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Abstract Gold nanoparticles (AuNPs) were synthesized in a
microemulsion water/Triton X-100/1-pentanol/cyclohexane
using various reducing agents. Basically, three microemulsion
syntheses of AuNPs were studied: (i) one using a strong chem-
ical reducing agent (NaBHy), (ii) another using y-irradiation
under moderately strong reducing/oxidizing conditions, and
(iii) yet another under highly oxidizing conditions (with the
addition of NaOH aqueous solution). All the three were per-
formed at room temperature. When a strong chemical reduc-
ing agent NaBH, was used in the microemulsion, gold crys-
tallites 11.7 nm in size were obtained, as determined on the
basis of X-ray powder diffraction line broadening. The
y-irradiation of nitrogen-saturated microemulsion at the acidic
pH produced AuNPs about 12 nm in size, which under the
isolation by centrifugation aggregated into large
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preconcentrated AuNPs about 150 nm in size. These AuNPs
possess thixotropic properties. The microemulsion stirred at
room temperature and at the pH < 7 under oxidizing conditions
did not produce gold nanoparticles. Under the identical exper-
imental conditions and at the pH > 7 (stronger oxidizing con-
ditions), well-dispersed AuNPs 12 nm in size were formed.
The microemulsion synthesis of AuNPs in the alkaline range
but not at an acidic pH was explained by the oxidation of
alcohol groups (—OH) into carbonyl groups (>C=0) due to
the catalytic action of hydroxyl ions and gold. In parallel with
the catalytic oxidation of alcohol groups in microemulsion,
the Au(Ill) were reduced with the subsequent formation of
gold nanoparticles. The synthesis of AuNPs in 1-pentanol by
adding the aqueous NaOH solution at room temperature with-
out using microemulsions confirmed the role of the base-
catalyzed oxidation of alcohols in the formation of AuNPs.
Based on the findings in this study, we propose the base-
catalyzed alcohol oxidation at room temperature as a new,
simple, and versatile synthesis route for obtaining gold nano-
particles. The results of this study suggest that the classical
approach of using a reducing agent for the synthesis of AuNPs
is not a determining factor, since a diametrically opposite ap-
proach to the synthesis of AuNPs can be used, namely, stim-
ulating the oxidation of the functional organic groups in close
proximity to gold ions.

Keywords Gold nanoparticles - Microemulsion - Alcohol -
Oxidizing conditions - Base catalyzed - Cloud point extraction
Introduction

Gold nanoparticles (AuNPs) are widely used in analytical

chemistry [1, 2], in biomedicine [3, 4], and as catalysts
[5-9]. In biomedicine, AuNPs are used as biosensors [10,
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11] and as carriers for targeted delivery of drug to specific
sites in the body [12, 13], as well as new contrast and
radiosensitization agents [14—17]. Gold is a noble (inert)
element; however, at the nanoscale, the gold exhibits cat-
alytic activity for the oxidation of alcohols and carbon
monoxide [6-9]. In addition to the applications, the syn-
thesis of gold nanoparticles is one of the best model sys-
tems for the study of nucleation and crystal growth.
During synthesis, many parameters influence the physico-
chemical properties of the obtained gold nanoparticles
[18]. The choice of reducing agent and electrostatic stabi-
lization of AuNPs in aqueous solutions fall into two very
important parameters in the synthesis of gold nanoparti-
cles. For instance, in the classical citrate method [19, 20],
the citrate ions have a dual role; they are reducing agent
and at the same time they stabilize AuNPs against precip-
itation in the aqueous media. However, the citrate ions are
weakly reducing agent that is not able to easily reduce
Au(IlIl) ions in aqueous solution at room temperature.
The classical citrate synthesis is therefore carried out
usually at temperatures above 70 °C. Recently, Hanzi¢
et al. [21] synthesized AuNPs via a citrate method using
radiolytical synthesis at room temperature. It was shown
that y-irradiation produced well-dispersed, stable, and
highly concentrated AuNPs in an aqueous citrate solution
in the presence of dissolved oxygen and without adding
any reducing or stabilizing agents. It was emphasized that
radiolytically intensified citrate oxidation and decarboxyl-
ation to dicarboxyacetone, acetone, and other products
were advantageous for Au(Ill) reduction and subsequent
formation of gold nanoparticles. The radiolytical oxida-
tion of citrate groups that were bound to the gold ions
enabled the formation of AuNPs in the highly oxidizing
environment at room temperature. Thus, the classical ap-
proach of using a reducing agent to synthesize AuNPs is
not a determining factor, since diametrically different ap-
proaches can be used for the synthesis of AuNPs, namely,
in stimulating the oxidation of the organic molecules that
are bound to gold ions [21].

In this work, the gold nanoparticles were synthesized
using microemulsion technique [22-30]. Microemulsions
are self-assembling stable dispersion systems consisting
of water, oil, and surfactant (surface active agents). The
water-in-oil (w/0) microemulsions comprise dispersed wa-
ter droplets in the oil phase. Ideally, the water droplets
(aqueous core) are completely enveloped by protective
monolayer of surfactant and therefore are well dispersed
in the oil phase. In such well-dispersed aqueous phase, the
dissolved metal cations can be hydrolyzed, precipitated,
and/or reduced. The interface between the aqueous and oil
phase is very important in the synthesis of nanoparticles,
and it largely depends on the choice of surfactant and co-
surfactant. For instance, Yang et al. [27] synthesized CdS
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quasi-nanospheres, nanoshuttles, nanowires, and nano-
tubes using water-in-oil microemulsion with different sur-
factants. It was shown that different surfactants provided
different microemulsion templates that resulted in the for-
mation of nanomaterials with unique morphologies and
structures. Spirin et al. [28, 29] found that gold nanopar-
ticles formed in Triton X-100 (TX-100)-based
microemulsions were much smaller and more resistant to
the oxidative degradations than those obtained in AOT-
based microemulsions. The authors suggested that for
nonionic surfactant, TX-100 gold nanoparticles were
formed in the reverse micelle shell rather than in the mi-
celle water pool.

