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Colloidal suspensions of gold nanoparticles (AuNPs) in water can be prepared by heating water containing
HAuCl, with citric acid as reductant and surface stabilizing reagent. This thermal reduction method,

however, promotes aggregation of the formed AuNPs, resulting in bimodal distribution of AuNPs. Here
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Accepted 9th January 2017 we report that UV (254 nm) irradiation of water containing HAuCl, with citric acid at room temperature

successfully reduces HAuCl, and produces monodispersed AuNPs, while suppressing aggregation of the

DOI: 10.1035/c6ra27771c formed AuNPs. Changing the intensity of UV light or the amount of citric acid added successfully
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Introduction

Gold nanoparticles (AuNPs) have attracted much attention due
to their unique optical,* electronic,”> and chemical properties®
that differ significantly from those of bulk Au. Of particular
interest is focused on application to cancer diagnosis, therapy,
and bioimaging because of their localized surface plasmon
resonance (LSPR) enhanced light scattering and absorption
properties.* In addition, due to the high surface-to-volume ratio,
high surface energy, and strong LSPR absorption in the visible
wavelength region, AuNPs often exhibit unusual catalytic,’
photocatalytic,*” or electronic properties.® These properties
strongly depend on the size and dispersibility of AuNPs.®
Preparation of monodispersed AuNPs and their accurate size
control, therefore, poses a challenge for advanced processing.
Thermal reduction of Au®" is a common approach for the
preparation of colloidal suspension of AuNPs. Ascorbic acid'®
and NaBH, "*** have often been used as a reductant, but these
methods need surface stabilizing reagent. Thermal reduction
with trisodium citrate, the so-called Turkevich method,**™*° is
the simplest and most popular procedure for the preparation of
AuNPs in water because trisodium citrate act as both reductant
and surface stabilizing reagent. The Na* cations in the mole-
cule, however, contaminate the formed AuNPs.?® The use of
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produces AuNPs with tunable sizes and narrow size distributions.

metal-free reductant is therefore necessary. Citric acid is one
potential reductant for this purpose:** simple stirring of water
containing HAuCl, with citric acid at elevated temperature
successfully produces AuNPs. This method, however, inevitably
promotes thermal aggregation of the formed AuNPs due to the
weak adsorption of citric acid onto the AuNPs surface.”
Reduction of HAuCl, at relatively low temperature is therefore
necessary for the preparation of monodispersed AuNPs.

Recently, photoreduction of Au** has also received much
attention as an alternative method for AuNPs synthesis because
it can be operated at room temperature by UV irradiation. Many
of the reported photoreduction methods need both reductants
and surface stabilizing reagents.”>*® Although some systems
can use single chemicals behaving as both reductant and
surface stabilizing reagent such as ionic liquids, dendrimers,
polyvinylpyrrolidone, and trisodium citrate, they are relatively
expensive or contain Na' cation contaminant.*** Yang et al.*!
used citric acid for photoreductive synthesis of AuNPs. They
found that UV irradiation of water containing HAuCl, and citric
acid successfully reduces Au** and produces AuNPs. They also
studied the pH effects on the rate of AuNPs formation by UV-vis
absorption spectroscopy and the size of AuNPs by transmission
electron microscopy (TEM) observations, but did not clarify the
dispersibility of the formed AuNPs.

In the present work, we studied photoreductive synthesis of
AuNPs in pure water with citric acid by UV (254 nm) irradiation
at room temperature. The size and dispersibility of AuNPs were
studied by TEM and dynamic laser scattering (DLS) analysis and
were compared with those obtained by thermal reduction. We
found that this photoreduction method successfully produces
monodispersed AuNPs, while suppressing subsequent aggre-
gation of the formed AuNPs. We also report here that changing
the intensity of UV light and the amount of citric acid
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successfully produces monodispersed AuNPs with tunable sizes
and narrow size distributions.

