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Abstract: This paper reports the synthesis of Au nanoparticles by 30-fs
pulses irradiation of a sample containing HAuCl4 and chitosan, a
biopolymer used as reducing agent and stabilizer. We observed that it is a
multi-photon induced process, with a threshold irradiance of 3.8 × 1011
W/cm2 at 790 nm. By transmission electron microscopy we observed
nanoparticles from 8 to 50 nm with distinct shapes. Infrared spectroscopy
indicated that the reduction of gold and consequent production of
nanoparticles is related to the fs-pulse induced oxidation of hydroxyl to
carbonyl groups in chitosan.
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1. Introduction
Research on synthesis, fabrication and processing of nanostructured materials has received a
great deal of attention because of their potential applications in fundamental science and
nanotechnology [1–5]. Several methods to produce metal nanoparticles, including chemical,
photochemical and thermal have been developed to allow controlling size and shape of
nanostructures [2, 6–9]. More recently, however, biomolecules and live organisms have also
been utilized for the synthesis of Ag and Au nanoparticles [10–12]. The interest in such
biosynthetic approach has been motivated because it can be easily controlled under mild
conditions and does not introduce environmental toxicity or biological hazards [13–15]. At
the same time, photochemical methods using cw irradiation of a solution containing metal
ions with ultra-violet or blue light [13–15] has also been exploited as an interesting option to
produced metal nanoparticles. Conversely, such type of irradiation can lead to undesirable
photochemical reactions, which ultimately could change a desired property of the final
product, affecting, for instance, the stabilizer that encapsulates the nanoparticles.
To overcome this potential drawback, in this paper we demonstrate the use of infrared fslaser pulses to produce nanoparticles in a sample containing HAuCl4 and the biopolymer
chitosan. Therefore, the method proposed here combines the advantage of a biosynthetic
approach with the innovative and still unexplored use of infrared fs-pulses for the synthesis
of nanoparticles. Chitosan was chosen because it is one of the most studied biomacromolecules for the production nanoparticles. Moreover, it has been shown to act as a
reducing agent and stabilizer in the nanoparticles synthesis (chemical or photochemical) [13–
16]. In this study, the excitation was performed with 30-fs pulses at 790 nm, operating in the
transparent region of the sample. Our results show that the production of Au nanoparticles is
related to the multi-photon induced oxidation of chitosan and subsequent reduction of Au.
The ability to synthesize Au nanoparticles by such nonlinear optical interaction opens new
possibilities in this area, such as using pulse shaping methods to achieve control of the
photochemical reaction.
2. Experimental
The production of Au nanoparticles was carried out employing chitosan as the stabilizer and
reducing agent in the photoreduction of tetrachloroauric acid (HAuCl4) induced by
femtosecond pulses at 790 nm. Chitosan [(1→4)-2 amino −2 -deoxy-β-D-glucan] is a linear
cationic polysaccharide obtained by deacetylation of chitin [(1→4)-2 acetamide –2 –deoxy-βD-glucan], which is normally found in crustaceans. However, it is not completely
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deacetylated, being therefore a copolymer of acetamide and amine groups. Chitosan was
extracted from gray shrimps chitin using the method described in Ref [17], and purified by
dissolution in acetic acid, precipitated in NH4OH and filtered using a 45 µm membrane. It has
a molecular weight (Mw) of 8 × 104 g/mol, determined by viscometry [17], and a degree of
acetylation (DA) of 14, determined by proton NMR using deuterated water. The molecular
structure of chitosan is presented in the detail of Fig. 1.
The tetrachloroauric acid (HAuCl4) solution and acetic acid were purchased from Aldrich
and used without further purification. A solution of chitosan in acetic acid (0.24 wt%) was
prepared by adding 2 mL of glacial acetic acid to 0.1 g of chitosan and then diluting with 40
mL of ultrapure water while stirring. The aqueous solution of HAuCl4 (0.2 wt%) was mixed
with the chitosan solution in a 1:3 volume ratio at room temperature, which corresponds to an
equimolar proportion of chitosan repeating units to Au. The sample was placed in a 2-mm
path-length quartz cuvette for linear and nonlinear optical experiments.
As the excitation source for the photo-reduction, we used 30-fs pulses from a multi-pass
amplifier (790 nm and 1 kHz repetition rate). To monitor the dynamics of Au nanoparticles
formation, we measured the time evolution of the plasmon absorption band using a pumpprobe scheme, as illustrated in Fig. 1. The sample is excited by a laser beam with a diameter
of 1.6-mm and irradiances varying from 4 × 1011 W/cm2 to 14 × 1011 W/cm2. The timeevolution of the sample absorption was determined using a white LED (430–600 nm) as a
probe beam, whose light was measured by a spectrometer. The probe beam does not produce
any excitation of the sample. The sample is automatically agitated (5 Hz), perpendicularly to
the pump and probe beams, throughout the entire experiment to homogenize the distribution
of the produced Au nanoparticles.

