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Abstract

The measurement of optical extinction is used to determine the size of
nearly spherical gold nanoparticles suspended in solution, produced by a
‘reverse micelles® process. The contrast between the maximum and the
minimum in the extinction spectra around 450 and 520 nm shows a linear
dependence with the mean radius of the gold particles less than 3 nm;
however, the method can be used to size particles up to 7 nm. Experimental
results for extinction spectra can be fitted by Mie’s theory if the optical
constants from bulk material values are modified by introducing the
limitation of the mean free path due to collisions of conduction electrons

with the boundary of the nanoparticles.

1. Introduction

The determination of particle size in the micron and submicron
region has been a subject of increasing interest during
recent years. Among the diverse fields of applied sciences
that involve this subject, the studies of atmospheric and
combustion aerosols, the analysis of interstellar dust, and the
characterization of many biological, chemical and physical
systems of interest for industrial processes stand out. Materials
science is another field of interest where it is recognized that
many properties of materials are affected by the size and
characteristics of the particles within them. To understand
the influence of particles in nature or to control industrial
processes involving them it is essential to develop methods to
measure their size [1]. Many physical techniques are available,
but optical methods are often preferred because they can be
non-disturbing, the measurements can be made remotely, and
analysis can be very rapid. The optical methods include static
and dynamic dispersion,; lidar [2, 3]; counters, where the size is
correlated with the height of the pulse of light dispersed by the
particle; extinction spectrum; and many others. Among them,
the spectral extinction method is one of most used because it
requires a simple optical disposition like the slight adaptation
of a commercial spectrophotometer and it can work in an
extended interval of sizes.
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The spectral extinction method can be easily performed
for particles in diluted liquid suspensions. The knowledge
of the refractive index for both the particle material and the
solvent, as a function of the wavelength, is necessary. As
usual, experimental results are fitted by Mie calculations for
spherical particles. This method has proved to be very useful
for sizing particles in the submicron range, where it can
be compared with both transmission electronic microscopy
(TEM) and scanning electronic microscopy (SEM) [4]. To
deal with the distribution of radius, extinction measurements
at a discrete set of wavelengths are performed (multispectral
extinction). Inversion of the experimental results to get the
distribution of sizes is not a trivial task, but it can be solved
by a nonlinear inversion algorithm [5]. As is common for
all the optical methods, the range of the radius determined for
optical extinction is related to the range of the wavelength used.
As an example, when a commercial spectrophotometer with a
wavelength range of 300-1100 nm is used, particle sizing over
a radius range of 300-1400 nm can be attained.

In particular, measurements of optical extinction as a
function of wavelength offer useful information of particle
size on the micrometre range. This analysis yields, in general,
inaccurate results when the sizes of particles are much smaller
than the wavelength, thus making it an unsuitable method to
measure particles with radius below 100 nm.

Metal particles constitute one important exception to this
rule because the extinction spectra present clear size effects
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for radius well below the wavelength. For this reason colloidal
solutions of noble metals, like copper, gold and silver, present
intense colour that is absent in bulk material. For spherical
particles Mie’s theory predicts one strong absorbance for small
particles at the frequency where & = —[2+ (12/5)x> +- - Je =
Here ¢ is the complex dielectric function for the particle,
£, 1s the dielectric function for the solvent, and x is the
size parameter [6]. For vanishing small particles (Rayleigh
limit) surface resonance modes can be achieved, and strong
extinction is observed at the Frohlich frequency where ¢ =
—2e.,. The size effect on the extinction spectra is explained
because, in general, the real part of the dielectric function (¢*) is
an increasing function of the frequency, and when x increases,
the absorption maximum is shifted to longer wavelength. This
behaviour is used extensively in sizing metal particles, and
is known as the extrinsic size effect on the plasmon band
absorption [7]. In particular for gold particles, this method
can be applied for a radius in the range 10-100 nm. Below
10 nm, the absorption spectrum peaks near 520 nm become
independent of size, except for a varying intensity due to
the dependence between the absorption cross section and the
volume of the particle.

