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Abstract Gold colloid was prepared by reduction of
tetrachloroaurate using pyrrole-2-carboxylic acid in the
presence of α-methoxy-ω-mercaptoethyl-poly(ethylene
glycol). The shape and size of the obtained gold colloids
were monitored by absorption spectroscopy and transmis-
sion electron microscopy during the reduction reaction. In
the early stage of the reducing reaction, large fluffy
particles with diameters >100 μm were observed. Some of
these large particles had rectangular parallelepiped shapes.
However, the mean particle size decreased with increasing
time. Eventually, these large, non-round-shaped particles
disappeared almost completely, and uniform round-shaped
particles with a mean diameter of 10.5 nm became
dominant.
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Abbreviations
MeO-PEG-
SH

α-methoxy-ω-mercaptoethyl-poly(ethylene
glycol)

TEM transmission electron microscopy
TCA tetrachloroaurate
PCA pyrrole-2-carboxylic acid
λmax plasmon peak wavelength
Dmean mean particle diameter
SD standard deviation from particle diameter

Introduction

Recently, nanoscale colloidal metal particles have attracted
much attention, particularly in the fields of electronics,
catalysis, and clinical diagnostics [1–4]. To date, various
versatile methods have been reported for gold colloid
preparation [5]; most of these methods involve the
reduction of tetrachloroauric acid (TCA) using a specific
reducing agent, such as citric acid or ascorbic acid. The
obtained colloids are stably dispersed in aqueous media by
repulsive ionic forces [6–8]. However, for many applica-
tions of gold colloids, stabilization by ionic repulsive force
is not entirely satisfactory. For example, under the
physiological conditions of clinical applications, e.g.,
immuno-colloidal imaging and diagnostics [9, 10], these
gold colloids readily aggregate due to compensation of the
electrostatic repulsive force by high ionic strength.

In this report, we describe a method for the preparation
of stable gold colloids that have poly(ethylene glycol)
(PEG) tethered chains on the surface, which improve both
the nonfouling properties and dispersion stability [11, 12].
Using this method, the size distribution of the obtained gold
colloid was rather broad as a result of uncontrolled
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reduction mediated by a strong reducing agent, i.e., sodium
borohydrate or hydroxylamine. Based on the mild reactivity
of pyrrole-2-carboxylic acid (PCA) for the reduction of the
aurate cation [13], a monodispersed gold colloid with a
PEG tethered chain on the surface was prepared, using PCA
as the reducing agent in the presence of mercapto-ended
PEG. The formation profile of the gold colloid during the
reducing reaction was monitored, and the formation
mechanism under these conditions is discussed.

Experimental

Materials

Preparation of gold colloid using PCA in the presence
of mercapto-ended PEG

All of the glassware and PTFE-coated magnetic stirring
beads were first cleaned with aqua regia, followed by
successive rinses with copious quantities of distilled water.
An aliquot (9.6 ml) of 50 mM PCA in aqueous solution
(99% purity; Aldrich) was added to a 76.8-ml aliquot of
10 mM α-methoxy-ω-mercaptoethyl-poly(ethylene glycol)
(MeO-PEG-SH; Mn 5,200, Mw/Mn=1.02; NOF Co. Ltd.).
The pH values of these two solutions were adjusted to 10
and 13, respectively, by the addition of NaOH before
mixing. To this mixture, 9.6 ml of an aqueous solution of
10 mM TCA (99.95% purity; Wako Pure Chemical
Industries) was added with vigorous agitation at room
temperature.

Measurements

The UV-vis spectra were monitored using the Shimadzu
UV 2400PC. For transmission electron microscopy (TEM),
a 6-μl aliquot of the sample solution was pipetted onto
carbon-coated, 200-mesh copper grids (Okenshoji), and the
surplus solution was removed with filter paper. This
procedure was performed in a −80 °C freezer to quench
the reduction reaction, and was completed within 30 s.
TEM was carried out at 200 kV in the JEOL JEM-2010F
apparatus. The particle diameters were determined using the
Image Pro Plus software version 5.0 (Media Cybernetics).
The diameters of approximately 250 particles were included
in the calculations. The zeta potential as a function of time
was measured by using ELS 6000 (Photal).

