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We investigate the kinetics of reduction of chloroauric acid during the synthesis of gold nanoparticles by
citrate reduction protocol, to understand the effect of molar ratio of citrate to chloroauric acid on the
mean particle size (d,). Unlike the expected trend, the rate of reduction is higher at lower molar ratio
(large d,) than that at higher ratio (small d,). The variation of pH as a function of molar ratio is found to
be the main cause of the observed trend. At lower molar ratio (lower pH), the electrostatic stabilization is
poor, whereas at higher molar ratio (pH ~7) it is good. A combination of fast reaction and good
stabilization that can lead to small monodisperse particles never occurs together in the standard citrate
reduction protocol. By avoiding coagulation using additional stabilizer, we show that the minimum size of
nanoparticles synthesized in citrate reduction protocol, presently at 16 nm, can be lowered by a
significant factor to 6 nm.

INTRODUCTION

Nanomaterials possess fascinating size tunable properties and their properties vary from that of
bulk. Gold nanoparticles are one of the widely used nanomaterials and have potential applications in a
variety of fields like photonics, nanoelectronics, energy conversion, biological engineering, sensors etc
(Daniel and Astruc, 2004; Shipway et al., 2000). Synthesis of nanoparticles of a desired monodisperse
size and shape is a challenging task and this is important due to their size and shape dependent properties.
Variety of methods are exploited to synthesize gold nanoparticles, like two phase method, reverse
micelle, ultraviolet irradiation, sonochemical process and reduction in agqueous phase (Cushing et al.,
2004). Amongst these, citrate reduction pioneered by Turkevich et al. (Turkevich et al. 1951) is a widely
used protocol. Eventhough the citrate reduction is widely used, it fails to synthesize nanoparticles of size
less than 10 nm that have more interesting applications in nanoelectronics, surface enhanced raman
spectroscopy (Dieringer et al., 2006), drug delivery (Ghosh et al., 2008), catalysis (Somorjai et al., 2008)
etc. Currently, hazardous chemicals like hydrazine, sodium borohydride etc.(Cushing et al., 2004) are
employed to synthesize smaller nanoparticles (< 10nm). Hence, it is essential to find an alternate facile,
green route to synthesize nanoparticles of size less than 10 nm.

Investigation of the various processes involved in the citrate protocol, like rate of reduction of
metal salt, nucleation, growth and coagulation, is necessary to understand, model and improve the
protocol. Pong et al. (Pong et al., 2007) studied the formation of intermediates during the synthesis and
found the presence of nanowire intermediates. Ji et al. (Ji et al., 2007) investigated the role of citrate in
altering the pH of solution, its effect on the synthesis and showed that the change in pH causes variation
in the particle size. Gonzalez et al. (Gonzalez et al., 2007) proposed an electrochemical model for
formation of intermediates and breakdown into smaller nanoparticles. Here, we study the kinetics of
reduction of chloroauric acid and analyze it with respect to the size of nanoparticles formed. We show
that the coagulation of nanoparticles during the synthesis plays a major role in determining the size of
nanoparticles at lower molar ratio. As an outcome of the detailed analysis, we propose a new route to
synthesis nanoparticles of size smaller than 10 nm and validate it experimentally.

EXPERIMENTAL DETAILS
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Synthesis of gold nanoparticles by citrate reduction was performed as described by Frens et
al.(Frens et al., 1973) except that the temperature was changed to 60°C. The molar ratio (MR) of citrate to
chloroauric acid was varied from 0.6 to 50. If necessary, the pH of citrate solution was changed to desired
value using hydrochloric acid. Kinetic studies were performed either by removing an aliquot of sample
from reaction mixture in a beaker or by monitoring time evolution of UV visible spectra at millisecond
time scale in a Stop Flow Module. The absorbance value of chloroauric acid at a wavelength of 315 nm
(after adjusting the pH to 2) and nanoparticle at 520 nm were monitored with time. In the case of Stop
Flow Module, Multivariate Curve Resolution — Alternating Least Squares (MCL-ALS) method was used
to extract kinetic information (Mohana Rao, 2009). To study the effect of stabilizers, a desired
concentration of the stabilizer was added to chloroauric acid.

UV visible spectrometer from Systronics instruments was used to measure absorbance. Stop Flow
Module from Biologic, S. A, was used to obtain kinetic data. Carl Zeiss FESEM was used to take images
of drop coated sample on silicon wafer. For TEM characterization, nanoparticle solution was drop coated
on carbon film coated copper grid and Tecnai F30 operating at 200KV was used for imaging.