+

HAuCl4

chitosan

Fig. 1. Experimental setup used to measure the plasmon band during the nanoparticles
formation. In the detail, we display the molecular structure of chitosan.

UV-Vis spectra of the samples were measured with a Cary-17 spectrometer at room
temperature. Transmission electron microscopy (TEM) images were obtained with a Philips
CM120 scanning electron transmission microscope. The solutions used in the irradiation
experiments were casted onto silicon windows and dried in vacuum at room temperature
overnight to perform infrared absorption experiments. Infrared absorption spectra of these
samples were recorded in a ThermoNicolet Nexus 470 Fourier transform infrared (FTIR)
spectrometer in transmission mode, with 32 scans and 4 cm−1 resolution.
3. Results and discussion
Using chitosan as the stabilizer and reducing agent, the production of gold nanoparticles,
promoted by the excitation with fs-pulses, is illustrated in Fig. 2. As can be seen, after 2
hours of irradiation with a pulse intensity of 6.8 × 1011 W/cm2, the spectrum exhibit
absorption centered at approximately 535 nm (black line), which is the characteristic plasmon
resonance band for gold nanoparticles, indicating, therefore, the formation of gold
nanoparticles [13, 16, 18]. In Fig. 2 (a), the gray line shows the UV-Vis absorption of the
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sample before the fs-pulse irradiation, showing that it is completely transparent for
wavelengths higher than 550 nm. Visually we observe a change in the color of the solution
from light yellow to pink as the reaction proceeds. In supplementary experiments, we
observed that no color change takes place if chitosan is not present in the sample being
irradiated. It is important to note that the sample, either before or after irradiation, is
completely transparent in the near infrared region, where the fs-pulse excitation is carried out
(790 nm). Hence, the fs-induced reduction of gold is driven by a nonlinear optical process.
Since ultra-violet light has been shown to produce nanoparticles in the presence of Au ions
and chitosan (linear optical process) [13–15], the first hypothesis to explain our results would
be a two-photon excitation of a state located around 395 nm (two photons of 790 nm), in a
process analogous to the linear optical one [13–15]. However, open aperture Z-scan
measurements [19] in a chitosan sample, carried out around 790 nm, showed no results,
indicating that there is no two-photon state at this wavelength or its two-photon absorption
cross-section is negligible, ruling out this hypothesis. Therefore, nonlinear ionization of
chitosan could be a possible mechanism responsible for the reduction of the gold, and
subsequent formation of nanoparticles as will be discussed later.
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Fig. 2. (a) UV-Vis absorption spectra of the solution containing HAuCl4 and chitosan before
and after the fs-laser irradiation (6.8 × 1011 W/cm2 and 2 hours). (b) Growth of the surface
plasmon absorption band with the reaction time, indicating the production of gold
nanoparticles (6.8 × 1011 W/cm2). Each curve was obtained at 10 minutes intervals. The last
curve corresponds to 120 minutes, when the process was stopped.

In Fig. 2 (b), we present the time evolution of the plasmon band during irradiation (6.8 ×
1011 W/cm2), measured with the pump-probe setup described previously. The spectra in Fig.
2 (b) were collected at time intervals of 10 minutes, with the last curve obtained at 120
minutes. The evolution of the plasmon band around 535 nm with reaction time is attributed to
nucleation, growth and increasing amount of gold nanoparticles in the sample.
In order to examine the dependence of the gold nanoparticles formation with the
irradiation, we normalized the curves in such a way that the last one (at 120 minutes) has a
peak intensity of one. In Fig. 3, we plot the normalized absorbance at 535 nm as a function of
time for three distinct laser irradiances. While for an intensity of 4.6 × 1011 W/cm2 the
plasmon band appears only after about 60 minutes, the nanoparticles formation process is
much faster for the pulse irradiance of 7.0 × 1011 W/cm2. In this last case, the plasmon band
starts to rise after 20 minutes. It is worth mentioning that we were only able to observe
nanoparticles formation for pulse irradiances higher than 3.8 × 1011 W/cm2. By plotting the
plasmon band magnitude at 80 minutes as a function of the femtosecond laser irradiance
(results not shown), a slope of approximately four was observed, indicating a multi-photon
induced ionization process. Such time was chosen because at it all curves are in
approximately the same regime of the nanoparticles production process (see Fig. 3), i.e., the
growth of the plasmon band is not close to saturation (which starts to occur at ~100 minutes)
nor the plasmon absorption is too small to be properly determined. In the irradiance range
used (4 × 1011 W/cm2 to 14 × 1011 W/cm2), optical breakdown was not observed, which is
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normalized absorbance at 538 nm

consistent with the breakdown threshold experimentally observed for water (approximately
100 × 1011 W/cm2 for 100 fs pulses) [20, 21]. Furthermore, to avoid white-light continuum
generation, we employed an excitation beam diameter of 1.6 mm and a 2-mm path-length
cuvette, preventing self-focusing.
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Fig. 3. Normalized absorption at 535 nm as a function of time during the fs-laser irradiation
for distinct pulse intensities. The inset shows TEM images of the nanoparticles synthesized by
fs-laser irradiation.

