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Abstract. Experimental results concerning the synthesis of gold nanoparticles prepared by alcoholic re-
duction of Au(III) ions in presence of a polymeric stabilizer, and UV-visible spectroscopic characteriza-
tion is presented. Optical spectroscopic data have been correlated to off-line size measurements obtained
analysing transmission electron micrographs. The gold cluster size, coming from both TEM micrographs
and absorbance cubic root, behaved linearly with time above a threshold temperature (70 °C) according
to a deposition-controlled growth mechanism. The plasmon peak halfwidth behaved linearly with inverse
particle radius (obtained by TEM), thus proving the hypothesized mechanism growth. The spectroscopic
approach allows an on-line gold cluster measurement with possibility to fine control particle size also in

the case of a fast process.

PACS. 73.20.Mf Collective excitations (including excitons, polarons, plasmons and other charge-density
excitations) — 78.67.Bf Nanocrystals and nanoparticles

1 Introduction

Metal clusters play an important role in many different
technological areas. For example, they can serve as model
systems to experimentally probe the effects of quantum
confinement on electronic, magnetic, and other proper-
ties. They have also been widely exploited for use in pho-
tography, catalysis, biological labeling, photonics, opto-
electronics, information storage, surface enhanced Raman
scattering (SERS), formulation of magnetic ferrofluids,
etc. [1,2]. The intrinsic properties of a nano-structured
metal are mainly determined by its size, shape, compo-
sition, crystallinity, and structure. In principle, accurate
control of any one of these parameters allows for fine tun-
ing of the properties of nano-structured material-based
devices. Currently, the use of metal clusters as advanced
additives for plastics functionalization is attracting more
and more attention and considerable research activities
are being done in this novel field of composite science [3,4].
Because of surface effects and the dramatic changes in
properties occurring when the critical length governing
some physical phenomenon (magnetic, structural, etc.) be-
comes comparable with size, metal clusters present unique
properties (e.g., near-IR photoluminescence, superparam-
agnetism, plasmon absorption, etc.). The embedding of
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nanoscopic metal structures into polymeric matrices rep-
resents the most simple way to protect clusters and to
take advantage of their physical characteristics. Polymer-
embedded gold nanoparticles have been frequently inves-
tigated [4].

Because of their unique physical characteristics,
gold/polymer nanocomposites are potentially useful for
a number of advanced functional applications, especially
in the field of optics and photonics. In particular, these
materials can be used as light-stable color filters [5], po-
larizers [6,7], ultra-low refractive index materials [8], non-
linear optical devices [9], optical sensors [10], etc.

Polymer-embedded metal clusters can be obtained by
using two different approaches, which can be classified as
in situ and ex situ. In the in situ methods, metal clusters
are generated inside a polymer matrix by decomposition
(e.g., thermolysis, photolysis, radiolysis, etc.) or chemical
reduction of a metallic precursor dissolved into the poly-
mer. In the ex situ approach, clusters are first produced
by soft-chemistry routes and then dispersed into polymeric
matrices.

Since the performance of a nanostructured material
depends on its physical properties, which are related to
a variety of structural factors (size, shape or composi-
tion), on-line in situ morphological monitoring techniques
plays a role of primary importance. When the nanoscopic
objects to be prepared consist of nano-sized metals
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characterized by a surface plasmon absorption (i.e., collec-
tive oscillations of conduction electrons at metal surface),
the use of real-time UV-Vis-NIR spectroscopy represents
an efficient in situ monitoring method. In order to ver-
ify the validity of such approach, gold nanoparticles have
been prepared by a typical synthetic route (that is, alco-
holic reduction of Au(III) ions in presence of a polymeric
stabilizer), and the average size of resulting gold clusters
has been measured off-line by Transmission Electron Mi-
croscopy (TEM) at different reaction times. The temporal
evolution of the absorption spectra have been recorded
during the reaction and the absorbance peak properties
has been correlated to the particle size. The comparison
between UV-Vis and TEM data confirmed that the mea-
surements methods are consistent, and can be indifferently
employed for the determination of the particle size. The
on-line in situ optical spectroscopy technique allowed also
to determine that a surface-deposition controlled kinetic
was the predominant mechanism governing the particle
growth rate in the reactive mixture. Section 2 describes
the chemical synthesis, and the experimental results in
terms of structural, morphological and optical properties.
Section 3 reports data concerning optical absorption spec-
tra in the 190-1200 nm wavelength range for different re-
action temperatures and times. Analysis of experimental
data is developed in Section 4 where evidence of the corre-
lation between TEM results and UV-visible spectroscopic
data is also presented.