Results and discussion
Thermal reduction

AuNPs were prepared with citric acid by conventional thermal
reduction method. A water (2 mL) containing HAuCl,-4H,0 (0.2
mM) and citric acid (0.5 mM) was stirred at 60 °C in a quartz cell
within a Peltier temperature controller. Fig. 1a shows time-
dependent change in absorption spectra of the solution. A
distinctive LSPR band of AuNPs appears at 534 nm and increases
with time. Simultaneously, red-shifted absorption band at A >
600 nm, assigned to interparticle-coupled plasmon excitons of
aggregated AuNPs, increases.®® This suggests that AuNPs formed
by thermal reduction of HAuCl, are subsequently aggregated.***®
It is noted that the obtained solution maintain its transparency
at least 2 days, where a precipitate formation scarcely occurs.
Fig. 1b (blue) shows hydrodynamic diameter of AuNPs prepared
at 60 °C by 25 min stirring, measured by DLS analysis. Bimodal
particle distributions with average diameters ca. 40 nm and
150 nm were observed. This indicates that ca. 40 nm AuNPs
formed by thermal reduction of HAuCl, are subsequently
aggregated and produce ca. 150 nm aggregates. Fig. 1c shows
typical TEM images of the particles. The TEM samples were
prepared by dipping a microgrid into the solution (2 s) followed
by drying under air (10 s) and in vacuo (30 min). The sizes of
AuNPs and their aggregates are ca. 40 nm and 150 nm, respec-
tively, which agree with the DLS results (Fig. 1b).
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Thermal reduction of HAuCl, was performed at 90 °C, 40 °C,
and 25 °C, respectively. As shown in Fig. S1 (ESI{), stirring at
90 °C and 40 °C shows LSPR band of AuNPs as well as red-
shifted band of the aggregates, as is the case at 60 °C
(Fig. 1a). In addition, as shown in Fig. 1b, DLS analysis of these
solutions also shows bimodal particle distributions, indicating
that AuNPs undergo thermal aggregation even at 40 °C.
However, as shown in Fig. S1 (ESI{), stirring at 25 °C scarcely
increases the LSPR band. As shown in Fig. 1d (black), LSPR
absorbance scarcely increases even after 30 min stirring, indi-
cating that HAuCl, is not reduced at 25 °C. These data indicate
that the thermal reduction method is difficult to prepare
monodispersed AuNPs while suppressing subsequent their
aggregation.

Photoreduction

AuNPs were prepared by the photoreduction method. Water (2
mL) containing HAuCl,-4H,0 (0.2 mM) and citric acid (0.5 mM)
was stirred at 25 °C under irradiation of 254 nm light by a Xe
lamp (light intensity: 150 mW m™?). Fig. 2a shows the time-
dependent change in absorption spectra of the solution. As is
the case for thermal reduction (Fig. 1a), LSPR absorption of
AuNPs appears at 530 nm and increases with irradiation time.
In this case, red-shifted absorption scarcely appears, indicating
that the formed AuNPs scarcely aggregate. It must also be noted
that the obtained solution maintain its transparency at least 2
days, where a precipitate formation scarcely occurs, as is the
case for the thermal reduction. As shown in Fig. 2b, DLS

b
38 nm
157 - lj” M 147 nm
1 | ] |

o A |
% 105 ‘ | 1-96 nm 262 nm
E -]
3
S 54

0- T T TTTTT IIII|25

10? 10°

Diameter / nm

d 0.8 90 °C (527 nm) 60 °C (534 nm)
000000% .....O.Q.
0.6 °®
° °® 40 °C (532 nm)

o _a0®

(a) Time-dependent change in absorption spectra of water containing HAUCl,-4H,0 (0.2 mM) and citric acid (0.5 mM) during stirring at

60 °C in the dark. The red is the spectrum for the solution containing HAUCl,-4H,0 at 25 °C, and the blue is the spectrum for the solution after
addition of citric acid (1 min). (b) Hydrodynamic diameter of the solution obtained by stirring in the dark at 90 °C (10 min), 60 °C (25 min), 40 °C
(30 min), and 25 °C (30 min), measured by DLS analysis. (c) Typical TEM images of the solution obtained by 25 min stirring at 60 °C in the dark. (d)
Time-dependent change in the LSPR absorbance of the solutions during stirring at different temperatures in the dark.
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(a) Time-dependent change in absorption spectra of water containing HAuCl,-4H,0O (0.2 mM) and citric acid (0.5 mM) during stirring at

25 °C under 254 nm irradiation (light intensity: 150 mW m™2). The red is the spectrum of a solution containing HAUCl,-4H,O at 25 °C, and the
blue is the spectrum for the solution after addition of citric acid (1 min). (b) Hydrodynamic diameter and (c) TEM images of AuNPs obtained after

different photoirradiation time.

analysis shows unimodal distribution of AuNPs with an average
diameter ca. 50 nm, where aggregated AuNPs are scarcely
observed. This suggests that photoreduction method scarcely
promotes aggregation of the formed AuNPs. TEM observations
confirm this. As show in Fig. 2c (right side), the TEM images
obtained by 100 min stirring of the solution show well-
dispersed ca. 50 nm AuNPs, where large aggregates are
scarcely formed. As shown in Fig. S2 (ESIT), X-ray photoelectron
spectroscopy (XPS) analysis of the AuNPs prepared by both
thermal- and photoreduction methods exhibits characteristic
Au 4f5/2 and 4f7/2 peaks at ca. 84.3 and 88.0 eV, respectively,
assigned to Au’. In that, a component assigned to Au®** or Au” is
scarcely observed at 85-86 eV,*”*® indicating that these cations
are not contained in the obtained AuNPs.