For small enough metal particles, well in the nanometre
region, the extinction spectra show a new size dependence
that can be used to characterize the radius. This region,
known as the intrinsic size effect, can be studied by assuming
that the dielectric function of the bulk must be modified for
nanoparticles. The present work deals with gold particles
whose radii are included in this region. These particles are
used in the development of materials that have acquired great
importance during recent years in different areas of scientific
research and nanotechnology.

Many of the structures within the human body, such as
proteins, are measured in nanometres, making nanotechnology
an alluring area of biomedical research. The growing
ability of researchers to synthesize nanomaterials opens
up the possibility of using synthetic molecules such as
biosensors to probe cellular functions. In the optical field,
semiconductor and metal nanoparticles are of interest due to
their many important applications in the development of optical
devices [8, 9]. In the area of semiconductor technology, the
band gap of semiconductor nanoparticles can be controlled by
the quantum size effect. In addition, it has been reported that
the band structure of Si with indirect transition can be changed
into that of direct transition by down-sizing of nanoparticles.

Many potential industrial applications of nanoparticles,
such as quantum dots and tuneable laser diodes, require
extreme monodispersity of particles. The generation of
monodisperse nanoparticles is also important for nanoparticle
instrumentation development and calibration. The above-
mentioned research and development areas need the
knowledge of sizing distribution.

Below 10 nm, sizing effects over the dielectric functions
open a new window for measurements. This work shows a way
to determinate the size of gold nanoparticles in this nanometric
region. The theoretical fit of the extinction curves was
performed using Mie theory, taking into account a modification
of the bulk dielectric function for the case of very small
particles.

Extinction measurements with a commercial spectropho-
tometer can be an alternative simple and economical technique
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when special electronic microscopy (TEM or SEM) is not
available. Recently the possibility to size nanoparticles down
to 1 nm by dynamic light scattering techniques was claimed
by some manufacturers.

As with other sizing techniques, optical extinction
spectroscopy cannot be considered as an absolute or universal
method. This work is related to mean size determinations, and
no distribution of size was considered. This is an important
limitation when it is compared with microscopic measurements
that allow mean size and distribution results simultaneously.

2. Experimental section

The gold nanoparticles analysed were synthesized in ‘reverse
micelles” in water~hydrocarbon phases and isolated with
a stabilizer. The solvent was n-heptane and the water
was triply distilled. Hydrogen tetrachloroaurate (III)
hydrate (HAuCl4-3H,0) (Aldrich, 25416) was selected
as the source of gold. Sodium bis (2-ethylhexyl)
sulfosuccinate (AOT, Sigma) was used as surfactant and N-[3-
(trimethoxysilyl)propyl]diethylenetriamine (Aldrich, 41 334,
hereafter ATS) as stabilization agent. The [H,0]/[AOT]
ratio was equal to 6, and it was maintained constant for
all samples. The ‘pool” size of the ‘reverse micelles> was
changed by using values of 6, 10 and 20 for the [ATS]/[Au**]
ratio. The gold nanoparticles were formed by photoreduction
of the HAuCl, irradiating the Au** micellar solutions with
light emitted from a mercury high-pressure lamp (maximum
intensity at A = 365 nm, 400 W). As the photochemistry of
gold nanoparticles in reverse micelles depends strongly on the
synthesis conditions, experimental conditions were developed
such that all samples received the same amount of radiation. In
order to remove the nanoparticles from the micellar solution, a
water-acetone mixture (3:1 volume ratio) was added to the Au
particle micellar solution under strong stirring. The micellar
structure broke down and a two-phase separation took place;
the upper phase contained the gold nanoparticles dispersed in
heptane and the lower phase contained acetone, water and AOT.
The nanoparticles were obtained by evaporating the heptane at
70 °C under a pressure of 5 kPa. More details of the preparation
of the particles can be found in [10].

