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a b s t r a c t

The present work describes a method for preparation of Ag nanoparticles from chemical reduction of
AgNO3 in ethanol with ATS [N-[3-(trimethoxysilyl)propyl] diethylenetriamine] as surface modifier. We
study the influence of different parameters such as concentration, time, temperature and reductor agents
on the size and shape of the nanoparticles. We present the morphologic and structural characterization of
eywords:
anostructures
hemical synthesis
ptical properties

samples by UV–vis extinction spectroscopy, Atomic Force Microscopy (AFM) and X-ray diffraction (XRD).
Particularly, using optical extinction spectroscopy, the present work shows the analysis of size evolution

in the fabrication process of spherical silver nanoparticles. This evolution is studied as a function of the
time elapsed between the beginning of the reaction and the extraction of the sample (temporal delayed
synthesis), and as a function of the temperature during the chemical reaction. In both the cases, we propose
the study of the plasmon width as a useful, simple and inexpensive method for analysis of the mean radius,
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specially, for values below

. Introduction

Nanotechnology has been the subject of increased interest in
he last years due to the optic, magnetic, electric and catalytic
roperties that present the metallic nanoparticles involved in
he development of different nanodevices. Applications of these
evices are diverse, and, in all cases, fabrication processes of
anoparticles are a matter of study [1]. In particular, there is a
emarkable interest to produce silver nanoparticles dispersions
t large scale. Several methods have been reported for metallic
anoparticles synthesis, including Ag ions chemical reduction in
queous solutions with or without stabilizing agents [2–5], thermal
ecomposition in organic solvents [6], chemical and photo reduc-
ion in reverse micelles [7,8], “nanosphere lithography” (NSL) [5],
adiation chemical reduction [9] and microwave assisted [10], with
ypical advantages and disadvantages in each case. Most of the pro-
edures previously described, yield stable silver dispersions only at

elatively low concentrations of metal. Hence, they are not suitable
or large-scale manufacturing.

The present work describes a simple method to produce Ag
anoparticles in continuous media at low cost. Silver nanoparticles

∗ Corresponding author.
E-mail addresses: vroldan@fceia.unr.edu.ar (M.V. Roldán),

ellegri@fceia.unr.edu.ar (N. Pellegri).
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re obtained from AgNO3 chemical reduction in ethanol, using an
minosilane as catalyst and colloidal suspension stabilizer. In previ-
us works [11] this reaction was attained employing aminosilanes
ith different amine groups in alcoholic solution in order to achieve
anoparticles isolation and stable colloidal suspension to control
ize. These compounds were used in different AgNO3:aminosilane
atios (w/w). Besides, aminosilanes work as surface modifiers that
void particle agglomeration, and their action allows future manip-
lation of nanoparticles. The optimal behaviour was found for the
TS aminosilane with a AgNO3:aminosilane ratio of 1:3–5.

Besides describing the chemical production technique, this work
resents a method to determine the core mean radius of the pro-
uced nanoparticles using optical extinction spectroscopy. The
pectra are interpreted in terms of Mie’s Theory using a model for
he optical properties of silver nanoparticles that takes into account
modification of the dielectric function due to size effect [12,13].

. Experimental

This work presents a method for preparation Ag nanoparticles from chemi-
al reduction with alcohols. In a typical synthesis procedure, a solution around
.008 M of AgNO3 in different solvents and separately a solution of N-[3-

trimethoxysilyl)propyl] diethylenetriamine, Aldrich Tech (hereafter ATS) in ethanol
nder N2 atmosphere are prepared. Subsequently, both solutions are mixed in equal
uantities and a reflux with N2 atmosphere at different temperatures (30–60 ◦C) is
erformed under vigorous stirring. A yellow-like stable solution was obtained and
he Ag nanoparticles covered with ATS in ethanolic solution were stored in amber
asks.

