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Preparation, optical characterization and stability
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Gold nanoparticles were obtained by reduction of chloroauric acid HAuCl4 by two methods: conventional heating and microwave synthesis.
In the microwave method, different cycles and sonication time were analyzed to establish the synthesis with smaller nanoparticle size and
higher absorbance. The influence of synthesis method, cycles quantity and sonication time in the gold nanoparticles size and plasmon
resonance were studied. Gold nanoparticles were analyzed by UV-Vis spectrophotometry, dynamic light scattering and surface electron
microscopy. The results indicate that the nanoparticles obtained by microwave have bigger size than those obtained by conventional heating,
however, present higher absorption. The microwave nanoparticles were analyzed one year after its synthesis and it was found that the plasmon
resonance signal remains almost unchanged. Finally, two equations were derived from the analyzes for estimate molar extinction coefficient,
molar concentration, and nanoparticle average diameter.
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1. Introduction

In recent years, gold nanoparticles have become the object
of numerous studies due to their unique optical and physical
properties. These nanoparticles have an endless number of
applications in medicine [1,2], sensors [3,4], nanoengineer-
ing [5], solar cells [6,7], among others [8-11]. All these areas
exploit the optical property of Surface Plasmon Resonance
(SPR) which oscillates around 500 nm depending on the size
of the nanoparticle.

A great variety of syntheses have been proposed over
the years, being the Chloroauric acid HAuCl4 the most used
precursor for colloidal gold. These variations include the
use of reducing agents [12], stabilizing agents [13], reac-
tion medium [14], pH control [15], reaction temperature [16],
among others. Gold nanoparticles are obtained mainly by a
conventional heating method and microwave synthesis [17],
being the latter the most studied in recent years, due to short
synthesis times and small amounts of reagent. The synthesis
conditions influence the particle size and therefore the SPR.

Gold nanoparticles are mainly characterized by UV-Vis
absorption spectrum, with which the extinction coefficient
can be calculated if other parameters are known. Extinc-
tion coefficient (ε) is an important parameter that allows es-
timating the average diameter and the nanoparticles concen-
tration; however, it is necessary to know the molar concen-
tration, which is a problem due to the low monodispersity of
the nanoparticles. Here are presented theoretical calculations
of this coefficient to show its dependence with the size of the
nanoparticles.

In this article, conventional heating, microwave synthe-
sis methods, as well as the influence of sonication and mi-

crowave cycles on the size of the nanoparticle and the effect
on the SPR were studied. Besides, spectrophotometry UV-
Vis and scanning electron microscopy (SEM) analysis were
performed on the nanoparticles obtained by microwave one
year after its synthesis. Two equations were established to
estimate the average diameter and the molar concentration of
the solution.

2. Experimental

The gold nanoparticles presented in this research were ob-
tained from HAuCl4, using sodium citrate as a reducing and
stabilizing agent. These nanoparticles were synthesized by
thermal and microwave heating methods to observe the dif-
ference of the size and plasmon signal obtained by both meth-
ods. The details of the syntheses are presented below.

2.1. Thermal heating method

For the synthesis of gold nanoparticles, 1 mL was taken from
a solution of HAuCl4 25 mM and was gauged to 100 mL.
This solution was let under string and heating until boil. Af-
ter, 5 mL of 1 wt% sodium citrate was added; the solution,
originally yellow, turned colorless and finally changed to red
wine. The solution was let boil for 30 minutes and finally was
gauged to 100 mL to compensate the evaporation losses.

2.2. Microwave method

For the microwave synthesis, 1 mL of HAuCl4 5 mM and
1 mL of sodium citrate 25 mM were dissolved in 18 mL
of H2O. This solution was placed into a conventional mi-
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crowave Whirlpoolr model WM1207D, for 10 min at a
power of 1275W to 20%. The result was a purple solution.