RESULTS AND DISCUSSION

The synthesis of nanoparticles in liquid phase involves reduction of the metal salt and is
commonly explained through LaMer model (LaMer, 1952). The reduction of metal salt results in an
increase of the concentration of gold atoms. As their concentration crosses a critical supersaturation, rapid
nucleation begins. The sudden burst of nucleation results in a drop of the concentration of gold below the
threshold and nucleation ceases. This is followed by the growth of nanoparticles. Unavailability of
stabilizer on the surface of nanoparticles during the nucleation and growth phase can result in coagulation
of nanoparticles. The size of the nanoparticles synthesized is generally tailored by varying the rate of
nucleation or by varying the concentration of stabilizer. The change in concentration of reactant alters the
rate of reduction which in turn controls the rate of nucleation. Fast reduction of the salt should result in
higher rate of nucleation, leading to more nuclei and smaller particles; whereas slow reduction of salt lead
to bigger nanoparticles. The change in the concentration of stabilizer can cause variation in the extent of
coagulation during the synthesis and results in change of particle size. In the case of citrate reduction
protocol, citrate acts as both the reducing agent as well as stabilizer. Here, the size of nanoparticles is
tuned by varying the molar ratio of citrate to chloroauric acid and larger particles are formed at the lower
values of molar ratio (Kumar et al., 2007)

Characterization of Intermediates

During the synthesis of nanoparticles by citrate method the colour of solution, which is colourless
initially, turns blue and then wine red. The UV visible spectra of the reaction mixture at different stages
of synthesis are shown in figure 1. The characteristic colour of nanoparticles arises due to size dependent
surface plasmon resonance. Smaller particles have higher resonance frequency than bigger particles. The
presence of blue colour during the synthesis indicates the presence of bigger particles. The observation of
bigger intermediates is a deviation from LaMer model which suggests that the particle size grows
monotonically.
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Figure 1: UV visible spectra obtained at various stages of nanoparticle formation and TEM images of
intermediate sampled at 17 minutes.



Chow et al. (Chow et al., 1994) investigated the intermediate formation during the synthesis in a
modified citrate reduction protocol at 50°C and reported that the bigger intermediates are “reversible
aggregates” formed due to the preferential adsorption of auric ions that do not hinder the growth. Their
explanation was in accordance with LaMer model. We investigated the presence of the intermediate in the
protocol described by Frens et al. at 60°C and at a molar ratio of 1.5. The TEM image of intermediate
shows a completely different image from that expected from that expected based on the mechanism
proposed by Chow et al. The intermediates are single crystalline large particle with multiple lobes. These
intermediates break down into small particles. The process of peptization is not clearly understood yet.
During the synthesis of nanoparticles at lower molar ratio, the solution turns blue but remains blue till the
end. To understand the underlying process determining the nanoparticle size in the synthesis, we
investigated the Kinetics of chloroauric acid reduction and dynamics of nanoparticle formation at different
molar ratios.

Kinetics of Chloroauric Acid Reduction at Different Molar Ratio

Initial experiments were carried out following the Frens protocol without adjusting pH. The
absorbance of chloroauric acid and nanoparticles was determined at different time intervals. Figure 2
shows the changes in the absorbance of chloroauric acid with time at different molar ratio. A higher
concentration of citrate should increase the rate of reduction. But the results clearly show that as the
molar ratio increases from 0.6 to 20, the rate of reduction decreases and then increases again for molar
ratios greater than 20. Given the reduction rates, one would expect that the faster reduction will yield
smaller nanoparticles. But contrary to the expectation, faster reaction results in nanoparticles with larger
mean size than those formed under the condition of slower reduction.
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Figure 2: Kinetics of chloroauric acid reduction at different molar ratio

Jietal. (Ji et al., 2007) investigated the synthesis of citrate reduction and reported that the pH of
reaction mixture controls the rate of reduction. Sodium citrate is a buffering agent and hence at higher
molar ratio the pH of the reaction mixture turns basic and at lower ratio, the pH remains acidic.
Chloroauric acid possesses pH dependent reactivity (Ji et. al, 2007). At lower molar ratio, the pH remains
acidic and the active form of chloroauric acid results in faster reaction while at higher molar ratio, pH is
basic and the inactive form of chloroauric acid leads to slow reaction. Even though this mechanism
explains the fast reduction at lower molar ratio, it does not account for the variation of the mean size of
nanoparticles with molar ratio.