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:vroldan@fceia.unr.edu.ar
mailto:pellegri@fceia.unr.edu.ar
dx.doi.org/10.1016/j.matchemphys.2008.06.057
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on the core radius in this range. Since calculated extinction spectra
for uncoated Ag Nps peak at 400 nm, it was necessary to consider
that the ATS shell thickness is responsible for the red shift of the
plasmon peak from 400 to 413 nm.
M.V. Roldán et al. / Materials Chem

There are two methods of preparation of the samples: one, where the silver
anoparticles are reduced in ethanol (method I), and other, where the particles are
educed in methanol–acetone and redispersed in ethanol (method II).

The evolution of the solutions (progress of reduction reaction and size behaviour
f silver nanoparticles) was analyzed by UV–vis extinction spectroscopy as a
unction of elapsed time, temperature, concentration and solvent employed. The
bsorption bands corresponding with the surface plasmons and bands of interme-
iate complex were studied during the nanoparticles formation [14], such as the
bsorption by complexes of Ag+ and the Ag2+ intermediate reduced species or by
mall clusters of Ag0 atoms. A spectrophotometer JASCO Model V-530 was employed
o make UV–vis extinction spectra. These results are interpreted by a theoretical

odel based on size effects that modify optical properties of silver nanoparticles,
specially for radii below 11 nm.

The morphologic characteristics of the nanoparticles obtained were investigated
ith AFM images. Samples were prepared by dropping a dispersion of the particles

n a pristine HOPG substrate. The solvent evaporates naturally in air atmosphere
nd then the AFM measurements are taken. The AFM images were obtained in air at
oom temperature using a NanoTec electronica equipment with tapping mode con-
guration. A SiN tip supported by a silicon cantilever (0.76 N m−1 spring constant and
1 kHz resonance frequency) was used. Also, to compare and complete the results
btained from AFM analysis, Transmition Electron Microscopy (TEM) studies were
ade over samples prepared similarly to those for AFM, but over a TEM grid.

The crystalline structure of the nanoparticles was analyzed by X-ray diffraction
echnique with a Philips X-Pert Pro diffractometer using Cu K� radiation (1.5405 Å)
nd a graphite monochromator (the step size being of 2� = 0.02◦ and a 10 s time per
tep). The samples were prepared by depositing several drops of Ag nanoparticles
uspension over a Si wafer and waiting for solvent evaporation. The difractometer
as used with a grazing incidence configuration (GIXRD) using an angle of 0.5◦ or

◦ .

. Extinction spectra interpretation

The optical properties of materials are described by the complex
ielectric function, ε = ε′ + iε′′ which, in turn, can be written as two
dditives terms:

bulk(ω) = εbound-electron(ω) + εfree-electron(ω) (1)

here

free-electron(ω) = 1 − ω2
p

ω2 + i�bulkω
(2)

s the complex dielectric function for free electrons, ωp is the bulk
lasma frequency and �bulk is the damping constant in the Drude
odel. Values for ωp = 1.38 × 1016 s−1 and �bulk = 2.7 × 1013 s−1

ere taken from reference [15].
As was mentioned in previous works [12,13] concerning small

articles (r < mean free path of conduction electrons in the bulk
etal), the damping is strongly affected by size because the mean

ree path of the conduction electrons is dominated by collisions
ith the particle boundary, so it can be written as:

(r) = �bulk + C
vF

r
(3)

here vF is the electron velocity at the Fermi surface, and r is the
adius of the particle. The value vF = 14.1 × 1014 nm s−1 was used
16]. C is a constant that includes details of the scattering processes.
ts value can be determined from AFM measurement results as will
e explained later. The C value ranges between 0.75 (for diffuse
cattering) and 1 (for isotropic electron scattering). Thus, taking
nto account the dependence described by Eq. (3), the real and the
maginary part of the free electron contribution to the dielectric
unction for a particle of radius r can be written as:

′
size,free-electron(ω, r) = 1 − ω2

p

ω2 + �2(r)
(4)
′′
size,free-electron(ω, r) = �(r)ω2

p

(ω2 + �2(r))ω
(5)

The size dependent dielectric function introduced in Eqs. (4) and
5) produces varied optical effects in the optical extinction spectra

F
t
e
s

ig. 1. Theoretical extinction spectra for silver nanoparticles capped with ATS stabi-
ization agent immersed in ethanol, for radius lower than 11 nm, considering C = 0.8.

nd consequently, in the plasmon width (FWHM), that allows to
haracterize the core radius of the nanoparticles.