To study the effect on the size and plasmonic signal, two
variables were studied in this method: cycles and sonication
time. Cycles were varied in 0, 5 and 10, while the sonication
time was 10, 15 and 20 min.

3. Results and Discussion

Colloidal gold nanoparticles interact with the light according
to its size and environment. Depending on its dimensions,
the solutions can be blue, yellow, red, purple, among other
colors. The origin of these colors is attributed to the collec-
tive oscillation of the conduction electron in the surface of the
metal; a phenomenon known as SPR. Mie was the first to de-
scribe these oscillations quantitatively through the resolution
of Maxwell’s Equations. The Mie theory allows interpreting
experimental results [18].

3.1. UV-Vis characterization

3.1.1. Thermal heating method

Gold nanoparticles synthesized under conventional heating
method present the characteristic SPR (around 526 nm), how-
ever, this synthesis presents low absorbance as can be ob-
served in Fig. 1.

The Lambert-Beer law indicates that the absorbance is di-
rectly proportional to the extinction coefficient multiplied by
the path length and the concentration of the solution. There-
fore, lower absorption it’s related to a low concentration of
gold nanoparticles. On the other hand, according to Mie, the
oscillation modes depend on the particle size and as the size
decreases, the maximum absorption decreases [19,20] and
shifts to the blue [21-24]. As the size of the nanoparticles
increases, the mean free path of the electrons is enhanced,
therefore, an increase in absorbance is expected [25-27].

FIGURE 1. The absorption spectrum of gold NP synthesized by the
conventional heating method.

FIGURE 2. The absorption spectrum of gold nanoparticles synthe-
sized by microwave without cycles.

3.1.2. Microwave

Microwave radiation can penetrate the reaction solution with
different wavelength (than thermal heating) to heating the so-
lution uniformly, so the concentration of gold nanoparticles
is expected to be higher than thermal heating. According to
this, it was decided to analyze different conditions of synthe-
sis.

Without cycles

All the nanoparticles obtained by microwave synthesis for
10 min without cycles, present the characteristic SPR (around
535). In Fig. 2 it is appreciated that these nanoparticles show
higher absorption than the obtained by the thermal heating
method. Also, its maximum wavelength is shifted to the
red, as was expected because the purple color indicates ap-
proximate sizes of 50 nm, while the red color obtained in
the synthesis of conventional heating indicates sizes around
5 nm [28].

5 cycles

Gold nanoparticles obtained by microwave synthesis in 5 cy-
cles show also the SPR. 5C-20 synthesis shows the high-
est absorbance indicating, a higher concentration of gold
nanoparticles (Fig. 3). A greater number of nanoparticles
increases the total surface for SPR and, as a consequence, an
increase in absorption is observed [29,30].

10 cycles

Gold nanoparticles obtained by microwave synthesis in 10
cycles show the SPR. However, it can be observed in Fig. 6
that, for the 10C-15 synthesis, the absorbance is as low as the
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FIGURE 3. The absorption spectrum of gold nanoparticles synthe-
sized by microwave in 5 cycles.

FIGURE 4. The absorption spectrum of gold nanoparticles synthe-
sized by microwave in 10 cycles.

FIGURE 5. DLS analysis of gold NP obtained by the conventional
heating method.

nanoparticles obtained by the thermal heating method, possi-
bly for the low stability that is obtained under this synthesis,
as mentioned earlier (Fig. 4).

A higher concentration of gold nanoparticles is obtained
under microwave radiation; remembering that thermal heat-
ing method has a greater concentration of sodium citrate, ab-
sorbance is expected to be lower.

In a joint analysis for the two techniques (dispersion light
scanning (DLS) and UV-Vis Spectrometry), it can be con-
clude that the ideal gold nanoparticles are those obtained by
synthesis in microwave for 10 minutes without cycles and
sonication of 20 minutes, because they present the higher ab-
sorption and smaller distribution of size, compared with the
rest of the synthesis, being both important parameters to con-
sider in optoelectronic applications.