There is strong evidence that the particles are capped
with the stabilization agent ATS and that this helps to
maintain the gold particles in the dispersion state in organic
solvents after extraction from that synthesis medium. For this
reason samples were dispersed in heptane for the UV-visible
extinction measurements. THE Spectra were recorded using a
Beckman Spectrophotometer (Model 600), using n-heptane as
the reference background. The optical density for 1 cm light
pass was kept below one to avoid multiple scattering effects.
Experimental refractive index values of heptane for 434, 486,
589 and 656 nm were used [11] to calculate values for other
wavelengths with a Sellmeier’s dispersion equation.

Transmission electron microscopy (TEM, JEOL 1010, at
80 kV) images were obtained by application of a droplet of
the nanoparticle-dispersed heptane solution on carbon coated
copper grids. Figure 1 shows TEM images of three samples
of gold nanoparticles, ATS-6, ATS-10 and ATS-20. The
nanoparticle shape is nearly spherical, but some superposition
arising from the sample preparation process is observed in the

159



L B Scaffardi et al

Figure 1. TEM images of (a) ATS-6, (b) ATS~10 and (c) ATS-20 gold nanoparticles samples. From histograms of these images the mean

radius was determined as 1.34, 1.58 and 1.96 nm, respectively.

pictures. The mean radius can be determined from statistical
analysis from histograms of these pictures, discarding obvious
superpositions. As expected, the particle size increased as the
amount of stabilizer used in the preparation was increased.

3. Theory and discussion

The optical properties of materials are often described by two
sets of quantities: the real and imaginary parts of the complex
refractive index, N = n + ik, and the real and imaginary parts
of the complex dielectric function, ¢ = &' +ie". These sets are
not independent, since they are related by

g =n? -k, %))

&" = 2nk. (0))

The optical properties for gold used in this work were
taken or calculated from experimental values for n and & given
by Palik [12]. For real metals where there is a substantial
bound electron component, the dielectric function for the bulk
can be decomposed into two terms, a free-electron term and an
interband, or bound-electron term [6]. The dielectric function
is additive, and it can be written as

2

e @)

Ebulk (@©) = Epound-clecrons (@) + 1 — o
@* + 1WYpulk

where wy, is the bulk plasma frequency and yyui is the damping
constant in the Drude model. From equation (3), &pound-etectron
can be calculated by subtracting the free-electron part from
pui- Values for wp, = 1.3 x 106 57! and p = 1.64 x
10'* s—1 were taken from [13].
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For small particles, the plasma frequency is assumed
to be independent of the size, while the damping, related
to the mean free path for electrons, is strongly affected by
the size. In particles smaller than the mean free path of
conduction electrons in the bulk metal, the mean free path can
be dominated by collisions with the particle boundary [14-16].
The mean free path limitation has been discussed by Kreibig
and von Fragstein [14], who considered that the damping
constant (the inverse of the collision time for conduction
electrons in the Drude theory) is increased due to additional
collisions with the boundary of the particle, and it can be
written as

(¥ 1)
y(r) = mm{ = Youk +c~r*3, @

where vf is the electron velocity at the Fermi surface, and
L is the effective mean free path for collisions with the
boundary. The value vg = 14.1 x 10 nm s=! was used [13].
There is slight disagreement among various authors about
the proportionality constant C between L and the radius r
of the particle. C is a constant that includes details of the
scattering processes. For isotropic electron scattering C = 1
was calculated theoretically; for diffuse scattering its value is
reduced to 0.75, while for additional limitations due to the
internal grain boundary C can be greater than 1 [17].

Now, the real and the imaginary part of the dielectric
function for a particle of radius r, take the form

2

’ — 14 ’
Ssim(w’ r=1- 2 + )/2(7') + Epound-electron’ ®
2
yinw
" _ 4 "
Esize(w' r ) - €bound-electron? (6)
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Figure 2. Calculated ng,. and kg, as a function of wavelength for different sizes of gold nanoparticles. (a) Values of £' and £" are corrected
for size. (b) Only &* is corrected for size while &’ bulk is used for any size.
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Figure 3. Normalized extinction spectra of gold particles. (a) For small radii the spectral features depend on optical constants calculated
with the modification of the electron mean free path. (b) For radii larger than 10 nm, the peak and the width of the spectra are a consequence

of the effect of finite size on the Frohlich resonance.