To calculate optical extinction spectra as a function of core
adius for coated silver nanoparticles, we have considered r1 = rcore

nd r2 = r(core+coating) to distinguish the silver central core and the
ladding with ATS stabilization agent. We have considered ethanol
or the surrounding media.

Fig. 1 shows theoretical extinction curves obtained by Mie’s
heory for r1 < 11 nm and for a fixed coating thickness. The size
ependent n and k values were calculated for Eqs. (4) and (5)
onsidering C = 0.8 in Eq. (3) (see below). It can be seen that theo-
etically calculated plasmon peak position appears at 413 nm for a
hell of 3.1 nm, and it can also be seen that it is weakly dependent
ig. 2. Plasmon width FWHM (nm) as a function of radius of silver core nanopar-
icles. Squares are theoretical calculations considering C = 0.8 and grey circles are
xperimental values of plasmon width obtained by spectral extinction vs AFM mea-
ured radius. Errors bars correspond to AFM.
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ig. 3. Optical extinction spectra of silver capped nanoparticles for increasing sam-
le extraction times starting from the beginning of the reaction.

Theoretical calculations show that the maximum shifts to larger
avelengths as the thickness increases. This resonance maximum

ends to a stationary value for a thickness larger than 200% of core
adius. For the case of 1 nm radius core silver particle, the con-
idered thickness behaves almost equivalently to the surrounding
edium.
It can be observed that the FWHM of the plasmon resonance

alculated from spectral extinction, changes noticeably with the
adius. This fact turns out to be useful to determine size of nanopar-
icles. The different C values generate a family of curves as a function
f radius. In this sense, it is necessary to determine previously
he C value using another experimental technique, as for exam-
le, microscopy. Fig. 2 shows the calculated FWHM as a function
f core radius for C = 0.8. The white squares represent theoreti-
al results. The grey circles represent three experimental values
f plasmon width obtained from spectral extinction for different
adii measured by AFM, since the described method only allows
he fabrication of small Ag nanoparticles, typically less than 3 nm.
olid line shows the best fit of theoretical points. Notice that the
hree experimental circles lay in the steepest part of the graph and

re fitted by the same curve.

It can be observed that while the plasmon width is approx-
mately 140 nm for a spherical nanoparticle of 1 nm silver core
adius, the value of the plasmon width decreases approximately
o 47 nm for an 11 nm silver core radius. This dependence may

ig. 4. Experimental UV–vis extinction spectra of ATS capped silver nanoparticles
t different temperatures.

e
c
s
c

F
m

ig. 5. Evolution of the UV–vis extinction spectra as a function of the elapsed time
f the reaction: (a) for a diluted reaction medium (AgNO3 = 2.5 mM, ATS = 8 mM) and
b) for a concentrated medium(AgNO3 = 8 mM, ATS = 26 mM).

e used as a calibration curve to characterize nanoparticles
ize.

In this sense, the analysis of plasmon width corresponding to
xperimental optical extinction and its comparison with theoreti-

al curve shown in Fig. 2 can be used to determine radius of capped
ilver nanoparticles for values lower than 11 nm, and more specifi-
ally, for radius lower than 6 nm.

ig. 6. UV–vis extinction spectra for different elapsed times, corresponding to
ethod II.
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reaction time), but the efficiency was poor, on comparing the peaks
Fig. 7. X-ray difractogram corresponding to a sample prepared by method I.