In an earlier work, the substoichiometric magnetite
nanoparticles were synthesized through the vy-irradiation
of TX-100-based microemulsions [23, 24]. In this work,
the water/Triton X-100/1-pentanol/cyclohexane
microemulsions were used for the synthesis of gold nano-
particles. We have focused on the varying reducing con-
ditions in the microemulsion and found that the size of
gold nanoparticles, their aggregation, dispersion, and sta-
bility depend on the reducing conditions in
microemulsions. More importantly, we found that
AuNPs could be synthesized under highly oxidizing con-
ditions, which motivated us to propose the base-catalyzed
oxidation of alcohols (without using microemulsions) as a
new synthesis route for obtaining gold nanoparticles.

Material and methods
Chemicals

Triton X-100 (polyoxyethylene(9) 4-(1,1,3,3-
tetramethylbutyl)phenyl ether) and sodium borhydride
(NaBH,) p.a. were supplied by Merck. Gold (IIT) chloride
trihydrate (HAuCly-3H,0), >99.9 % trace metals basis, was
supplied by Sigma Aldrich. Cyclohexane, acetone, absolute
ethanol, and amyl alcohol (1-pentanol) were of analytical pu-
rity, supplied by Kemika (Zagreb). Milli-Q deionized water
with a resistivity 18 M) cm at 25 °C was used. HAuCl,
3.45 wt% stock solution was prepared by dissolving 1 g of
HAuCl,;-3H,0 in 25 ml Mili-Q water.

Synthesis and characterization of samples

The chemical composition of pure microemulsions was
obtained following the procedure by Yang et al. [27] and
Goti¢ et al. [23, 24]. The two-microemulsion method was
used. As the first step, microemulsion A and
microemulsion B were prepared separately under the pro-
cedure shown in Scheme S1 in supplementary material.
The water-to-surfactant-ratio (w,) in both microemulsions
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was 10 (w,=10). The water-in-oil microemulsion A
contained 28 ml of cyclohexane (oil phase), 3 ml of
Triton X-100 (surfactant), 1 ml of 4 wt% aqueous solution
of HAuCl, (aqueous phase containing gold precursor),
and 1 ml of 1-pentanol (co-surfactant). The water-in-oil
microemulsion B had an identical chemical composition
as microemulsion A with the difference that the composi-
tion of aqueous phase of microemulsion B was not the
same. The chemical composition of aqueous phase of
microemulsion B was adjusted from the highly reducing
to the highly oxidizing requirements (Scheme S1). Then,
the two microemulsions, one containing the gold precur-
sor (microemulsion A) and the other reducing or oxidizing
agent (microemulsion B), were mixed by adding
microemulsion B to microemulsion A. The color of the thus-
obtained microemulsion AB was pale yellow, reddish, or black
depending on the synthesis conditions. Seven microemulsion
samples were synthesized. The only parameter that was
changed during the synthesis was the strength of reducing con-
ditions in the microemulsions, which decreased from sample
MAu-1 to MAu-7 (Scheme S1). The eighth sample was syn-
thesized in a pure alcohol (1-pentanol) under oxidizing condi-
tions. All syntheses were performed at room temperature.

Briefly, sample MAu-1 was synthesized (Scheme S1) in a
way that aqueous phase of microemulsion B contained 1 ml of
0.4 M NaBH, dissolved in 0.4 M NaOH aqueous solution
(high reducing condition). Samples MAu-2 to MAu-5 were
synthesized in a way that aqueous phase of microemulsion B
contained 1 ml of H,O, whereas the reducing strength in
microemulsions was controlled using y-irradiation. The addi-
tional control of reducing strength was achieved by purging
microemulsion with nitrogen gas prior the y-irradiation (sam-
ples MAu-2 and MAu-3) or by ‘y-irradiation in the presence of
dissolved oxygen (air) (samples MAu-4 and MAu-5).
Samples MAu-4 and MAu-5 were synthesized using y-
irradiation at acidic (pH < 7) and alkaline (pH > 7) conditions,
respectively. Samples MAu-6 (no particles) and MAu-7 were
synthesized in a way that aqueous phase of microemulsion B
contained 1 ml of H,O (pH < 7) or 1 ml NaOH aqueous
solution (pH > 7). The eighth sample Au-8 was synthesized
(without microemulsion) by stirring 500 pl of 4 wt% aqueous
solution of HAuCly, with 30 ml of 1-pentanol and with addi-
tion of 1 ml 0.4 M NaOH aqueous solution (pH > 7).

Synthesized samples were characterized as
microemulsions or in some cases as solid samples. In order
to obtain solid samples, the microemulsions were destabilized
by adding acetone and the precipitates were isolated by cen-
trifugation combined with successive washing in acetone and
absolute ethanol. Isolated precipitates were dried under vacu-
um at room temperature and then characterized. Scanspeed
2236R High-speed centrifuge was used.

‘y-irradiation was performed using a 0Co source located in
the Laboratory for Radiation Chemistry and Dosimetry,

Division of Materials Chemistry at the Ruder Boskovic¢
Institute. The dose rate of y-radiation was ~8 kGy h™". The
absorbed dose was 30 kGy per sample.