Mechanism for AuNPs formation by thermal reduction

It is well known that thermal reduction creates AuNPs by the
nucleation and growth processes.*® As shown in Scheme 1,

citric acid

coordination of citric acid with Au**Cl,~ produces a citrate-
Au*"Cl;~ complex.™ Absorption spectra confirm this. As shown
by the red line in Fig. 1a, the ligand-to-metal charge transfer
(LMCT) band of AuCl,” appears at 303 nm.* As shown by the
blue line, addition of citric acid to this solution rapidly leads to
blue shift of this band to 290 nm within 1 min due to the
formation of a citrate-Au®"Cl;~ complex.** Heating the solution
at 60 °C decreases this band, along with an increase in the LSPR
band of AuNPs. This indicates that, as shown in Scheme 1,
thermal activation of the citrate-Au*"Cl;~ produces a reduced
Au”*Cl,™" species, along with a formation of oxidation products
of citric acid such as dicarboxyacetone, acetoacetate, and
CO,.%* Subsequent reduction of the formed citrate-Au**ClL,"™~
complex followed by the reduction of citrate-Au’Cl,,”~ complex
produce Au®, resulting in the formation of Au® nuclei. Further
adsorption of Au® onto the nuclei leads to a growth of AuNPs.**
In that, the citrate anions are adsorbed onto the AuNPs surface
and behave as a surface stabilizing reagent.** Negative charge of
these surface anions suppresses aggregation of AuNPs due to
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Scheme 1 Mechanism for the formation of AuNPs by thermal reduction and photoreduction methods.
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the electrostatic repulsion.*® A rise in temperature, however,
weakens the adsorption of these anions, inevitably promoting
aggregation of AuNPs.

Mechanism for AuNPs formation by photoreduction

In the photoreduction method, AuNPs are formed by the
mechanism similar to that of thermal reduction (Scheme 1). As
shown in Fig. 2a, UV irradiation of the citrate-Au®**Cl;~ complex
leads to a decrease in its LMCT band (blue line), along with
a formation of LSPR absorption, as is the case for thermal
reduction (Fig. 1a). GC analysis of the gas phase after 100 min
photoirradiation detects the formation of CO,. The AuNPs in
the solution were removed by centrifugation. The obtained
solution was concentrated by evaporation and dissolved in
DMSO-dg. As shown in Fig. S3 (ESI{), "H NMR analysis of the
solution shows a formation of acetoacetate and dicarbox-
yacetone as the oxidation products of citric acid. These findings
indicate that, as shown in Scheme 1 (top), consecutive photo-
excitation of the citrate-AuCl,”~ complexes reduces Au®" to Au’
with the oxidation of citric acid, as is the case for thermal
activation.**** Similar mechanism has been proposed in the
photoreduction of some metal cations such as Ag* and Fe** with
citric acid by UV irradiation.*”**

As shown in Scheme 1 (bottom), the formation of Au® nuclei
and their growth produce AuNPs, as is the case for thermal
reduction. As shown in Fig. 2a, photoirradiation for 5 min
scarcely leads to an increase in the LSPR absorption, where
AuNPs are scarcely observed by DLS analysis (Fig. 2b; detection
limit: 3 nm). Photoirradiation for 10 min creates a LSPR band,
where small (~10 nm) AuNPs are observed by DLS (Fig. 2b) and
TEM (Fig. 2c, left). Further photoirradiation creates larger
AuNPs; DLS and TEM confirm the growth of AuNPs. These data
suggest that, as shown in Scheme 1, the photoreduction method
produces AuNPs via the nucleation and growth mechanism in
a manner similar to that of thermal reduction. Photoirradiation
for 100 min finally produces ca. 50 nm AuNPs. At this temper-
ature (25 °C), the adsorbed citric acid molecules sufficiently
stabilize the particles and suppress their aggregation, resulting
in the formation of monodispersed AuNPs.

Size control of AuNPs by photoreduction

It is well known that, in the thermal reduction, the size of
AuNPs depends strongly on the rate of AuCl,”™  reduction.*
Increased rate of AuCl,”~ reduction creates a large number of
Au® nuclei and decreases the number of AuCl,”” remaining in
solution. This suppresses the growth of the particles and creates
smaller AuNPs. As shown in Fig. 1d, stirring of a HAuCl, solu-
tion with citric acid at higher temperature accelerates the
increase in the LSPR absorption. In addition, as shown in
Fig. 1b, the size of AuNPs becomes smaller at higher tempera-
ture. This is because, at higher temperature, enhanced reduc-
tion of AuCl,” creates larger number of Au’ nuclei and
produces smaller AuNPs.*