. Results

Using a simple technique of reduction in alcohol, yellow-like
olloidal dispersions were obtained. The color is a consequence of
he presence of fewnanometers radius Ag nanospheres, as will be
hown later by microscopy images and theoretical calculations.

The evolution of nanoparticles formation was studied by UV–vis
xtinction spectroscopy. It is well known that for monodispersed
pherical nanoparticles, only one plasmon band is obtained and
he increase of its intensity is an indication of the reaction advance
egree (Ag+ to Ag0 reduction) with the subsequent increment in
he number of particles production.

We study the influence of different parameters such as reac-
ion time, temperature, concentration and reductor agents in the
abrication process. On the other hand, we present results of size
istribution by microscopy analysis, by X-ray diffraction (XRD) and
nally, using optical extinction spectroscopy we determine the size

istribution of nanoparticles for different times and temperatures.

To study the influence of the reaction time we follow the UV–vis
xtinction spectra of the reaction medium at different extraction
imes. Fig. 3 shows extinction spectra taken at several extrac-

i

0
u

Fig. 8. (a) AFM image corresponding to silver nanoparticles red
and Physics 112 (2008) 984–990 987

ion times. It can be observed that nanoparticle formation begins
t 30 min after reaction, suggested by the presence of a weak
pectrum maximum around 424 nm. Besides, different plasmon
idths (FWHM) for different extraction times are observed. The

eaction reaches stabilization around 4 h, when the extinction spec-
ra remain invariant with a peak near 413–416 nm. Samples were
btained from AgNO3 at 4 × 10−3 M concentration and ATS surface
odifier at 0.0125 M concentration.
The study of the temperature dependence was made between

0 and 60 ◦C. For the lowest temperature the reaction is poorly effi-
ient, as shown in Fig. 4, where the surface plasmon band has very
ow intensity. For the highest temperatures (50 and 60 ◦C) the size
istribution grows as suggested by the widening of the absorption
and and a subsequent second peak appears for the highest tem-
erature. The spectrum for 60 ◦C could be assigned to a bimodal
istribution or non spherical shapes like rods, triangles, etc. How-
ver, by AFM analyses (not shown here) we only detected spherical
anoparticles with presence of large agglomerates together with
mall particles for the ones at 60 ◦C. On the other hand, there are
o clues or signs that the ATS could act as a non-spherical shape
romoter as other surface modifiers do. From the last results, the
0 ◦C production temperature was selected due to a good efficiency

n reasonable time, obtaining a good nanoparticle size distribu-
ion as we will show later. In all cases the initial concentration of
gNO3 in ethanol and the concentration of ATS remained constant.
ll samples were extracted 4 h after the beginning of the reaction.

In order to study the mixing concentration effect, a diluted and a
oncentrated media were analyzed maintaining the reactive ratio.
y UV–vis extinction spectroscopy, a peak at 433 nm (nanoparti-
les presence, see Fig. 5a) is observed in a more diluted reaction
edium than the concentration used for the experiment showed

n Fig. 3. The absorption band grows quickly during the first reaction
our, but with the progress of the reaction it decreases in intensity.
his behaviour indicates instability in particles production. When
he synthesis was developed in a more concentrated medium than
he conditions of Fig. 3 (Fig. 5b), stable nanoparticles suspension
ere obtained (the plasmon band grows continuously during the
ntensity of Figs. 5b and 3 for the same time.
The best results were obtained for AgNO3 0.004 M and ATS

.0125 M concentrations. The nanoparticles systems obtained
nder these conditions were stable, which ensure proper storage

uced in ethanol, method I and (b) histogram of image (a).
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Fig. 9. (a) AFM images for the method II, (b) histogram of image

nd handling for future uses in more complex systems like doped
norganic matrices [17–19].