Results and discussion

Selvan and Nogami have reported oxidative polymerization
of pyrrole in the presence of TCA [13]. Simultaneously, the

TCA, as the initiator, was reduced to form anisotropic gold
colloid. Thus, the pyrrole derivatives show a good ability to
reduce aurate cations. To prepare a PEGylated gold colloid
under mild reduction conditions, we employed PCA as the
reducing agent.

Within 1 min of the addition of PCA to the TCA
aqueous solution under alkaline conditions in the presence
of mercapto-ended PEG, the color of the solution changed
from pale yellow to colorless but retained its transparency.
The color of the solution gradually changed from gray to
purple and, finally, to red. The reduction of TCA by PCA
was monitored by UV-vis spectroscopy. Figure 1 shows the
time-course of the absorption spectrum of the reaction
mixture. The absorption intensity increased along with
bathochromic shift as a function of time. At the start of the
reaction, plasmon peak wavelength (λmax) was approxi-
mately 570 nm, with very low absorption intensity. In the
first 40 min of the reaction, λmax based on the surface
plasmon peak shifted from 570 to 526 nm along with an
increase in the peak intensity. The color of the solution at
40 min was pale gray–purple. After 40 min, the absorption
increased significantly, while λmax was shifted slightly from
526 to 521 nm. This downward shift of λmax indicates that
the ratio of larger particles to smaller particles decreased, in
accordance with Kreibig’s theory [14].

It is well known that the λmax of the plasmon peak of
gold colloid correlates with its size, i.e., a longer wave-
length denotes a larger particle size in this region. The
observed blue shift as a function of the reaction time
indicates that the mean size of most of the obtained gold
nanoparticles decreased as a function of time.

To obtain information on particle size, direct observation
was carried out with TEM. Figure 2 shows the TEM images
of the obtained gold colloids at the different reaction times.
Most of the obtained colloids were fluffy in shape and ca.
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Fig. 1 UV-vis spectra as a function of reaction time recorded at 2, 5,
10, 20, 30, 40, 45, 50, 60, 80, 100, 120, 180, 300, 540, 1,320, 2,940,
4,320, and 5,820 min from the bottom to the top, respectively
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100 nm in diameter at the 20-min time point (Fig. 2a–c).
The colloids obtained after 40 min had the same shape but
were smaller in size compared to those obtained after
20 min (Fig. 2d–e). After 40 min, spherical colloids of
almost identical diameter (10–30 nm) were observed
(Fig. 2f–m).

We also investigated the crystal structures of the large
fluffy particles shown in Fig. 2b and e, which appeared to
have low electron density. The electron diffraction spec-
troscopy image (Fig. 3) clearly indicates that these particles
have {1, 0, 0} face. Thus, these particles have crystal
structures.

The kinetics of the changes in mean particle diameter
(Dmean) and standard deviation (SD) thereof calculated from
the TEM images are shown in Fig. 4 (the details of the size
frequency changes as a function of time are given in the

supporting information). These data demonstrate that Dmean

decreased with increasing time and eventually became
uniform at 10.5±2.6 nm (Dmean ± SD). These Dmean

changes are in good agreement with the results of the
time-course changes in the spectrum values.

For the preparation of gold colloid via the reduction of
TCA, the following three main mechanisms have been
proposed: (1) La Mer has proposed the burst nucleation
model [6, 15, 16], in which homogeneous nucleation occurs
until the nucleus attains a critical size. In this type of
solution, the colloid precursor is consumed rapidly during
burst nucleation, and the concentration of aurate ions falls
below the supersaturation level. The nuclei then grow at the
same speed, with the limitation of diffusion, and eventually
become uniform particles. (2) An agglomeration mecha-
nism has been proposed by Uyeda et al. [17], who observed