where the contribution coming from the bound electrons to &’
and £” were calculated before. Now the values for the real and
the imaginary parts of the refractive index corrected by the size,
Ngize(A, r) and kg,e(X, r), can be calculated introducing (5)
and (6) in equations (1) and (2):

Nsize (A, 1) = (3162, ) + 2,0, )2 + e, WON2, (D

ksize (A, 1) = (3[(e2, (A + 2., r)V* — el O, (8)

Figure 2(a) shows values for ng,. and kg, calculated as a
function of wavelength for different sizes of gold nanoparticles.
C = 1.1 was used in this calculation. The choice of this
value for parameter C will be discussed in section 4. It can
be seen that ng,. shows a clear dependence with size up to
10 nm particle radius, while kg, tends to the bulk values for
smaller radius. Special care must be taken to analyse these
optical variables in relation to spectral features in the extinction

spectra. For metals, the values for k range between 1 and 10.
These are really huge if we recognize that a well absorbing
material in the visible has a k value not much greater than
10~4 [6]. Additionally, it must be considered that the extinction
depends on both the n and k values. In figure 2(b) we show the
values for ng,e and ks, calculated when only the imaginary
part of the dielectric function is modified in terms of the size,
that is, when ¢!, was taken as &,;,. The reason for this
will be discussed later. Mie theory was used to calculate the
extinction as a function of the wavelength for different values
of the radius. Figure 3 shows the theoretical curves for gold
nanoparticles embedded in heptane with radius between 1 and
60 nm. All spectra were normalized to 1 at the wavelength
where the maximum of the Frohlich’s resonance occurs.
Figure 3 illustrates the varied optical effects exhibited
by small gold metallic particles. In the surface mode region
(r > 10 nm), the peak and the width of the absorption spectra
depend on the radius of the particle; as the radius increases
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Figure 4. The full curve shows the experimental optical extinction
corresponding to the ATS-6 sample as measured with a commercial
spectrophotometer. The symbols represent the fitted values (for
discrete wavelengths) calculated with Mie theory. Open circles
correspond to £* and e* corrected for size. Open triangles
correspond to only £* corrected for size. The best fit corresponds to
a mean radius of 1.5 nm.

beyond 10 nm, the absorption peak broadens and shifts to
longer wavelengths. Absorption spectra by particles with radii
between about 2.6 and 10 nm peak near 520 nm, and they are
independent of size. Below 2.6 nm, the spectra again show
a dependence with radius: peaks remain near 520 nm but the
contrast between the maximum and the minimum near 440 nm
depends clearly on size. All regions can be explained by Mie
theory with optical constants calculated with the modification
of the electron mean free path.

4. Results

The theoretical extinction curves allow us to perform fits
of the spectra corresponding to different samples of gold
nanoparticles dispersed in heptane. = These curves are
calculated for discrete wavelength values for which the
refractive index of gold is known from the literature. In
figure 4 we show the UV-visible spectra corresponding to
sample ATS-6. The theoretical extinction coefficient was
calculated with Mie theory for the mean radius of 1.34 nm
determined from the TEM images and optical properties given
by equations (7) and (8). The C value was changed to fit the
results. The best fit corresponded to C = 1.1, a value close
to that expected from the literature. The fit is good for short
wavelengths; however, the calculated values are greater than
the experimental values for longer wavelengths. For metals,
the real part of the dielectric function evaluated for the bulk is
usually used for particles without any modification, while the
effect of the mean free path limitation on the imaginary part of
the dielectric function is considered [18-20]. When these facts
are used to calculate the size-dependent refractive index, the
fitting improves. This procedure gives good agreement with
the experimental results in gold, but it is not clearly justified.
Probably this action hides the size effect on the contribution of
the band to band transitions over the dielectric function. This
point must be analysed further.