In this preparation method, ethanol acts as solvent and as a
ild reducing agent simultaneously. On the other hand, the ATS

cts mainly as surface modifier, avoiding agglomeration of reduced
g0, coordinating with Ag+ ions adsorbed over the nanoparticles
urfaces through the amine groups. Previous works showed that
his interaction between ATS and nanoparticles acts as helping the

eaction in the reduction direction of the Ag nanoparticles [11].
oreover, other authors have used amines as reducing agents in

he formation of gold nanoparticles [20]. In this case the use of a
ompatible surface modifier with the sol–gel matrices through the
erminal silane groups of the ATS, keep all the nanoparticles unal-

able 1
xperimental plasmon width FWHM of extinction spectra corresponding to the
lapsed times of Fig. 3

lapsed time FWHM (nm)

0 min 142
h 101
h 85
h:30 min 83
h:45 min 83

i
t
r

o
s

T
E
e

T

3
4
5

c) TEM image for the method II and (d) histogram of image (c).

ered for further incorporation in optical coatings [17]. To study
he effect of the solvent over the reaction time and the stability of
he obtained product, a mix of acetone–methanol was employed.
s mentioned earlier, nanoparticles produced with ethanol corre-
pond to Method I and those produced with acetone–methanol,
o Method II. From the UV–vis extinction spectra analysis (Fig. 6),
pherical nanoparticles similar to those in ethanol were obtained,
ut with a narrow absorption band. This could be due to a decrease

n the number of active sites for the reduction that is favourable
o more soft and controllable reaction. The time to complete the

eaction was approximately 4 h, similar to the one in ethanol.

In order to study the crystallinity Fig. 7 shows the XRD spectra
f nanoparticles system prepared on Si wafer as a substrate. An FCC
tructure is revealed for the Ag0 particles with 2� values of 38.13

able 2
xperimental plasmon width FWHM of extinction spectra corresponding to differ-
nt temperatures of Fig. 4

emperature (◦C) FWHM (nm)

0 123
0 101
0 142
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Table 3
Core mean radius corresponding to different elapsed time from the analysis of the
experimental plasmon width

Elapsed time Calculated core mean radius (nm)

30 min 1.0 ± 0.6
2 h 1.5 ± 0.6
3
3
4
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a
a
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T

h 2.0 ± 0.6
h:30 min 2.1 ± 0.6
h:45 min 2.1 ± 0.6

nd 44.19◦, corresponding to the (1 1 1) and (2 0 0) crystalline planes
espectively. The broad nature of the XRD peaks could be attributed
o the nano-size of the particles [21]. The use of Scherrer analysis
22] of X-ray diffraction to calculate the nanoparticles size gives a

ean radius of 5.2 ± 1.2 nm. Later, we will discuss this result.
AFM images were taken in order to study the particles size

istribution. Fig. 8(a) shows the AFM image corresponding to a
ample prepared using method I described above. Fig. 8(b) cor-
esponds to the histogram showing a value of 2.6 nm ± 1.0 nm for
he mean radius. This value is overestimated due to the fact that
he AFM image includes the ATS capping layer, and the image was

ade taking into account the correction for the tip convolution
nd filters using WS&S software. For method II, similar AFM and
EM images with corresponding histograms were obtained. Fig. 9(a
nd b) shows an AFM image with a 2.5 nm ± 1.1 nm mean radius
istogram, while Fig. 9(c and d) corresponds to TEM image with
.9 ± 0.9 nm mean radius histogram. These results were used to
etermine the C value (C = 0.8) used for theoretical optical extinc-
ion calculations, a value close to that expected from the literature
15].

Finally, if we compare the mean size of the Ag nanoparticles
stimated by microscopic techniques and XRD, it seems that the
cherrer calculus overestimated the radius. This fact is due to the
act that the sample is polydisperse and the XRD is particularly
ensitive to the largest particles or crystallites [23]. Then, it is rea-
onable that the XRD results would be near the range end top of
he AFM size analysis (see Fig. 8b).