X-ray powder diffraction (XRD) patterns were recorded at
20 °C using APD 2000 X-ray powder diffractometer (CuKao
radiation, graphite monochromator, Nal-T1 detector)
manufactured by ITALSTRUCTURES, Riva Del Garda,
Italy. The size and shape of AuNPs were evaluated using a
probe Cs corrected Scanning Transmission Electron
Microscope (STEM), model ARM 200 CF, and the thermal
field emission scanning electron microscope (FE SEM, model
JSM-7000 F) manufactured by JEOL Ltd. FE SEM was linked
to the EDS/INCA 350 (energy-dispersive X-ray analyzer)
manufactured by Oxford Instruments Ltd. The UV-Vis spectra
of gold samples were recorded using a UV/VIS/NIR spec-
trometer Shimadzu model UV-3600. The quartz cells having
1-cm optical path length were used.

Results

Figure 1 shows the X-ray powder diffraction (XRD) pat-
terns of samples MAu-1 and MAu-3. The XRD patterns of
both samples fully coincide with the diffraction peaks of
gold according to the ICDD (International Centre for
Diffraction Data) card No.04-0784, indicating that both
samples consist of gold (Au’). The 4kl Miller’s indices of
gold are given. By applying the Scherrer formula to the full
width of the 111 line at half-maximum, the crystallite size
of D;y;=11.7 and D,;;=38.1 nm can be estimated for
samples MAu-1 and MAu-3, respectively. The calculated
average crystallite size of the XRD lines 200 and 220 takes
on lower values, which indicates slightly elongated gold
crystals in both samples. In addition to that, sample
MAu-3 possesses a very broad XRD maximum 26 value
of 20.0°. It was noted that in contact with a spatula, gelat-
inous powder black sample MAu-3 became liquid and then
after some time solidified again (thixotropic sample). It can
be assumed that the thixotropic properties of this y-
irradiated sample are due to the specifically arranged or-
ganic molecules and gold nanoparticles. Therefore, the
broad XRD maximum 26 value of 20.0° can be assigned
to such poorly crystallized organic phase [8].

Figure 2 shows the TEM image of sample MAu-1 (a).
The recorded sample MAu-1 was first isolated by centrifuga-
tion and then redispersed in ethanol. The inset shows particle
size distribution in sample MAu-1. The discrete particles at
the periphery of aggregates were considered for the calcula-
tion of the mean particle size (D = 7.2) and standard deviation
(0=2.2) using the normal function. The high-resolution TEM
micrograph of sample MAu-1 is shown in panel (b). The ar-
row indicates the thickness of the organic layer which is

@ Springer



24

Gold Bull (2016) 49:21-33

Fig. 1 X-ray diffraction patterns 111
of samples MAu-1 and MAu-3.
The Miller indices (/kl) are based MAu-3
on the ICDD card No. 04-0784.
The calculated average crystallite D111 =38.1 nm
sizes of the XRD lines 111 on the
basis of line broadening (D) are
11.7 and 38.1 nm for samples ..;’ 200
MAu-1 and MAu-3, respectively. [72] \
. [
The very broad maximum 26 o 220 311
value of 20.0° marked with an E }/\J 222 400 331490
arrow in sample MAu-3 can be o AN
assigned to the poorly crystallized S T T T L T T
organic phase w
T 111
[0 MAu-1
o
D, =11.7nm
200
220 311
222 w00 lazo
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0.94 nm at the point of the arrow. The equidistant planes of
gold nanocrystals are well visible, which proves the high crys-
tallinity of the sample. Some of the particles were twinned (as
labeled particles with fivefold cyclic twins)

Figure 3 shows the SEM images of samples MAu-2 (a) and
MAu-3 (b). The samples were synthesized under identical
experimental conditions; the only difference was the initial
concentration of the gold precursor which was twice higher
in sample MAu-3 than in sample MAu-2. The samples were
isolated by centrifugation and recorded as powders on a car-
bon support. Small nanoparticles approximately 15 nm in size
and much larger coarse particles about 150 nm in size are
visible in sample MAu-2 (a). The calculated particle size dis-
tributions are given in supplementary material.

Figure 4 shows the TEM micrograph of the mother liquor
of the upper layer of sample MAu-4 (a). Discrete and well-
dispersed nanoparticles 10 to 40 nm in size are visible. The
inset shows calculated particle size distributions (D = 15.9 nm
and 0=4.4). The high-resolution TEM micrograph of the
same sample (b) displays the particle shape of a triangle with
rounded edges. Equidistant planes are clearly visible. The
equilateral triangle particle is oriented in the [111] direction
and most likely corresponds to the cross section obtained by
cutting a cube particle centered at the origin with 111 planes.

Figure 5 shows the TEM micrographs of sample
MAu-7. Discrete and well-dispersed nanoparticles are vis-
ible (a). The inset shows calculated particle size distribu-
tions (D = 11.9 nm and 0=4.6). The high-resolution
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20/° (CuKa)

TEM micrographs of sample MAu-7 display pseudo-
spherical particles approximately 10 nm in size (b) and
particles that are in contact with each other (c).

Figure 6 shows the UV-Vis spectra of samples MAu-4 (a) and
MAu-5 (b), immediately (0 h), 2.5 h, and 5 days following the y-
irradiation of microemulsions. These two samples were synthe-
sized in the presence of dissolved oxygen using 7y-irradiation.
Sample MAu-4 was synthesized under acidic (pH <7), whereas
MAu-5 was synthesized under alkali (pH>7) conditions.

Figure 7 shows the UV-Vis spectra of sample MAu-7 taken
at different times from the onset of synthesis. The UV-Vis
spectrum of sample MAu-7 is characterized by a low UV-
Vis maximum at 547 nm after 2 h, which shifts to 536 nm
after 4 h and virtually does not change up to 100 h following
the onset of synthesis. The absorbance reaches its maximum
after 48 h and then begins to drop, thus indicating AuNP
deposition at the bottom of the dish.

Figure 8 shows the SEM image (a) and corresponding par-
ticle size distribution (inset) of sample Au-8 synthesized using
the base-catalyzed oxidation of 1-pentanol in alkaline media.
The EDS is shown in panel (b). The insets show the photo of
sample MAu-8 and the corresponding elemental analysis.