In the photoreduction, the rate of AuCl,”~ reduction can be
controlled by the intensity of UV light and the amount of citric
acid. Fig. 3a shows effect of the light intensity on the time-
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Fig. 3 (a) Time-dependent change in the LSPR absorbance of water
containing HAuCl,-4H,0 (0.2 mM) and citric acid (0.5 mM) during
stirring at 25 °C under 254 nm irradiation at different light intensity.
Changes in absorption spectra are summarized in Fig. S4 (ESIT). (b)
Hydrodynamic diameter of AuNPs measured by DLS analysis after
photoirradiation at different light intensity for 100 min.

dependent change in the LSPR absorbance of the solution.
The increased light intensity increases the absorbance more
rapidly because it enhances photoexcitation of the citrate-
AuCl,”~ complexes and promotes rapid reduction to Au’.
Fig. 3b shows the size of AuNPs prepared at different light
intensity. The increased light intensity indeed creates smaller
AuNPs, where their aggregation does not occur. In this case,
monodispersed 50-70 nm AuNPs can be created while main-
taining narrow size distribution with <23% standard deviation.

It is also noted that the rate of photoreduction depends on
the wavelength of incident light; UV irradiation is necessary. As
shown in Fig. S6 (ESIt), the rate of LSPR absorption increase
decreases by photoexcitation with longer wavelength light (254
> 360 > 510 nm), where the photoexcitation by 510 nm light
scarcely increases the LSPR absorbance. This is because, as
shown by the blue line in Fig. 2a, the absorbance of the citrate-
AuCl,”” complexes decreases at longer wavelengths and
scarcely absorbs light in the visible region.

Fig. 4a shows effect of the citric acid amount on the time-
dependent change in the LSPR absorbance of the solution.
The increased amount of citric acid rapidly increases the LSPR
absorbance because it produces a larger number of citrate-
AuCl,”~ complexes and promotes rapid formation of larger
number of Au® nuclei. Therefore, as shown in Fig. 4b and c, the
increased amount of citric acid produces smaller AuNPs, where
their aggregation does not occur. Changing the citric acid
amount successfully creates monodispersed AuNPs with 22—
70 nm diameters, while maintaining narrow size distribution
with <54% standard deviation.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Time-dependent change in absorption spectra of water

containing HAUCly-4H,0 (0.2 mM) and different amount of citric acid
during stirring at 25 °C under 254 nm irradiation (light intensity: 150
mW m~2). Changes in absorption spectra are summarized in Fig. S5
(ESIF). (b) Hydrodynamic diameter and (c) TEM images of AuNPs ob-
tained after photoirradiation for 100 min with different citric acid
amount.

Conclusion

We found a simple method for preparation of monodispersed
AuNPs. UV irradiation (254 nm) of water containing HAuCl, and
citric acid at room temperature successfully produces mono-
dispersed AuNPs, while suppressing aggregation of the formed
AuNPs. Changing the light intensity or the amount of citric acid
successfully produces AuNPs with tunable sizes (20-70 nm) and
narrow size distributions (<54% standard deviation). This

This journal is © The Royal Society of Chemistry 2017
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simple but effective photo process may become one powerful
method for the synthesis of monodispersed AuNPs. The results
presented here may contribute to the design of simpler and
more efficient method for metal nanoparticle processing.

Experimental
Materials and methods

All reagents were supplied from Wako and used without further
purification. Water was purified by the Milli-Q system. Thermal
reduction was performed as follows: water (2 mL) containing
HAuCl,-4H,0 (0.2 mM) and citric acid (0.5 mM) was stirred at
the designated temperature in the dark. Photoreduction was
carried out as follows: water (2 mL) containing HAuCl,-4H,0
(0.2 mM) and required amount of citric acid was stirred at 25 °C
under 254 nm light irradiation. All reactions were performed on
an UV-visible photodiode-array spectrophotometer (Shimadzu;
Multispec-1500) equipped with a Peltier temperature controller
(Shimadzu; S-1000) using a 10 mm path length quartz cell. The
light irradiation was performed with a Xe lamp (300 W; Asahi
Spectra Co. Ltd.; Max-302) equipped with 254, 360, or 510 nm
band-pass filter.”* The full-width at half-maximum of the light
(FWHM) was 12 nm. The photon number entered into the
reaction vessel was determined with a spectroradiometer (USR-
40, USHIO Inc.).”*

Analysis

"H NMR spectra were obtained on a JEOL JNM-AL400 Excalibur.
Hydrodynamic diameter was measured on a dynamic laser
scattering spectrometer (LB-500, HORIBA). TEM observations
were performed on an FEI Tecnai G2 20ST analytical electron
microscope (200 kV).>* XPS analysis was performed on a Kratos
Axis Ultra spectrometer (Jasco Corp.).**
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