Figure 5 shows the extinction spectrum corresponding to
three other samples of gold particles in heptane. For ATS-10

162

1,2

L experimental
101 A r=06nm

[ O r=1.6nm

] O r=18nm

0,8CX

extinction

0,01
EL . ..
400

1 P i

500

P R
700
wavelength [nm]

Figure 5. Full curves show experimental optical extinction
corresponding to three different gold nanoparticles samples, as
measured with a commercial spectrophotometer. The symbols
represent the theoretical best fitted values for each case.

(sample with [ATS]/[Au?*] = 10), the mean radius yielded by
the TEM image is 1.58 nm, and the best theoretical fit shows
a value of 1.6 nm; for ATS-20 (sample with [ATS]/[Au**] =
20), the TEM image shows 1.96 nm for the mean radius, while
the best theoretical fit yields a value of 1.8 nm, (8% difference).
The spectrum adjusted with a radius of 0.6 nm corresponds to
a sample produced with another stabilization agent (AES = 3-
(2-aminoethylaminopropyl)trimethoxysilane). This sample
(AES-10, with [AES]/[Au*] = 10) shows a shallow spectrum
typical of particles smaller than ATS samples. A similar
result was obtained with a sample with [AES]/[Au**] = 20;
its spectrum, not shown in figure 5, was adjusted with r =
0.7 nm. Unfortunately no TEM images for these AES
samples are available; however, particles prepared with the
AES stabilization agent must be smaller than the equivalent
ATS samples. In addition, for particles prepared with one type
of stabilization agent, it is expected that the size of the particles
increases with the ratio between the amount of stabilization
agent and the concentration of gold used. That is, the radius
of the particles must be ordered as ATS-20 > ATS-10 > ATS-
6 > AES-20 > AES-10.

The contrast between the maximum and the minimum in
the extinction spectra, around 520 and 440 nm respectively, can
be used to evaluate the size of small gold particles. In figure 6
the theoretical contrast for particles with radius between 0.5
and 5 nm are represented in terms of the size. Good linear
dependence can be observed up to 3 nm, but a particle size
between 3 and 5 nm can also be determined by using this plot.
Experimental results for the contrast measured on five samples
of gold nanoparticles are shown; the radii were determined
from the fitting of the whole spectrum as was discussed before.
The error bars assume a 15% error in the radius determination.

5. Conclusions

We have shown that Mie theory, combined with a suitably
modified dielectric function to include the limitation in

261



Sizing gold nanoparticles by optical extinction spectroscopy

0.45

0.40-

0351

0.30+

0.25-

contrast

0.20—

0.15

0.10

0.05

1 1 1 1
] 1 2 3 4 5

radius (nm)

Figure 6. The full curve represents the contrast between the
maximum and the minimum in the calculated extinction spectra for
gold nanoparticles in terms of their radius. The symbols correspond
to the contrast measured in the experimental extinction spectra of
AES-10. AES-20, ATS-6, ATS-10 and ATS-20 samples; the radii
were assigned from fitting of these spectra (bars assume a 15%
error).

the mean free path of conduction electrons, gives very
good agreement with experiments performed with gold
nanoparticles. The preparation of these particles assures a
nearly spherical form and avoids the formation of clusters.
Samples were suspensions of well isolated particles in a low
concentration where simple scattering occurs.

This work offers a useful tool to determine the mean radius
of gold nanoparticles between 0.5 and 5 nm from the analysis
of the absorbance measurements performed with a commercial
spectrophotometer. Sizing can be performed, within a 15%
error, either by fitting the UV-visible spectra or by measuring
the contrast between the minimum and the maximum in the
440-520 nm region. For radii between 5 and 10 nm, optical
measurements are not useful for sizing gold particles. Over
10 nm the extinction spectra show features well correlated with
size, and optical extinction spectroscopy is used extensively in
sizing metal particles.

For the small particles used in this work there is a very
good agreement between the determination of the radius by
optical methods and TEM techniques. The relative errors
in the determination of the nanoparticles size were smaller
than 15%. Although TEM is the most widely used technique
for measuring particle size, it has some disadvantages due to
careful sample preparation and the expensive instrument. In
such a case, the absorption measurement offers an attractive
method to obtain very good results with a low cost.
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