Figure 9 shows the XRD patterns of sample Au-8 synthe-
sized using the base-catalyzed oxidation of 1-pentanol in al-
kaline media. The Akl Miller’s indices of gold are given
(ICDD card No. 04-0784). By applying the Scherrer formula
to the full width of the 111 line at half maximum, the crystal-
lite size of 11.7 nm can be estimated for this sample. The sharp
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Fig. 2 TEM image of sample MAu-1 (a). The recorded sample MAu-1
was first isolated by centrifugation and then redispersed in ethanol. The
inset shows particle size distribution of sample MAu-1. The mean particle
size (D = 7.2) and standard deviation (o=2.2) were calculated using the
normal function. The high-resolution TEM micrograph of sample MAu-1
is shown in (b). The arrow indicates the thickness of the organic layer
which is 0.94 nm at the point of the arrow. Equidistant planes of gold
nanocrystals are visible. Some of the particles were twinned (as labeled
particles with a fivefold cyclic twin)

diffraction maxima symbolized with a number sign corre-
spond to a small amount of NaCl because the sample was
not washed in ethanol upon centrifugation. The diffraction
maxima of very low intensity denoted with an asterisk corre-
spond to an unidentified phase.

£ :

Fig. 3 SEM images of samples MAu-2 (a) and MAu-3 (b) synthesized
under identical experimental conditions; the only difference was the
initial concentration of the gold precursor that was twice higher in
sample MAu-3 than in sample MAu-2. The samples were isolated by
centrifugation and recorded as powders on a carbon support. Small
nanoparticles approximately 15 nm in size and much larger coarse
particles about 150 nm in size are visible in sample MAu-2 (a).
Calculated particle size distributions are given in supplementary material
(Fig. S2)

Discussion

Microemulsion synthesis of gold nanoparticles under very
strong reducing conditions

The synthesis of colloidal gold, i.e., stable gold nanoparticles
(AuNPs), in a medium involves two basic steps: (i) the reduc-
tion of gold ion Au(Ill) into elemental gold Au(0), and (ii) the
stabilization of AuNPs in an aqueous or organic medium so
that there is no change in particle size and/or the precipitation
of gold nanoparticles. The NaBHy is a strong chemical reduc-
ing agent which reduced Au”" ions into Au” according to this
simplified chemical equation:

4 AU 4+ 3BHy + 90H —4 Au’ + 3B(OH), + 6H, (1)

@ Springer
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Fig. 4 TEM micrographs of the mother liquor of the upper layer of
sample MAu-4 (a). Discrete and well-dispersed nanoparticles 10 to
40 nm in size are visible. The inset shows calculated particle size
distributions. The calculated mean particle size using the normal
function is D = 15.9 nm and 0 =4.4, where D and o stand for the mean
particle diameter and standard deviation, respectively. The high-
resolution TEM micrograph of the same sample (b) displays the
particle shape of a triangle with rounded edges. Equidistant planes are
clearly visible. The equilateral triangle particle is oriented in the [111]
direction and most likely corresponds to the cross section obtained by
cutting a cube particle centered at the origin with 111 planes

According to literature sources [31], a rapid reduction of
Au’" ions with the strong reducing agent NaBH, in the aque-
ous phase as a rule leads to the formation of small gold nano-
particles (less than 10 nm). This can be explained by the rapid
and complete reduction of Au*" into Au® followed by the
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formation of a gold cluster, nucleation, and the growth of
nuclei into nanometer gold particles. In this work, the crystal-
lite size of 11.7 nm (XRD, Fig. 1) and the primary particle size
of 7.2 nm (TEM, Fig. 2) were measured for sample MAu-1.
However, the UV-Vis spectrum of sample MAu-1 possesses a
characteristic surface plasmon resonance (SPR) band at
615 nm (supplementary Fig. S1), which suggests the presence
of soft agglomerates in microemulsion. The position of the
SPR band is regularly used for the determination of particle
size. In this work, we have calculated particle size using the
procedures presented by Haiss et al. [32] (for SPR <615 nm)
and Khlebtsov [33] (for SPR>615 nm). The size of AuNP
aggregates in microemulsion determined using the Haiss mod-
el for the SPR band at 615 nm takes on a value of 148 nm
(supplementary Table S1).

Sample MAu-1 was isolated by centrifugation and then
dried in vacuum. The thus-obtained solid sample was hard
and monolith (glass-like). Furthermore, it was very difficult
to redisperse the sample in an aqueous or organic medium.
Figure 2 shows the TEM image of redispersed sample MAu-1.
The pronounced compactness of isolated sample MAu-1 and
difficulties in its redispersion in aqueous media indicate that
NaBH, had strong influence not only on the formation of gold
nanoparticles but also on the polymerization of the organic
phase in microemulsion. Moreover, the oxidation of NaBH,
up to borate (BO5)*~ that readily polymerizes to a glass-like
structure cannot be excluded.

Microemulsion synthesis of gold nanoparticles
under moderately strong reducing/oxidizing conditions

The use of the strong chemical reducing agent NaBH, leads to
a rapid reduction of gold ions in the microemulsion and the
synthesis of gold nanoparticles. In this work, the moderately
strong reducing or oxidizing conditions in microemulsions
were achieved using y-radiation. Moreover, the reducing/
oxidizing properties of y-irradiation were finely tuned by
adjusting the atmosphere in the microemulsions. 'y-radiation
is an electromagnetic radiation of high energy (1.25 MeV).
Microemulsion consists of an aqueous and an oil phase and
of the water/oil interface; all phases can be ionized using y-
irradiation. The gold precursor (HAuCl,) is dissolved in the
aqueous phase which under y-irradiation generates a variety
of species [34-38]:

H,0 M\ ¢, H;0", H', "OH, H,, H,0,, H', HO," (1)