2 Experimental

Metallic nanopowders were obtained by alcoholic reduc-
tion of metallic ions in presence of a polymeric stabi-
lizer [11,12]. The precursor used to synthesize gold clus-
ters was the tetrachloroauric acid (HAuCly-3H20 99.9%,
Aldrich). Due to the hygroscopic nature, this compound
was stored in a dry-seal vacuum desiccator. Ethylene gly-
col (CaHgO2 99%, Aldrich) was employed both as solvent
and reducing agent of tetrachloroauric acid. Poly(N-vinyl
pyrrolidone) (PVP, Aldrich, M,, = 10,000 a.m.u.), pre-
viously dried in oven at 40 °C for two hours, was the
protective agent. Au-PVP samples were separated and
washed by acetone (C3HgO 99.9%, Aldrich). All reagents
were used without further purification.

The method for gold clusters preparation involved the
mixing under stirring of two different solutions. In par-
ticular, the first of these two solutions was obtained by
dissolving 5 g of poly(N-vinyl pyrrolidone) into 15 g of
ethylene glycol. In order to obtain reproducible results
this solution had to be aged for at least 48 hours at room
temperature [13,14]. The second solution was freshly pre-
pared by dissolving 12.5 mg of tetrachloroauric acid into
6 ml of ethylene glycol at room temperature. These solu-
tions were mixed and the reaction was isothermally carried
out.

The reaction progress was monitored by off-line and
on-line techniques using TEM and UV-Visible spec-
troscopy respectively.
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Fig. 1. XRD of PVP-embedded gold nanoparticles (T =
80 °C, t = 65 s). The Bragg peaks of fcc gold are labeled.
The bottom of the figure displays the residual of a fit based on
the Rietveld method.

In order to stop the reaction and to separate nanopar-
ticles, for X-ray diffraction and TEM characterization, the
reactive mixture was cast into a large amount of acetone
(250 ml) and the system was sonicated for several minutes.
Au-PVP nanocomposite system was achieved after floccu-
lation. The product was washed several times with acetone
and then dried at room temperature under vacuum.

For UV-Visible characterization, the above mentioned
procedure was not required. In fact, the reaction devel-
opment was entirely monitored, in real-time, by using a
spectrophotometer and a computer for spectroscopic data
recording.

Morphological and structural characterization was ob-
tained by X-ray diffraction (XRD) and TEM analy-
sis. XRD measurements were performed with a Rigaku
DMAX-IIIC goniometer using Cu-K, radiation (A =
0.154056 nm) and a pyrolytic graphite monochromator in
the diffracted beam. The goniometer operate in the stan-
dard Bragg-Brentano /20 parafocusing geometry.

The XRD profile for the synthesized nanocomposite is
reported in Figure 1. The typical pattern of face centered
cubic (fec) gold lattice is superposed to the background
signal of the amorphous PVP matrix. The obtained lat-
tice parameter of 4.077(2) A is in good agreement with the
value 4.079 A reported in the literature (Power Diffraction
Data, 4-784) within the limit of the experimental error.
This result shows that the nanoparticles were not sub-
jected to a net dilatation or contraction, that might result
for instance from size effects or interstitial impurities. The
average crystallite size derived from peak broadening anal-
ysis was found to be 74 1 nm, quite close to the diameter
of the same nanoparticle sample derived by TEM micro-
graphs as discussed below. This result indicates that most
nanoparticles are single-crystals.

TEM micrographs were obtained by a Philips EM208S
microscope equipped by a MegaView Camera for digi-
tal imaging, using an accelerating voltage of 100 kV. In
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Fig. 2. (a) TEM-micrograph and (b) histogram of PVP-
embedded gold nanoparticles obtained at temperature of 80 °C
and reaction time of 65 seconds.

the TEM sample preparation Au-clusters/PVP nanocom-
posites were dissolved in ethanol and the solution cast
on graphitized Formovar film supported on copper mesh
grids. Digital TEM micrographs have been processed by
an image analysis software (Sigma Scan Pro 5) in order to
evaluate the particle size distribution. Micrograph analysis
were carried out on samples obtained at a reaction tem-
perature of 80 °C % 0.1 °C for increasing reaction times:
37, 50, 65, 80, 100 seconds. Aggregated systems were not
present, while the shape was found to be almost spherical,
and the size distribution was very broad. A typical TEM
micrograph for the Au-clusters/PVP sample (at reaction
time of 65 seconds) and the corresponding histogram dis-
tribution are shown in Figure 2. Table 1 provides size dis-
tribution parameters.

Table 1. Size distribution parameters for different samples
from TEM analysis.

Sampling time (D) [nm] ogr[nm]
37 s 3.6 1.3
50 s 5.9 0.9
65 s 6.7 0.8
80 s 7.7 0.9
100 s 11.8 1.7

The formation-growth of gold clusters was monitored
by UV-Visible spectroscopy, looking at the very intensive
surface plasmon absorption resonance which characterized
the nanosized gold particles [15,16].