Fig. 2 TEM images of the particles in a reaction quenched samples
at a 20 min, b 20 min, c 20 min, d 40 min, e 40 min, f 120 min,
i 540 min, j 1,320 min, k 2,940 min, and m 5,820 min, respectively.
The black scale bar corresponds to 100 nm
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Fig. 4 Mean particles diameters (Dmean, dots) and the particles size
SDs (which are expressed by vertical bars) plotted as a function of
time. Relatively large particles are formed in the initial stage of the
particles generation and small particles become dominant during the
course of time

Fig. 3 Electron diffraction of a the large fluffy particle in Fig. 2b and
b rectangular parallelepiped and cubic particles in Fig. 2e, respective-
ly. The above electron diffraction indicates that both of these particles
have {1,0,0} face. Thus, the particles have crystal structures
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smaller elementary crystallites for most of the gold nano-
particles, which are commonly referred to as Faraday,
Weimarn, and sodium citrate sols. They also found that
particles were formed by parallel or radial twins with
definite mutual orientations, which they attributed to a
nuclear interaction at the early stage of the reduction
reaction. They assumed that metastable nuclei with the
icosahedral configuration grow into multiple twins and
eventually transit to natural cube-octahedral nuclei, which
grow into parallel twins due to mutual interactions. (3)
Chow and Zukoski have described the formation of large
fluffy particles [18], which form at an early stage of the
reaction and subsequently fell apart due to increased surface
potential, thereby producing the uniform gold particles. The
newly produced small particles are stabilized by repulsive
electrostatic forces.

Based on the data obtained from the TEM images
(Fig. 2), it appears that reactions governed by two different
growing mechanisms take place. In the first mechanism,
large fluffy particles (Fig. 2a, b) are produced at the early
stage of the reaction, while at the end of the reduction
reaction, small round-shaped particles of diameter 10.5 nm
predominate. These large fluffy particles appear to be less
electron dense than the small particles. In addition, they
contain some quadrilateral structures, which appear to be
precursors for the subsequent rectangular parallelepiped or
cubic particles. Most of the particles observed at 40 min of
the reaction were rectangular parallelepiped or cubic in
shape (Fig. 2d, e), and these square particles were almost
completely absent in the sample taken at 60 min. In the
second mechanism, the continuous production of nuclei and
their growth during the reaction are evidenced by the
increase in Abs525. The theoretical mechanisms underlying
the particle growth seen in our experiments are currently
under investigation and will be published elsewhere.

Interestingly, Dmean decreased with increasing time,
while the surface potential was almost neutral and constant
(between −3.6 and +3.4 mV) during the reaction period
(Fig. 4). The latter phenomenon, a relatively small change
in surface potential, was not observed in the experiment
conducted by Chow and Zukoski, who concluded that the
large fluffy particles seen at the early stage of the reaction
consisted of agglomerates of the very small particles, which
subsequently fell apart as a result of the increase in surface
charge related to adsorption of the citrate ion [18]. In
general, four strategies are used to stabilize particles: the
use of an organic ligand, electrical repulsion, steric
repulsion, and amphipathic molecules [19]. In the present
study, the gold nanoparticles were stabilized by adsorbing
MeO-PEG-SH to the surface.

Conclusions

Our study shows the coexistence of two mechanisms for
the formation of particles. The first mechanism is the
classical burst-nucleation model and the second mecha-
nism is similar to the model proposed by Chow. The
production of large fluffy particles with diameters
>100 nm was observed in the early stage of the reduction
reaction. At the end of the reduction reaction, small
uniform particles 10.5 nm in diameter became dominant.
The driving force for the fragmentation of these large
particles in Chow’s experiment was the increase in surface
potential. In our experiment, large fluffy particles were
also observed. However, the driving force behind the
changes in the mean size of the particles observed in our
experiments is presumed not to be electric repulsion based
on the measurements of particle surface potential. We
believe that MeO-PEG-SH is adsorbed onto the surface of
the particles at the early stage of the reduction reaction,
and that this tethered PEG diminishes the changes in
surface potential.
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