The hydrated electron (e ,q) and hydrogen radical (H") are
strong reducing species, whereas the hydroxyl radicals ('OH)
are very strong oxidizing species. When we want to ensure
strong reducing conditions, the radical scavengers such as 2-
propanol for scavenging hydroxyl radicals ("OH) should be
used. In addition to that, the medium should be purged with
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Fig. 5 TEM micrographs of
sample MAu-7. Discrete and 2
well-dispersed nanoparticles are
visible (a). The inset shows
calculated particle size
distributions (D = 11.8 nm and
0=4.6). The high-resolution
TEM micrographs of sample
MAu-7 display pseudo-spherical
particles approximately 10 nm in
size (b) and particles that are in
contact with each other (c)

I

Frequency

0 ! 10 15
Particle diameter / nm

20 25 30 35 40 ’ ’ ‘

nitrogen prior to y-irradiation in order to remove oxygen dis-
solved in media. The concentration of oxygen in a saturated
aqueous solution at room temperature is about
1.3¢10 % mol dm>. If the medium is not purged with nitrogen
strong reducing agents, hydrated electron (e ,4) and hydrogen
radical (H") will react with oxygen according to the following
equations:

e; + 0,—-0," (3)
H + O,—HOy (4)

The resulting superoxide O, and perhydroxyl HO," radi-
cals have oxidizing properties. Therefore, by bubbling the

10" nm;

microemulsion with nitrogen (deoxygenated microemulsion),
the reducing properties of y-irradiation will be ensured,
whereas the microemulsions that are not bubbled with nitro-
gen (air saturated microemulsions) will highlight the oxidizing
properties of +y-irradiation. The mechanism of radiation-
induced degradation of Triton X-100 in an oxygenated aque-
ous system was reported by Perkowski and Mayer [34].

In a previous work [21], it was shown that AuNPs could be
synthesized by the citrate-radiolytical method using neither
scavengers nor stabilizers. Besides, the citrate-radiolytical re-
duction took place in the presence of dissolved oxygen. In this
work, samples MAu-2 and MAu-3 have been synthesized using
y-irradiation of deoxygenated microemulsions under acidic

@ Springer
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Fig. 6 UV-Vis spectra of microemulsions MAu-4 (a) and MAu-5 (b)
following <y-irradiation; immediately (0 h) with corresponding photo
(red spectrum), 2.5 h without the photo, and 5 days with corresponding
photo (yellow spectrum). Sample MAu-4 was synthesized at pH < 7,
whereas sample MAu-5 at pH > 7
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Fig.7 UV-Vis spectra of sample MAu-7 taken at different times from the
onset of synthesis; for the sample taken at 2 h (vellow spectrum), 6 h (light
blue spectrum), and 100 h (green spectrum), the corresponding photos of
samples are shown. The sample taken at 2 h (flask, yellow spectrum) is
almost completely of yellow color, which is in accordance with very weak
UV-Vis maximum at 547 nm
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conditions (pH < 7). Both AuNP samples exhibited extraordi-
nary properties; they are thixotropic and the AuNPs particle size
alters significantly upon isolation by centrifugation. Besides, the
concentrations of gold atoms in these samples are relatively high
(AuNP preconcentration of gold; supplementary Fig. S2). The
properties of samples MAu-2 and MAu-3 before and after cen-
trifugation are described in the supplementary materials
(supplementary Figs. S2, S3, S4, and S5).

The main question that arises is why the 15-nm-sized gold
nanoparticles aggregated into large preconcentrated gold nano-
particles approximately 150 nm in size following the centrifu-
gation of microemulsions. A possible explanation for this phe-
nomenon is as follows: The solubility and dispersion of water-
in-oil aggregates (reverse micelles) in the oil phase may be
affected by the chemical composition of microemulsion and/
or temperature. Above certain critical temperature (cloud
point), the optically isotropic microemulsion becomes turbid
and separates (delaminates) into two isotropic phases. One, a
liquid phase will contain predominantly organic molecules with
a large proportion of the surfactant (a surfactant-rich phase),
and the other will comprise an aqueous-rich phase with a much
smaller proportion of the surfactant (a surfactant-lean phase). In
this way, the organic molecules that are related to the surface
active agent will be extracted from an aqueous-rich phase and
concentrated in a small volume of the surfactant-rich phase.
Centrifugation promotes such separation of microemulsions
into two phases, and the technique is referred to as the cloud
point extraction [39-42]. With this cloud point (coacervate)
technique, it is possible to extract and preconcentrate the gold
present in trace amounts in natural aqueous samples to the small
volume of organic micellar-rich phase and then analytically
determine the exact concentration of gold in the samples [39,
40]. In the present case, the experimental results confirmed a
significant change in the mean particle size of gold nanoparti-
cles upon centrifugation (supplementary Fig. S3). The EDS
analysis confirmed the preconcentration of gold in samples
MAu-2 and MAu-3 (supplementary Fig. S3). All this suggested
that these large preconcentrated gold nanoparticles were
formed due to the cloud point extraction. It is reasonable to
assume that the delaminated aqueous phase contained some
quantity of Au(I)-organic complexes generated upon the y-
irradiation of microemulsion. Such Au(I) ions cannot be re-
duced into Au(0) in an aqueous phase; however, when these
Au(I)-organic species are transferred to the organic-rich phase
due to the cloud point extraction, a rapid increase in the aggre-
gation number of the surfactant’s micelles results in the precip-
itation of gold nanoparticles in a small volume of the organic-
rich phase at the bottom of the tube. Due to these reasons, the
concentration of precipitated large AuNPs is proportional to the
initial concentration of gold in the microemulsion. Besides, the
thus-obtained large AuNP preconcentration of gold
(supplementary Fig. S3) and their particle size distributions
are highly polydisperse (supplementary Fig. S2). One can
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Fig. 8 SEM image (a) and the
corresponding particle size
distribution (inser) of sample Au-
8 synthesized using the base-
catalyzed oxidation of 1-pentanol
in alkaline media. The EDS anal-
ysis results are given in (b).