3.2. Dynamic light scattering

3.2.1. Thermal heating method

Gold nanoparticles obtained under conventional heating
method, have a size between 5 nm and 10 nm, showing nar-
row size distribution as can be observed in Fig. 5.

3.2.2. Microwave method

Without cycles

In microwave synthesis for 10 min without cycles, sonication
times were varied in 10 min (WC-10), 15 min (WC-15) and
20 min (WC-20). According to the results, increasing soni-
cation time, the size and size distribution of the nanoparticles
are reduced. See Fig. 6.

5 cycles

In synthesis for 10 min with 5 cycles (2 min on, 30 secs off),
sonication times were also varied in 10 min (5C-10), 15 min
(5C-15) and 20 min (5C-20). Once again, it can be observed
how increasing sonication time, the size and size distribution
of the nanoparticle (NP) are reduced (Fig. 7). However, the
size distribution is bigger than the synthesis without cycles
because maintaining a uniform heating temperature is a crit-
ical parameter to achieve a narrow size distribution [31].

10 cycles

In synthesis for 10 min with 10 cycles (1 min on, 30 secs off),
sonication times were also varied in 10 min (10C-10), 15 min
(10C-15) and 20 min (10C-20). However, under these condi-
tions, the synthesis showing the smallest nanoparticle size is
10C-10 follow by 10C-20 and finally 10C-15. This probably
because nanoparticles synthesized under 10 cycles show less
stability than the synthesized under 5 cycles and no-cycles,
due to the heating is interrupted by cycles resulting in a wider
distribution of size, as mentioned before. See Fig. 8.

According to the DLS analysis, the gold nanoparticle size
is reduced as cycles increase. This can be explained by the
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FIGURE 6. DLS analysis of gold nanoparticles synthesized by mi-
crowave without a cycle, with a variation of the sonication time in
10, 15 and 20 min.

reaction times. Despite all the synthesis are of 10 minutes
in microwave, the time in which the solution stays warm in-
creases with the cycles,i.e. in the synthesis of 5 cycles (2 min
on and 30 sec off), the total reaction time is 12 min since in
the 30 seconds off, the solution does not reach room temper-
ature; in the synthesis of 10 cycles (1 min on and 30 sec off),
the total reaction time is 14 min. As the time of the reaction
increases, sodium citrate continues stabilizing and reducing
gold nanoparticles.

FIGURE 7. DLS analysis of gold nanoparticles synthesized by mi-
crowave in 5 cycles, with a variation of the sonication time in 10,
15 and 20 min.

Comparing the results obtained by conventional thermal
heating method and microwave heating, it can be observed
that the first one presents a narrow size distribution, even
though the heating by microwave radiation is more uniform,
therefore, the synthesis of thermal heating is about 30-40 min
which allows reducing the volume of the solution, reducing,
in turn, the temperature gradient, making heating more uni-
form. Also, it has been known that increasing the concen-
tration of sodium citrate the size distribution becomes nar-
rower [31].
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FIGURE 8. DLS analysis of gold nanoparticles synthesized by mi-
crowave in 10 cycles, with a variation of the sonication time in 10,
15 and 20 min.

3.3. Stability

3.3.1. Stability of plasmon resonance

An additional analysis was made, to observe the stability of
the plasmon resonance signal of the nanoparticle solution.
The synthesis in the microwave without cycles and 20 min
of sonication was let in a dry and dark ambient and its UV-
Vis spectrum was measured exactly one year later after its
synthesis. As can be observed in Fig. 9, the plasmon signal

FIGURE 9. The absorption spectrum of gold nanoparticles synthe-
sized by microwave without cycles. The solid line represents the
newly synthesized nanoparticles and dash line represents the same
nanoparticle solution one year after its synthesis.

presents a decrease almost null, which is indicative that
the nanoparticles remained without agglomerating with each
other. Avoid agglomeration with the passage of time is an im-
portant factor for the nanoparticles synthesis because as the
size of the nanoparticle increases, the plasmon resonance sig-
nal decrease and therefore the optical properties are lost. It is
important to mention that the nanoparticles obtained were let
in its reaction medium, which could have helped to maintain
its stability.