. Mean radius by optical extinction spectroscopy

Plasmon widths obtained from experimental extinction spectra
orresponding to different samples of capped silver nanoparticles
an be fitted by using plasmon widths of theoretical optical extinc-
ion curves, which depend on the radius. Theoretical extinction
pectra calculated from Mie’s theory are obtained for discrete wave-
ength values for which the silver refractive index is known from the
iterature [24]. The extinction spectra were calculated for different
ore mean radius (rcore), with 3.1 nm for the ATS cladding thick-
ess and a C value appropriately determined. Theoretical plasmon
idths taken from the calculated extinction spectra were compared
ith experimental plasmon widths obtained from extinction spec-

ra of different samples which were analyzed using AFM and TEM

icroscopy. The samples prepared by the two methods mentioned

bove were used to determine the value of C.
As can be observed in Fig. 2, the grey circles represent the

xperimental plasmon width (FWHM in nm) obtained by spectral

able 4
ore mean radius corresponding to temperature evolution from the analysis of the
xperimental plasmon width

emperature (◦C) Calculated core mean radius (nm)

0 1.1 ± 0.6
0 1.5 ± 0.6
0 <1 ± 0.6

n
a
d
I
u

A

A
w
P
T

and Physics 112 (2008) 984–990 989

xtinction as a function of the mean radius observed by AFM and
EM microscopy. The AFM images show nanoparticle morphology.
lthough in AFM images, particles seem to be very close to each
ther, they keep their morphology and individuality, and this is
learly observed in the spherical geometry of the particles. This
haracteristic is typical of different areas in the sample, with high
r low population density of nanoparticles.

From Fig. 3 that shows experimental optical extinction spectra
or different sample extraction times, different values of the plas-

on width for each case that are summarized in Table 1 can be
bserved.

Fig. 4 shows experimental optical extinction curves of ATS
apped silver nanoparticles at different fabrication temperatures.
nalysis of the plasmon width is given in Table 2.

As was mentioned above, the analysis of the experimental plas-
on width summarized in Tables 1 and 2, and its comparison with

heoretical calculation allows us to determine the core radius of
apped silver nanoparticles, in particular, below 6 nm. By using the
urve that fits the theoretical plasmon width calculated for different
ore radius showed in Fig. 2, and using the measured experimental
lasmon width from Tables 1 and 2, it is possible to calculate the
adii of the particles synthesized by the above mentioned methods.

e can summarize the results as follows in Tables 3 and 4.
The results shown in the 2nd column of Tables 3 and 4 are

n agreement with the expected results from the method used
or preparation samples, growing size with time and temperature.
evertheless, the small radius for 50 ◦C obtained from these calcu-

ations are not in agreement with the experience. We believe that
he use of this model is not applicable when the size distribution
s very wide or bimodal. The described fabrication methods yield
mall radius particles (around 2 nm).

Finally we can conclude that the application of extinction spec-
roscopy for size characterization of synthesis and evolution of
ilver nanoparticles, using particularly the study of the plasmon
idth is possible. This method offers complementary information
ith respect to other mentioned techniques, especially on line
onitoring capacity.

. Conclusions

Ag nanoparticles dispersions ranging between 2.1 and 1 nm
verage radius were obtained by chemical reduction of AgNO3 in
n aminosilane alcoholic solution. Colloidal solutions are stable
or long periods and ATS aminosilane acts as surface modifier and
atalytic reactor of Ag nanoparticles, inhibiting their growth and
voiding aggregation.

Optical extinction spectroscopy enabled size determination by
nalyzing the FWHM of the resonance plasmon peak as a function
f radius. FWHM as a function of radius can be calculated from Mie’s
heory by proper modification of the Drude damping constant.
he curve obtained in this way may be used to characterize silver
anoparticles size. This method constitutes an inexpensive, simple
nd very useful technique to size silver nanoparticles produced in
ifferent experimental conditions with a narrow size distribution.

t was possible to follow the evolution of the fabrication process
sing this method.
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