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Kinetics of silver nanoparticle growth
in aqueous polymer solutions

Abstract Silver nanoparticles were
prepared in aqueous AgNOj; solu-
tion by using hydroquinone and
sodium citrate as reducing agents
with neutral polymers poly(vinyl-
pyrrolidone) and poly(vinyl alco-
hol) as stabilizers. The rate of
particle formation was determined
with a diode array UV-Vis spec-
trophotometer. The effects of the
polymer concentration on the
reaction rate, the size, and the size
distribution of the particles formed
were studied by transmission elec-
tron microscopy. Both the reaction
rate and the size of silver nano-
particles decreased with increasing
polymer concentration in the range
0.07-0.50 w/v%.
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Introduction

The preparation of noble metal nanoparticles has been
the subject of numerous publications. The particles were
mainly generated by reduction and stabilized by various
methods [1, 2, 3, 4, 5, 6, 7, 8]. Further publications
describe the combination of noble metal nanoparticles
with supports and the binding of the particles to the
surfaces [9, 10, 11]. The literature describing the prepa-
ration of silver nanoparticles is especially broad, since
classical colloid methods [12, 13] are combined with
modern nanotechnology leading to many procedures for
particle preparation, control of particle size, and surface
modification [14, 15, 16, 17, 18].

When, for instance, Na-oleate is used as stabilizer [19]
the surfactants are adsorbed on the surface of Ag

nanoparticles and form a protective surfactant layer.
Hydrophilic polymers are excellent stabilizers for Pd
nanoparticles when the palladium ions are reduced by
hydrazine or NaBH4 at room temperature [20]. Neutral
polymers, such as poly(vinylpyrrolidone) (PVP) and
poly(vinyl alcohol) (PVA), protect the particles by steric
stabilization, thereby preventing their aggregation [17,
21]. Henglein used various polymers for stabilizing Ag
nanoparticles [16]. The narrowest size distribution and
the best optical characteristics were obtained with
poly(ethylene imine) as stabilizer.

Huang et al. [21] showed by XPS measurements that
the carbonyl group of PVP plays a role in the photo-
chemical reduction of Ag™ ions. When the PVP con-
centration was increased, the rate of reduction increased.
Mayer et al. [22] stabilized Ag particles by cationic
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Fig. 1a Evolution of UV-Vis spectra during the formation of Ag
nanoparticles stabilized in 0.7 g L™ PVA solution. The spectra
were recorded every minute. b UV-Vis spectra of Ag nanoparticles
stabilized at different PVA concentrations after 30 min reaction
time

polyelectrolytes. They studied the effect of silver pre-
cursors formed in the course of the procedure (e.g., AgCl
and Ag,0O) on the shape of Ag nanoparticles. Kim et al.
[23] chose various silver salts as starting material and
examined the effect of the chemical quality of the initial
precursor on the rate of metal nanoparticle formation.
They found that in the presence of AgBF,4, AgPF¢, and
AgClO, the initial fast reaction rate was reduced after
about 10 min, whereas in the case of AgNOs;, the reac-
tion rate was slower but constant. They assumed that the
difference is the result of strong interactions between
silver and nitrate ions. Kéki et al. used dendrimers for
the stabilization of silver particles [24], a method
allowing the preparation of particles with an extremely
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narrow size distribution. The particle size was controlled
by the functional group and dendrimer size.

The kinetics of particle growth, with special regard to
the effect of the chemical structure and the concentration
of the polymer stabilizers, is rarely discussed in the lit-
erature. Our aim was to control the growth of Ag
nanoparticles and to determine the kinetic constants of
the process from UV-Vis absorption spectroscopic
experiments.

Materials and methods

Materials used for the preparation of silver sols were
AgNO; (Reanal, 99.9%), sodium citrate dihydrate (Al-
drich, 99+ %), hydroquinone (Aldrich, 99%), poly(vi-
nylpyrrolidone) (Fluka, My, =40,000), and poly(vinyl
alcohol) (Reanal, M, =72,000).

The reduction of sols was monitored by UV-Vis
spectrophotometry (Ocean Optics Chem2000-UV-VIS
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Fig. 2 UV-Vis spectra of Ag nanoparticles stabilized at different
PVP concentrations after 30 min reaction time

spectrophotometer) at wavelengths (1) of 200-800 nm.
Metallic silver has a characteristic absorbance maxi-
mum at about 420 nm [16]. The first stage of sol for-
mation was monitored by filling the solution without
the reducing agent in a l-cm cuvette (total volume
2.8 cm’; 1.2 cm® of 10 mM Na-citrate solution and
0.4 cm® of 10 mM AgNOssolution, and the polymer
concentration was 0.7-5 g L™!). The absorbance spec-
trum was recorded every minute over 40 min, starting
at the moment of the addition of the reducing agent
(0.2 cm® of 1 mM hydroquinone). In the course of the
reduction, the reaction mixture was stirred with a
micromagnetic stirrer.

Transmission electron micrographs (TEMs) were
recorded with a Philips CM-10 transmission electron
microscope with an accelerating voltage of 100 kV.

without polymer
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The microscope was equipped with a Megaview 1l
digital camera. The size distribution of the particles
was determined by using UTHSCSA Image Tool 2.00
software.