Absorption spectra were obtained at regular time
intervals by wusing an UV-Visible spectrophotome-
ter (HP-8453 UV-Vis spectrophotometer), which was
equipped with a Peltier apparatus to control the reaction
temperature (0 to 100 °C with an accuracy of £0.1 °C),
in addition the system employed a magnetic stirrer.

Absorption spectra were monitored and recorded on a
personal computer connected to the spectrophotometer.

Since the reaction rate increases with increasing tem-
perature, shorter sampling times were required at higher
temperatures; for example at 25 °C the sampling time
was 120 s, whereas at 100 °C it was only 0.5 s. Typical
UV-Visible spectra obtained at 80 °C and at two reaction
times, namely 37 s and 65 s, are shown in Figures 3a, b
respectively.

The behaviour of recorded UV-visible spectra is pro-
duced by three main factors: (i) the absorption produced
by the Au* ions, (ii) the 5d — 6sp interband transi-
tion of gold clusters, and (iii) the surface plasmon ab-
sorption band of gold clusters. Three Lorentzian functions
corresponding to the mentioned contributions were used
for peak deconvolution. They are visible in Figures 3a, b
at two different reaction times (37 s and 65 s), while
the continuous line represents convolution function. The
negative peak which corresponds to the reduction of the
Au?t jons during the reaction, becomes much less evi-
dent when the other two contributions are predominant.
Such a behaviour is in agreement with leaching of yel-
low colour of gold ion solution visible at reaction begin-
ning. Lorentzian deconvolution of the spectral data allows
for accurate determination of the physical characteristics
of plasmon peak, i.e. the maximum wavelength, the full
width at half maximum (FWHM), the integral area under
the absorbance curve, etc. Such deconvolution gives only
approximate results since susceptibility (and not absorp-
tion constants) are additives.

In the following section the way to measure from op-
tical data is discussed in addition to hypothesis on the
cluster grow mechanism.
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Fig. 3. UV-visible spectrum of a gold mixture corresponding
to a reaction time of (a): 37 s and (b): 65 s. Curves repre-
sent the deconvolution results obtained form the experimental
absorbance: dash, dot, and dash-dot lines correspond to ef-
fects (i), (ii), (iii) as described in the text. The solid line is the
sum of dashed curves.

3 Results and discussion

The analysis of the plasmon absorption peak provides in-
formation on the size of the growing nanoparticles. Well-
established theoretical models [17] allows to correlate the
optical absorption spectra both to the morphological and
topological structure of nano-particle systems dispersed
into a homogeneous dielectric medium. Peak position,
shape, FWHM, maximum value of the absorption spec-
trum are related to the shape, diameter and composition
of clusters system. In the investigated samples, analysis
of the plasmon peak resonance, performed through a de-
convolution of the absorbance spectra, suggests that gold
particles are mainly spherical in shape, and contact-free.
The particle formation-growth mechanisms can be estab-
lished too. Indeed, the theory [17] predicts that the opti-
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Fig. 4. Time dependence of the cubic root of the absorbance
at different reaction temperatures.

cal absorption A is dependent on the number N and the
size R of the cluster, and this dependence is governed by
simple scaling law, A o« NR?, where N and R change
continuously during the reaction time. Nucleation process
increases the number N and different particle size growth
mechanisms affects differently the size R of the gold clus-
ter. Therefore, the behaviour of the cubic root of the mea-
sured absorbance vs. the reaction time ¢ can be considered
a finger print of the dominant mechanism contributing to
the particle growth [18].

A quantitative analysis of optical spectra in terms of
cluster dimension can be performed under the hypothesis
that the number N of the clusters in the solution does
not change during the reaction. This happens when the
nucleation rate is high enough that the nucleation stage
and the growth stage are separated. In other words, in
this condition all cluster nuclei can be assumed to be gen-
erated at same time with a subsequent common growth
stage. If the temperature is high enough, the produced
clusters have approximately the same dimensions, that is,
the sample is monodispersed [18,19].

In these conditions the cubic root of absorbance vs.
reaction time can be directly related to the size increase
of clusters. Two different kinetic mechanisms of parti-
cle growth-rate come into play: diffusion-controlled and
deposition-controlled. The predominant kinetic effects de-
pends essentially on which of these two mechanism is the
slowest one. Under diffusion-controlled kinetic, the tem-
poral evolution of growth rate of the cluster radius scales
as v/, the square root of the reaction time, whereas, in the
case of a deposition-controlled kinetics is linear in ¢ [18].
Data shown in Figure 4 clearly suggest that the predom-
inant mechanism is the deposition-controlled at reaction
temperatures higher than 70 °C. The line between the
experimental data points is a guide for the eye.