3.3.2. Stability of size nanoparticle

One of the main problems in nanoparticles solutions is the
tendency to agglomerate with the passage of time, having as
a consequence an increase in size and the loss of properties.
Despite the stability of plasmon resonance, the nanoparticle
size tends to increase with time.

Gold nanoparticles (and in general all the nanoparticles)
tends to form agglomerates, that can be reduced by sonica-
tion. Figure 10 shows a comparison of the newly synthesized
nanoparticles and after one year. Images labeled as (a) and
(b) belong to the “fresh synthesis” in which can be appreci-
ated the nanospheres in an isolated way; (c) and (d) shows the
agglomerated formed by these nanoparticles after one year of
its synthesis.

According to measurements made in an image analyzer,
the newly synthesized nanoparticles have an average size be-
tween 20 nm and 30 nm (Fig. 11a), which can be increased
up to 70 nm after one year of being synthesized (Fig. 11b).

In addition to the size increase, these nanoparticles tend
to modify its original form by joining each other to form more
complex forms. Figure 12 presents a micrography where, be-
sides the nanospheres, nanorods, and nanotriangles of gold
are clearly observed.
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FIGURE 10.Surface electron microscopy images of gold nanoparticles synthesized by microwave. (a) and (b) are the newly synthesized
nanoparticles; (c) and (d) are the nanoparticles after one year.

FIGURE 11. Surface electron microscopy of gold nanoparticles comparing size: (a) newly synthesized and (b) after one year.

3.4. Extinction coefficient

The extinction coefficient is a measure of how strongly a
species absorbs light at a given wavelength. It can be cal-

culated by the Lambert-Beer law, however, it is necessary to
know the molar concentration, which is actually a challenge,
as was mentioned in the introduction. Below is shown a sim-
ple method for obtaining the extinction coefficient.
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TABLE I. Extinction coefficients (ε) of the different synthesized nanoparticles.

Synthesis Average D (nm) Concentration (mol/L) Maximum wavelength ε(M−1cm−1)

WC-10 65 2.94644E-11 533 1.81E+13

WC-15 55 4.86351E-11 534 1.10E+13

WC-20 27 4.11099E-10 534 1.30E+12

5C-10 38 1.47464E-10 534 3.62E+12

5C-15 35 1.88727E-10 534 2.83E+12

5C-20 22 7.59923E-10 535 7.04E+11

10C-10 28 3.68607E-10 534 1.45E+12

10C-15 40 1.26432E-10 535 4.23E+12

10C-20 30 2.99691E-10 534 1.78E+12

FIGURE 12. Micrograph of gold nanoparticles after one year of its
synthesis, showing different nanoforms.

3.4.1. Gold atoms per nanoparticle

The average number of gold atoms was calculated by Eq. (1).
For calculating the average number of gold atoms con-
tained in a nanoparticle, a spherical shape was assumed.
Eq. (1) was used for this estimation, whereρ is the density
of gold (1.93 × 10−20 g/nm3), NA is the Avogadro con-
stant (6.02214179 × 1023), M is the atomic mass of gold
(197 g/mol) and D is the average diameter of nanoparticles
in nm [32].

N =
πρNAD3

6M
(1)

3.4.2. Molar concentration

Equation 2 was used for the determination of the molar con-
centration of the solutions, whereNTotal is the number of gold
atoms in the initial solution,V is the reaction volume andN
was obtained from the previous equation.

C =
NTotal

NV NA
(2)

3.4.3. Estimation of the coefficients

Extinction coefficients (ε) of gold nanoparticles were calcu-
lated according to Lambert-Beer law Eq. (3), whereA rep-
resents the absorbance in a specific wavelength,l is the path
length in cm andC is the molar concentration of the solution.