Results and discussion

The reduction of Ag' ions was studied in aqueous
medium without polymers and in systems containing
PVA. The absorbance spectra of the Ag sol stabilized
with 0.7 g L™' PVA solution recorded every minute over
20 min is shown in Fig. la. The shape of the spectra
gives preliminary information about the size and the size
distribution of the silver particles [25]. The initial rate of
reduction was high, but particle formation slowed down
after a reaction time of about 20 min. At a PVA con-
centration of 0.7 g L~!, after 20 min, the absorbance
value at the wavelength of maximal absorbance
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Fig. 3 a Evolution of the absorbance at =422 nm, Ag nanopar-
ticles stabilized at various PVA concentrations. b Evolution of the
absorbance at /=422 nm, Ag nanoparticles stabilized at various
PVP concentrations

exceeded 1.6. At higher polymer concentrations (e.g., in
the silver sol containing 3 g L™ polymer), the absor-
bance was about 1.5 at the same reaction time; thus, in
the sol containing less stabilizer, more Ag” ions were
reduced within the same time period. The polymer
chains surrounding the Ag™ and Ag® particles sterically
inhibit particle nucleation and growth. The wavelength
of maximal absorbance by silver (1=410-420 nm) was
not changed significantly in the course of reduction. The
nanosol containing 0.7 g L™ polymer had the highest
absorbance (1.7), a value slightly exceeding that of the
polymer-free sol (Fig. 1b). The absorbance peak of the
sol containing 3 g L' polymer was unsymmetrical: a
shoulder at longer wavelengths indicates the presence of
aggregated particles [21].
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The absorbance spectra of Ag nanosols containing
PVP as stabilizer (Fig. 2) revealed that increasing con-
centration of this polymer had a more marked negative
effect on the formation rate of Ag particles than had
PVA. Increasing the PVP concentration decreased the
rate of particle formation. At reaction times exceeding

Table 1 The average particle size and the apparent rate constant of
Agnanoparticle formation at different polymer concentration

Polymer Concentration d k
(gL™ (nm) (min™")
- 0 9.3 0.284
PVA 0.7 54 0.192
1.9 2.9 0.189
3 8.4 0.189
5 2.7 0.128
PVP 0.7 3.5 0.147
1.9 2.9 0.147
3 2.7 0.090
5 5.0 0.022
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Fig. 4 UV-Vis spectra of Ag nanoparticles without polymer
stabilizer. The spectra were recorded every day. Inset shows the
normalized wavelengths

30 min, however, there were no longer significant dif-
ferences between maximal absorbance values. At PVP
concentrations of 1.9 and 5 gL' the spectra were
unsymmetrical. Again, shoulders indicated the presence
of larger aggregates of particles.

The rate of Ag™ reduction was measured by deter-
mining the time dependence of absorbance at various
concentrations (Fig. 3). Evidently new particles were not
formed after the first 20 min of the reaction: the process
of nucleation may be regarded as finished, since the
absorbance remained nearly constant. The rate of
nucleation decreased as a result of the addition of the
polymer, because the polymer chains present in the
solution interfere with particle formation.

PVA-containing Ag sols were formed faster than in
the presence of PVP. For example, particle formation
was finished in about 16 min at the highest amount of
PVA, but needed about 26 min in the presence of PVP.
Particle formation seems to be more sterically hindered
by pyrrolidone than by vinyl alcohol.

In order to study the rate of the Ag”™ reduction,
straight lines were fitted to the initial sections of the
kinetic curves. The apparent rate values calculated from
the slopes of the straight lines (AA4/A¢) are listed in Ta-
ble 1. Obviously, relatively high concentrations of ste-
rically stabilizing polymers decreased the rate of
nucleation.

The absorbance spectra of sols prepared without
stabilizers were recorded daily (Fig. 4). The absorbance
increased with time, and the wavelength at maximum
absorbance gradually shifted towards higher values.
Wavelengths at maximum absorbance were normalized
by the following relationship: Ady.x/Amaxo =f(f), Where
Amaxo 18 the wavelength of maximal absorbance of the
spectra recorded after 40 min and Al 1s the wave-
length shift relative to this value. The shift towards
longer wavelengths indicates increasing particle size (i.e.,
aggregation). Average particle sizes based on electron
micrographs are listed in Table 1. In the absence of
polymer stabilization, aggregated particles with an
average diameter of 9.3 nm were observed (Fig. 5). The
sol was quite polydisperse. In the presence of stabilizers,
the particle size decreased and the size distribution be-
came more monodisperse. As the polymer concentration
was increased, the size of Ag particles decreased, al-
though aggregated particles were also observed at
3g L' PVA and 5 g L' PVP, so that higher average
particle sizes (8.4 and 5.0 nm) were observed. This
aggregation was also indicated by the absorbance spec-
tra. On transmission electron micrographs of sols sta-
bilized by PVA, polymer chains were clearly seen to line
up 5-20 Ag particles per chain. At higher polymer
concentrations the number of Ag particles per chain was
still higher.

Conclusions

The formation and the stability of silver nanoparticles
were studied in the presence of two stabilizers, namely,
PVP and PVA. Reduction of silver ions was monitored
by recording the UV-Vis absorbance spectrum over
40 min. The absorbance—time functions allow an easy
overview of the formation, stability, and aggregation of
Ag nanoparticles.

The size and the size distribution of the particles
formed were determined by electron microscopy. In
agreement with the spectrophotometric studies, higher
polymer concentrations led to smaller particle sizes. The
average particle size was similar in the case of both
polymers.

Comparison of the stabilizing effects of the two
neutral polymers reveals that PVP polymer chains pro-
vide a more effective steric stabilization and reduced the
growth rate of the Ag nanoparticles.
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Fig. 5a—c Transmission electron micrograph and particle size
distribution of Ag nanoparticles stabilized without polymer (a)
and stabilized by 5 g L"'PVA (b) and 3 g L"'PVP (¢)
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