At temperatures below 70 °C a s-shaped curve be-
haviour of the cubic root of the absorbance vs. time curves
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Fig. 5. Nanoparticles averaged diameter as measured by TEM
vs. reaction time for a sample obtained at temperature T =
80 °C.

Table 2. UV absorption data.

Sampling fAwepr  I'p1 Ao I
time [eV] [eV] [eV] [eV]
37 s 231 056 298 1.00
50 s 232 045 3.03 1.62
65 s 232 044 328 205
80 s 233 041 3.15 1.45

can be clearly discerned from the experimental data. This
behaviour can be related to a continuous formation of new
nuclei during the reaction [20]. In this condition the cu-
bic root of absorbance cannot be directly related to the
size of the clusters, and hence it is possible to ascertain
which kinetic growth mechanism is now predominant. The
crossover temperature between these two regimes depends
on the initial gold precursor concentration. At lower con-
centrations of gold ions, the reaction rate is slower and the
formation and growth of the clusters is very easy in this
condition.

On the other hand, TEM analyses demonstrated that
the average size of nanoparticles grows linearly with
the reaction time (see Fig. 5). This behaviour is also
a fingerprint of the surface-deposition controlled kinetic
mechanism.

Similar behaviours have been also reported for gold
cluster formation in formaldehyde-based systems [21].

Table 2 summarizes the main physical characteristics
of the UV spectra in terms of plasmon energy (fuwp),
plasmon halfwidth (I’p)), interband energy peak (fwi,),
interband transition halfwidth (I3,). The relationship be-
tween the plasmon peak characteristics and the effective
nanoparticle size, as measured by TEM micrographs, can
be used for an on-line control of the average nanopar-
ticle radius. In particular, the linear dependence of the
I'p) as a function of the inverse of the average parti-
cle size R, as shown in Figure 6, is in agreement with
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Fig. 6. Halfwidth of the plasmon peak (I'p1) as a function of
the inverse of the average particle size.
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that expected from theory [17]. The value of the slope
in the Iy vs. 1/R curve is 1 x 1072 eVm, and it is in
quite good agreement with the theoretical value obtained
by Mie theory in the case of spherical gold nanoparticles,
i.e. hupg(v) = 3.033 x 1079 eVm, where % is the Planck
constant, vp(Au) = 1.04 x 10° ms™! the Fermi velocity,
and g(v) = 4.419, where v = hwp/Er(Au) = 0.422 is a
function defined in reference [22].

The intersection of the I}-curve with the ordinate,
by extrapolating down to the limit 1/R — 0, gives a size
independent contribution of about 0.27 eV. Neglecting ra-
diation damping, this value is related to I}, and hence it
is expected to be larger in the case of gold nanoparticles
with respect the case of Ag clusters, because of a stronger
contribution from interband transitions in Au nanoparti-
cles [23]. On the other hand, no appreciable dependence on
the particle radius R is observed for the measured energies
of the plasmon peak as shown in Table 2. This analysis
demonstrates the possibility that an in situ spectroscopy-
based approach, which measures the plasmon peak and
its halfwidth, can be efficiently employed both for moni-
toring and controlling the nanoparticle size growth during
the chemical synthesis.

Conclusions

The size control of metal nanoparticles constitutes a cru-
cial aspect of the synthesis process, since little changes of
the particle diameter may led to dramatic changes both
in the physical and chemical properties. In the case of
nano-sized metals characterized by surface plasmon ab-
sorption, optical spectroscopy represents a valid approach
for the in situ on-line size monitoring. By applying this
technique to gold nanoparticles prepared by alcoholic re-
duction of Au(III) ions in presence of a polymeric stabi-
lizer, UV absorption spectra recorded during the reaction
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at temperatures where the growth is deposition-controlled,
have been correlated to off-line TEM photographs. This
analysis has confirmed the assumption that the growth
mechanism (deposition-controlled mechanism) shows the
same linear dependence in both cubic root absorbance and
average particle radius vs. reaction time. Moreover, the
complete agreement between the plasmon halfwidth as a
function of the inverse of the particle radius further con-
firms the relation between the optical in situ data and the
particle size determined by TEM. This method allows to
measure indirectly in real-time the size of the nanopar-
ticles during their growth without the need to stop the
reaction. In addition, this approach allows for fast and ac-
curate identification of nanometric solid-phase formation
and sizing. The short sampling times possible with the
spectrophotometer approach allows to study the mecha-
nism of fast reactions for the cluster formation.

We would like to tank G. Cafiero and the staff of C.I.S.M.E of
the University of Naples “Federico II” for their assistance in
TEM analysis.
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