The insets show the photo of
sample MAu-8 and the elemental
analysis
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argue that the cloud point of TX-100-based microemulsion
cannot be reached at room temperature because Triton X-100
has a cloud point at 67 °C; however, alcohols and/or a small
quantity of inorganic salt can lower the cloud point of TX-100-
based microemulsions to a temperature below RT and centrifu-
gation only favors such separation [39].

Following isolation by centrifugation, MAu-2 and MAu-3
samples exhibited thixotropic properties. Thixotropy was first
observed in iron hydroxide by Schalek and Szegvar [43],
whereas the term thixotropy was first used by Peterfi 1927
as a combination of the Greek words thixis (mixing or agita-
tion) and trepo (tilting or changing) [44]. It was noted that in
contact with a spatula, gelatinous powder samples MAu-2 and
MAu-3 became liquids which after some time again sponta-
neously solidified. It can be assumed that the thixotropic

properties of these samples are due to the specific structural
organization of organic molecules with gold. It can be further
assumed that a broad diffraction peak in sample MAu-3 at
260=20° (Fig. 1b) belongs to such poorly crystallized organic
molecules [8]. Thixotropy is an important property of
nanomaterials in view of their possible biomedical applica-
tions, for instance as injectable hydrogels [45].

The y-irradiation of microemulsions in the presence of dis-
solved oxygen in the acidic range (sample MAu-4) resulted in
suspended and relatively stable AuNPs (up to 5 days, Fig. 6a).
At pH > 7 (sample MAu-5), AuNPs deposited much faster
(Fig. 6b), which indicates the influence of pH on the stability
of obtained gold nanoparticles. High backgrounds in the UV-
Vis spectra of sample MAu-5 are very probably due to the
formation of unstable organic molecules generated upon -

@ Springer



30

Gold Bull (2016) 49:21-33

111

# - sodium chloride (NaCl)
* - unidentified phase

=
‘@
c
2
£
[0}
=
ko
gl .
%
> #
*| *
T T T T T T T T T T
20 40 60 80 100 120

20/° (CuKa)

Fig. 9 XRD patterns of sample Au-8 synthesized using the base-
catalyzed oxidation of 1-pentanol in alkaline media. The (4/) Miller’s
indices of gold are given (ICDD card No. 04-0784). The crystallite size of
11.7 nm can be estimated for this sample on the basis of broadening the
111 line. The sharp diffraction maxima symbolized with the number sign
correspond to a small amount of NaCl, since the sample was not washed
in ethanol following the centrifugation. The diffraction maxima of very
low intensities denoted with asterisk correspond to an unidentified phase

irradiation. These organic intermediates can be formed by the
oxidation of an organic phase upon y-irradiation at the pH > 7
[21]. In addition to that, small 1-2-nm gold nanoparticles
which have no plasmonic maximum may contribute to the
increase in the UV-Vis background [30].

The centrifugation of microemulsion MAu-4 produced two
sharply separated layers (delaminated microemulsion) with
well-dispersed and very stable gold nanoparticles sized 15.9
+4 nm in the top layer (Fig. 4). It was suggested by Spirin
et al. [29] that the top layer contained AuNPs stabilized by
surfactant molecules and no water, whereas the underlayer
consisted of disordered or locally ordered particles of water
and organic molecules separated by the surfactant.
Accordingly, the results presented in Fig. 4 show gold nano-
particles that are completely extracted from an aqueous-rich
phase (underlayer) to an organic phase (top layer).

Microemulsion synthesis of gold nanoparticles
under oxidizing conditions

The attempt to synthesize AuNPs in microemulsion without
adding a reducing agent (oxidizing condition) in the acidic
range (pH < 7) was not successful, as confirmed by the ab-
sence of the plasmonic maximum in the UV-Vis spectrum of
sample MAu-6 (results not shown). Under higher oxidizing
conditions in the alkaline range (NaOH aqueous solution, pH
> 7), well-dispersed gold nanoparticles about 12 nm were
formed (Sample MAu-7, Fig. 5). The AuNP concentrations
in the microemulsion were gradually rising up to 48 h from the
onset of the reaction (Fig. 7). Under the oxidizing conditions,
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relatively uniform and well-dispersed AuNPs slowly formed
near the surfactant layer. The formation of AuNPs in
microemulsion near the water-in-oil microemulsion shell can
be explained by the oxidation of alcohol (hydroxyl, -C-OH)
to carbonyl (>C=0) groups [29] aided by the catalytic action
of hydroxide ions and gold [6, 9]. In parallel with the catalytic
oxidation of alcohol groups in the microemulsion, gold ions
were reduced, with a subsequent formation of gold nanopar-
ticles. The microemulsion synthesis of gold nanoparticles in
the alkaline range but not at an acidic pH refers to the catalytic
action of hydroxide ions [6].