To compare rate of reduction at different molar ratios and decouple its effect on mean particle
size from that produced by poor stabilization, the reactions must be carried at same pH. Figure 3 shows
the rate of reduction of chloroauric acid at different molar ratio but at same pH. These experiments were
carried out in a SFR and analyzed using MCR-ALS method. Because of the constant pH conditions, it is
feasible to obtain the kinetics of reduction of chloroauric acid as well as that of nanoparticle formation.
As expected, the rate of reduction is slow at lower molar ratio and the mean size of nanoparticles
synthesized is higher than that synthesized at higher molar ratio. For an increase in the value of molar
ratio from 0.6 to 5.2, the mean size of the particles decreased from 400 nm to 40 nm. It is also interesting
to note that the experiments conducted with molar ratio of 1.5 at pH 3.2 yielded particles of larger mean



size than that conducted at pH 7.0. These results clearly indicate that pH dependent stabilization plays a
critical role in determining the mean size of nanoparticles formed by the citrate reduction protocol.
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Figure 3: Kinetics of chloroauric acid reduction and nanoparticle formation at different MR and pH 3.2.
(C1: Chloroauric acid and C2: Nanoparticles)

pH Dependent Coagulation During Synthesis

During the growth phase of nanoparticles, the surface area increases with time. The new surface
area generated must be covered at faster rate by the stabilizers than the collision rate of nanoparticles to
avoid coagulation between two nanoparticles. In the case of citrate reduction, citrate anions provide
electrostatic stabilization stabilization by specific adsorption onto the gold surface. As there are three
ionisable carboxylic groups in citrate, with each having different pKa values, the overall charge on gold
nanoparticles in solution is highly sensitive to pH of the solution. For a given condition of growth, the
electrostatic stabilization provided by citrate at acidic pH is lower than the stabilization provided by
citrate at basic pH. Thus, nanoparticles synthesized at basic pH are less prone to coagulation than those
synthesized at acidic pH. The reduction of chloroauric acid is fast at acidic pH, but higher extent of
coagulation leads to bigger particles. A combination of fast reduction and good stabilization of particles
during the growth phase never occurs together in the standard citrate reduction protocol. In order to
minimize the extent of coagulation during a fast reaction, an additional stabilizer must be added during
the synthesis.

Effect of the Presence of Stabilizer

The presence of additional stabilizer can decrease the extent of coagulation and result in particles
having smaller size. Different stabilizers, like polyvinylpyrrolidone (0.003 mM), sodium dodecyl sulphate
(3 mM), Triton X100 (0.11 mM), Tween 40 (0.02 mM), chitosan (0.01% w/v) and aspargine (0.8 mM),
were used and the effect on final nanoparticle size was explored.
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Figure 4: Kinetics of chloroauric acid reduction and formation of nanoparticles with and without PVP.



The stabilizers were selected such that they do not interact with chloroauric acid and citrate during the
reaction time scale (~ 600s). Figure 4 shows the change in concentration of chloroauric acid in the
presence and absence of PVP at two different molar ratios, obtained by using MCR-ALS analysis of SFR
data. These results show that the reduction rate remains unaffected by the presence of PVP at these
reaction conditions.

In case of ionic stabilizers, the concentration of stabilizer was lesser than the amount needed to
cause coagulation by double layer compression. It is expected that the diffusion of stabilizers to the
growing surface area of nanoparticles would be the limiting step for stabilization. Hence, the stabilizer of
higher molecular weight should be ineffective when compared to the lower molecular weight stabilizers.
But experimental results show that higher molecular weight stabilizers, PVP and chitosan, yield smaller
nanoparticles than other stabilizers. Figure 5 shows scanning electron microscopy image of nanoparticles
synthesized using different stabilizers.
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Figure 5: Scanning Electron Microscopy images of nanoparticles synthesized without and with different
types of stabilizers. Reaction temperature = 60°C, pH = 3.8, Molar ratio [citrate]/[chloroauric acid]=1.5

Preliminary experiments conducted with mixture of stabilizers, consisting of low molecular and high
molecular weight compounds, proved to be more effective in producing monodisperse nanoparticles
(Coefficient of Variance ~ 10%).

CONCLUSIONS

We investigated the rate of reduction of chloroauric acid in the standard citrate reduction protocol
at different molar ratios. We showed through kinetic analysis that the opposing trend of rate of reduction
and strength of stabilization with pH variation caused by changing the molar ratio of citrate to chloroauric
acid limits the minimum size of nanoparticles that can be synthesized. Based on this insight, we have
modified the protocol by adding various stabilizers to form smaller and more monodisperse particles.
PVP and chitosan proved to be good stabilizers resulting in nanoparticles of mean size 6 nm and 11 nm
respectively.
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