsequently followed by Au nanoparti-
cle formation. Nevertheless, the obtained nanoparticles tended
to aggregate and precipitate along their growth, as presented
in Figure 1 A; UV/Vis spectra also confirmed this naked-eye ob-
servation (see Figure S1). This result suggests that products of
the Gly ring-opening, glycerol and both chlorohydrin isomers,
or their resulting oxidized forms, are not effective stabilizing
agents, because AuNP tend to agglomerate, which is due the
high ionic strength given by at least 100 mm of K+ . Aiming at
improving the epoxide route as a synthetic method, already
proved by the sequential reduction of AuIII!AuI!Au0, a stabi-
lizing agent must be used in order to avoid aggregation. Poly-
vinylpyrrolidone, MW = 10000 g mol�1 (PVP-10k), and
cetyltrimethylammonium chloride (CTAC) were
chosen as polymeric and cationic stabilizing agents,
respectively. In these samples, Gly was added to solu-
tions containing HAuCl4, KCl, and PVP-10k or CTAC at
room temperature; none of these additives affected
the alkalinization rate of the chloride–Gly reaction
(see Figure S2). An analogous quantitative reduction
sequence was observed while reddish AuNP suspen-
sions that remain stable for months were obtained
(Figure 1 B and C).

TEM inspection of the stabilized AuNP is presented
in Figure 2. Morphological characterization by TEM
performed over more than 100 nanoparticles of both
samples allowed to confirm the formation of spheroi-
dal nanoparticles with diameters of 10�2 and 14�
3 nm for PVP-10k and CTAC, respectively. These ex-
periments demonstrate the feasibility of the pro-
posed synthetic methodology to obtain spheroidal
AuNP, exclusively, in a homogeneous one-pot reac-
tion at room temperature.

Kinetics of AuIII reduction and the effect of stabilizing
agents on the growth mechanism

In order to perform a further inspection of the main parame-
ters that govern the alkalinization reaction, the variation of
both chloride and glycidol concentrations could be explored.
Chloride concentration modulates both the gold reduction po-
tential (see Figure S3) and the alkalinization (reactions 1 and 2,
Scheme 1) versus hydrolysis (reaction 3, Scheme 1) rates.[32] In
the present approach, in order to realize a simplified kinetics
screening, only the glycidol concentration was explored as the
experimental parameter to regulate the reaction rate. A set of
experiments screening initial glycidol concentrations from 250
to 5000 mm were carried out in the presence of each of the
stabilizing agents. Under all evaluated conditions stable AuNP
were obtained. Reaction time decreases when glycidol concen-
tration increases as expected according to the alkalinization
rate [Eq. 1]:

vOH� ¼
d OH�½ �

dt
¼ k Cl�½ � Gly½ � ð1Þ

Reaction completion can be tuned from 30 minutes to one
day and from 10 minutes to a couple of hours when CTAC or
PVP-10k are used as stabilizing agents, respectively. For each
condition, experiments performed by using CTAC were always
faster than those with PVP-10k. Figure S4 depicts UV/Vis spec-
tra of the prepared samples, with their localized surface plas-
mon resonance (LSPR) band position. A clear trend for the
PVP-10k experiment is observed. The LSPR band position shifts
from about 530 to about 510 nm with glycidol concentration
increment. However, for CTAC experiments, the LSPR band po-
sition remains practically invariant around 523�1 nm under
the same scenario. In all the experiments, the absorbance at
400 nm reaches the expected value of 1.20�0.05, which indi-
cates a quantitative reduction of AuIII into metallic nanoparti-

Figure 1. Images of representative samples belonging to the different states
reached along the reaction by employing initial concentrations of
[HAuCl4] = 0.5 mm, [Cl�] = 100 mm, [Gly] = 2500 mm A) without stabilizing
agent and with B) [PVP 10k] = 0.11 mm (B) or C) [CTAC] = 10 mm at 25 8C.

Figure 2. TEM images of AuNP obtained by employing initial concentrations of
[HAuCl4] = 0.5 mm, [Cl�] = 100 mm, [Gly] = 2500 mm, and [PVP-10k] = 0.11 mm (left) ; or
[CTAC] = 10 mm (right) at 25 8C; scale bar represents 50 nm for both images. Inset : size
distribution estimated over more than 100 nanoparticles.
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