Synthesis of gold nanoparticles using base-catalyzed
oxidation of alcohols at room temperature

Spirin et al. [28, 29] suggested that gold nanoparticles in a TX-
100-based microemulsion were formed in the reverse micellar
shell due to the oxidation of alcohol groups at the end of
oxyethylene chains in the TX-100 surfactant. However, if
the oxidation of the alcohol group is responsible for the reduc-
tion of Au(Ill) and a subsequent formation of gold nanoparti-
cles, maybe it is not necessary that the alcohol groups be
placed at the end of oxyethylene chains in TX-100. In this
paper, 1-pentanol was used as a cosurfactant in microemulsion
synthesis. To test whether the oxidation of 1-pentanol in the
alkaline range can reduce Au(Ill) into Au(0), 500 ul of the
4 wt% HAuCl, solution and 1 ml of the 0.4 M NaOH aqueous
solution were added to 30 ml of 1-pentanol and stirred at room
temperature. The pH of such a solution was 10-11, and the
molar ratio of Au(IlT)/NaOH/1-pentanol was the same as in
the microemulsion sample MAu-7. In this experiment, a trans-
parent solution in the induction period of about 5 to 10 min
upon stirring began to darken and a black suspension was
formed in the flask. A drop of the suspension was placed on
the Si substrate, dried, and characterized using SEM. Figure 8
shows the SEM micrograph and a corresponding EDS analy-
sis of the obtained black sample. The sample consisted of
nanoparticles 27.6+7 nm in size and contained around
20 mol % of gold. The EDS analysis (Fig. 8b) does not con-
clusively prove that the resulting particles corresponded to
Au(0), because on top of gold (Au), the sample also contained
a high amount of oxygen (O). Since there is a possibility that
the analyzed nanoparticles are actually AuO and/or Au,0;,
we perfomed an XRD analysis (Fig. 9). The XRD patterns
demonstrate that the nanoparticles shown in Fig. 8 consist of
gold, Au(0), as the dominant phase. The average crystallite
size of gold calculated using the Sherrer method was estimat-
ed at 11.7 nm. Narrow XRD maxima (Fig. 9) belong to sodi-
um chloride (NaCl) which was formed by neutralizing
HAuCl, with added NaOH. The sample was not flushed with
ethanol, so it consists of a small amount of NaCl crystals. The
results of electron microscopy (Fig. 8) and the XRD analysis
(Fig. 9) unambiguously indicate that the oxidation of alcohols
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(1-pentanol) in the alkaline range can reduce Au(Ill) into
Au(0) and form gold nanoparticles. 1-Pentanol cannot fully
stabilize the resulting gold nanoparticles, and AuNPs slowly
deposited on the bottom of the Erlenmeyer flask. The same
experiment with 1-pentanol under acidic conditions did not
produce gold nanoparticles, and the alcohol solution remained
yellow, similar to the case of sample MAu-6. Hence, addition-
al experiments involving 1-pentanol confirmed that the oxida-
tion of alcohol was responsible for the formation of AuNPs in
the alkaline aqueous-alcoholic medium (without the presence
of a surfactant). The induction period before the appearance of
the gold precipitate suggests that the reduction of Au(Ill) into
Au(0) went through Au(l) since Au(0) could not have been
formed until Au(IIl) was totally consumed [37, 38]. Besides,
Au(]) ions adsorbed on gold clusters are easily reduced in
unfavorable conditions, because the redox potential of gold
ions adsorbed on the same metal clusters is more positive than
the one of free ions in a solution [21, 38]. The same mecha-
nism of Au(Ill) reduction could be applied to sample MAu-7
where the induction period of 2 h was observed (Fig. 7 and
supplementary Table S1).

A selective catalytic oxidation of alcohol on gold nanopar-
ticles (or gold metal) is the subject of intensive research [5-9].
This field of research is important for the pharmaceutical and
agrochemical industries. It is environmentally more acceptable
than the classical chemical oxidation of alcohol based on the
use of toxic inorganic compounds such as chromates or per-
manganates. The mechanism of alcohol oxidation over gold
support shows the involvement of hydroxide ions and gold.
According to Kwon et al. [6], the most important first step in
the oxidation of alcohol in the alkaline range is the deproton-
ation of alcohol by free hydroxide ions and creation of an
alkoxide intermediate according to the following equation:

HO™, pH > 7
_

R-CH,—OH,, R-CH,~O™ + H, " (5)

where H,, is hydrogen in the alcohol group. The resulting alk-
oxide is highly reactive and very susceptible to oxidation and
serves as a precursor for the formation of aldehydes [6]:

R-CH,-O —R-CHO + H' + 2¢~ (6)

The aldehydes (R-CHO) are not stable in the alkaline range
and can be further oxidized. Hydroxide ions (HO ) adsorbed on
the surface of gold nanoparticles significantly lower the energy
barrier for the elimination of alkyl hydrogen [9]; hence, in these
reactions, gold exhibits catalytic properties. On the contrary, the
most important first step, the initial deprotonation of alcohol,
does not depend on the catalytic properties of gold; it is base-
catalyzed [6]. The first base-catalyzed step by free hydroxide
ions (Eq. 5) explains very well why gold nanoparticles in 1-
pentanol or in microemulsion were formed at the alkaline pH
but not at the acidic pH. The formation of gold nanoparticles by

base catalysis in 1-pentanol shows that gold nanoparticles can be
synthesized without the use of a reducing agent. Moreover, gold
nanoparticles in 1-pentanol were obtained by the oxidation of
organic molecules in the presence of dissolved oxygen and free
hydroxide ions (alkaline NaOH aqueous solution), which repre-
sents highly oxidizing conditions. Nevertheless, this work shows
that such oxidizing conditions are crucial for the synthesis of
gold nanoparticles. By the oxidation of a lower alcohol, for
example, in the ethanol, propanol, or butanol, it is also possible
to synthesize gold nanoparticles (results not shown). Moreover,
by the use of 1-pentanol or higher alcohols in combination with
an aqueous phase, AuNPs can be synthesized as a thin layer in
the water/immiscible alcohol interface (results not shown). In
conclusion, the base-catalyzed oxidation of alcohols at room
temperature (without using microemulsions) can be used as a
new, simple, and versatile synthesis route for obtaining AuNPs.

Conclusions

* In this work, gold nanoparticles (AuNPs) have been syn-
thesized in a water-in-oil (w/0) microemulsion water/
Triton X-100/1-pentanol/cyclohexane. All syntheses were
performed at room temperature. The molar water-to-sur-
factant-ratio, i.e., the size of water droplets in
microemulsion, was kept constant, and the only parameter
that was varying during the synthesis was the strength of
reducing agents.