A = εlC (3)

Table I summarizes the molecular concentration and ex-
tinction coefficients calculated for each synthesis. It is ev-
ident how the extinction coefficient increased, in order of
magnitude, with the average size of nanoparticle [33-36].
This behavior can be explained as follow: an increase in the
diameter of the nanoparticle, leads to a decrease in the con-
centration, therefore an increase in the extinction coefficient
is obtained, as can be appreciated in Eqs. (1), (2) and (3).
Results are according to the reported by El-Sayed [37].

This dependence is also reported by the Drude model, in
which the relaxation or damping frequency is related to the
mean free path of the conduction electron and can be calcu-
lated as follow:

ωd =
vf

Rbulk
. (4)

Whereωd is the damping frequency,vf the velocity of
electrons at the Fermi energy andRbulk is mean free path of
the conduction electrons.

In the case of the nanoparticle, radio is smaller than the
mean free path, this parameter becomes size dependent due
to the additional scattering of the electrons caused by the sur-
face:

1
Reff

=
1
R

+
1

Rbulk
. (5)

WhereReff is the mean free path andR is the particle
radio.

From Eqs. (4) and (5) it can be appreciated the depen-
dence of the particle size; a decrease in the particle size leads
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FIGURE 13. Extinction coefficients of gold nanoparticle synthe-
sized by microwave. Squares represent the gold nanoparticles ob-
tained in continuous heating (without cycles), circles represent the
synthesis in 5 cycles and triangles represent the synthesis in 10 cy-
cles.

to an increase in damping frequency, causing the maximum
absorption intensity to decrease [38].

The extinction coefficients were calculated at the maxi-
mum absorbance wavelength,i.e. plasmon signal. The vari-
ation of the extinction coefficients according to the molar
concentration of the gold nanoparticles synthesized by mi-
crowave is presented in Fig. 13 showing an exponential be-
havior.

The graph behavior was adjusted to a potential type trend
line, getting Eq. (4) with a coefficient of determination (R2)
of 0.99999.

FIGURE 14. The linear fitting curve of the natural logarithm of the
extinction coefficients obtained for the different synthesis vs nat-
ural logarithm of the diameter of gold nanoparticles synthesized.

ε = 542.61 ∗ C−0.999 (6)

The natural logarithm of the extinction coefficient was
also plotted against the natural logarithm of the diameter of
the nanoparticles (Fig. 14). A linear adjustment was made,
obtaining a coefficient of determination (R2) of 0.99999 in
accordance with Mie theory [39,40]. The Equation obtained
is presented in Eq. (5).

ln(ε) = 2.99782 ∗ ln(D) + 18.0126. (7)

Equations (4) and (5) can be used to estimate important
parameters of a gold nanoparticle solution such as average
diameter, molar concentration, and even the extinction coef-
ficient, as long as one of the parameters has been obtained by
a characterization analysis. Finding the maximum absorp-
tion wavelength, the solution molar concentration can be ob-
tained. On the other hand, if the average diameter is known,
the extinction coefficient can be estimated. This can be use-
ful for experiment planning without the need for extensive
characterization.

4. Conclusions

The gold nanoparticles present in this paper were synthe-
sized by thermal heating and microwave methods. Com-
paring these two techniques it is concluded that the smallest
nanoparticles are obtained by conventional heating, however,
present low absorbance which indicates a low concentration.
In the microwave method, the influence of sonication time
and cycles on nanoparticle size and plasmon resonance was
observed, finding that a synthesis without cycles and 20 min
of sonication gave nanoparticles with narrow size distribu-
tion and higher plasmon resonance,i.e. a more homogenous
distribution of sizes and a higher concentration is obtained.
These nanoparticles increase its size after one year, neverthe-
less plasmon resonance remains almost unaffected. Besides,
two equations were formulated to estimate the nanoparticle
average diameter and the molar concentration of a solution
by a simple method.
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