» The size of gold nanoparticles, their size distribution and
aggregation, dispersion, and stability in microemulsions
highly depend on the reducing or oxidizing conditions
during the synthesis and not on the size of water droplets.

* The surfactant Triton X-100 is not able to fully stabilize
AuNPs in microemulsion. The exception is delaminated
microemulsion where all gold nanoparticles are extracted,
stabilized, and well-dispersed (suspended) in a surfactant-
rich phase (Fig. 4), which is in line with the work by Spirin
et al. [28, 29].

* The y-irradiation of nitrogen-saturated microemulsion at
the acidic pH produced gold nanoparticles of about 15 nm
in size, which upon the cloud point extraction aggregated
into large preconcentrated gold nanoparticles of about
150 nm in size. These gold nanoparticles possess thixo-
tropic properties.

* The cloud point extraction technique can be used for the
synthesis of preconcentrated gold nanoparticles.

* y-irradition produced AuNPs in air-saturated
microemulsions under highly oxidizing conditions.

* The addition of a NaOH aqueous solution to the
microemulsion (pH > 7) generated rather uniform and
well-dispersed AuNPs of 12 nm in size. The synthesis of
AuNPs in microemulsion under oxidizing conditions at
the pH > 7 is explained by the oxidation of alcohol (—
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OH) to carbonyl (>C=0) groups [29] aided by the catalyt-
ic action of hydroxide ions and gold [6, 9].

The synthesis of gold nanoparticles in 1-pentanol by
adding the NaOH aqueous solution (pH > 7) at room tem-
perature and without using microemulsion confirmed that
the base-catalyzed oxidation of alcohols was crucial for
the formation of gold nanoparticles.

Based on the findings in this study, we propose the base-
catalyzed oxidation of alcohols at room temperature as a
new, simple, and versatile synthesis route for obtaining
gold nanoparticles.

The results of this study suggest that the classical approach
ofusing a reducing agent for the synthesis of AuNPs is not
a determining factor, since a diametrically opposite ap-
proach to the synthesis of AuNPs can be used, namely,
stimulating the oxidation of the functional organic groups
in close proximity to gold ions [21].
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Table S1 UV-Vis, TEM and SEM characterization of samples. The gold nanoparticle size was
determined from the UV-Vis spectra using a procedure presented by Haiss et al. [S1].
The method is based on the relative Aspr/As4so ratio. For samples MAu-1 and MAu-3
the nanoparticle size was determined using a procedure presented by Khlebtsov [S2].
The mean particle size was calculated from TEM images using the normal function.

Sample Aser! | Aspr | Auso Gold particle size Mean gold Easo ! pH
nm calculated from particle size | mol™ dm®
UV/Vis from TEM cm™?
/ nm / nm
MAuU-1 615 | 3.63" 148 7.2 2.0310" 8
+ aggregates
MAU-2 538 | 2.33% | 1.70° 62 14.9° 2.03-107 5
690 | 1.86° 202 +
153.2°
MAUuU-3 585 | 9.72% | 4.50° 120 141.6° - -
MAuU-4
0h 537 | 3.57 | 2.28 12 15.9° 1.09-10° 6
824 | 1.43 275
25h 536 | 3.44 | 2.00 20 2.67-10°
5" day 535 | 2.39 | 1.28 30 1.96-10°
MAU-5
0Oh 536 | 2.13 | 1.58 6-7 - 1.26:10° 75
701 | 1.57 202
2.5h 535 | 1.88 | 1.40 6-7 1.26:10°
730 | 1.37
5" day 530 | 0.23 | 0.15 11 8.27-10
MAuU-6 no SPR band 6
MAU-7
2h -
6h 547 | 0.40 | 0.33 4-5 11.9 3.62:10° 75
24 h 536 | 1.10 | 0.67 11 8.27-10'
48 h 536 | 1.18 | 0.75 13 1.39:-10°
100 h 535 | 0.98 | 0.35 34 1.49-10°
172 h 536 | 0.74

# Obtained by multiplying the observed absorbance by its dilution factor (33.3% dilution).
® Determined from SEM images.
¢ Determined from TEM images of mother liquor of sample MAu-4.
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Fig. S1 UV-Vis spectra of samples MAu-1 and MAu-3. Sample MAu-1 was diluted with
,pure’ microemulsion at a ratio of 1 : 2 (33 % dilution), whereas sample MAu-3 was
recorded as synthesized.
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Fig. S2 SEM images of samples MAu-2 (A) and MAu-3 (B) isolated by centrifugation and recorded on a carbon support. Below the images are

corresponding particle size distributions. For sample MAu-2 two size distributions are given, for small (14.9 nm) and large (153.2 nm)

nanoparticles. The mean particle size was calculated using the normal function, where  and o stand for the mean particle diameter and

standard deviation, respectively.
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Fig. S3 SEM images and corresponding EDS analyses of samples MAu-2 (A) and MAu-3 (B) upon centrifugation.
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Fig. S4 SEM images and corresponding EDS analyses of sample MAu-3 before (A) and after centrifugation (B). The relative concentration of

B)

gold rises and the size of nanoparticles increases upon centrifugation.
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Fig. S5 SEM images and corresponding EDS analyses of sample MAu-2 before (A) and after the addition of acetone (B). Both samples were
analyzed as microemulsion (there was no centrifugation). The size of nanoparticles did not change before or after the addition of acetone. The
relative concentration of gold was higher on addition of acetone, which suggests that the samples contained an amount of Au(l) ions that were
reduced upon adding acetone. Generally, acetone is added to the microemulsion prior to centrifugation in order to impair its stability and
facilitate the isolation of gold nanoparticles in the form of the precipitate (powder).
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