The UV-Vis absorption curves presented in Fig. 2 (b) suggested the synthesis of gold
nanoparticles induced by fs-laser excitation. Such result was further confirmed by TEM
measurements. TEM images of gold nanoparticles reduced/stabilized by chitosan upon fslaser irradiation are displayed in inset of Fig. 3. In general, particles are mostly spherical in
shape, although other shapes such as rods and prisms are also observed. As can be seen in
inset of Fig. 3, nanoparticles with a wide size distribution are obtained, which is in agreement
with the broad absorption band observed (Fig. 2). Such distribution can be attributed to the
slow reduction process induced by multi-photon absorption. It is noteworthy that we did not
observe any dependence of the shape or size of the produced Au nanoparticles with the laser
intensity or exposure time.
By using Mie theory [22], considering separated spheres embedded in a medium with a
refractive index of 1.5, an absorption peak is obtained at 535 nm (peak position
experimentally observed) for nanoparticles with 20 nm of diameter. Such estimated value is
in reasonable agreement with the size distribution observed in the TEM images (inset of Fig.
3), since the produced nanoparticles are in the size range from 8 nm to 50 nm.
To explore the fs-laser induced reduction process of gold with chitosan, FTIR
measurement were carried out to study possible interactions and redox process which resulted
in the generation of nanoparticles. All the characteristic absorption bands could be clearly
observed in the FTIR spectrum of chitosan: a broad band of OH stretchings at 3500-3100
cm−1; a peak of NH stretching at around 3300 cm−1 partially overlapped by the OH stretching,
aliphatic CH stretchings at around 2920, 2870 cm−1; C-N stretching at 1310 cm−1 and
absorptions of NH3+ associated with acetate groups at 1560 cm−1, since this spectrum was
obtained from a thin film prepared with chitosan dissolved in acetic acid solution.
Figure 4 presents FTIR spectra in the region of 1800 to 1200 cm−1 (finger print) of the
films made from the pristine chitosan solution (a), gold chloride/chitosan solution (b) and the
irradiated gold nanoparticle/chitosan solution (c) (obtained by fs-laser irradiation with 140 µJ
for 2 hours). The rest of the spectra are not shown because there are no significant
differences. No differences between the spectra obtained with chitosan solution before and
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after irradiation could be observed, therefore, the spectrum of the later is not shown.
Interactions between the gold chloride and NH groups of chitosan can be inferred by the
changes observed in the 1650-1300 cm−1 region, comparing the spectra of chitosan and
chitosan/gold chloride prior to the irradiation. The band at around 1560 cm−1 shifted to 1520
cm−1 indicates that the acetate counter ions were replaced by the AuCl-, and the decreasing of
the intensity of the absorption at around 1406 cm−1 corroborate this displacement. After
irradiation, the increase in the intensity of the absorption at around 1620 cm−1, characteristic
of NH2 (or CONH2), indicates the release of some AuCl- counter-ions [23, 24]. The
appearance of the band around 1730 cm−1 in the gold/chitosan irradiated sample,
characteristic of aldehyde groups, indicates that the reduction of the gold ions for the
formation of the gold nanoparticles is related to the oxidation of hydroxyl groups in chitosan
to carbonyl groups [15, 16]. This result agrees with our hypothesis that the production of Au
nanoparticles is probably related to the ionization (oxidation) of the chitosan induced by fslaser pulses.
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Fig. 4. FTIR spectra in the finger print region of pristine chitosan (a), chitosan/gold chloride
(b) and irradiated chitosan/gold chloride (c).

4. Conclusions
We have demonstrated the production of gold nanoparticles in an aqueous solution
containing tetrachloroauric acid (HAuCl4) and the biopolymer chitosan, upon excitation with
30-fs pulses at 800 nm. The synthesis of the nanoparticles was monitored by the plasmon
resonance band, while the shapes (spheres, rods and prisms) and dimensions (8-50 nm) of the
nanoparticles were determined by transmission electron microscopy. Our results indicate that
fs-pulses induce the oxidation of hydroxyl to carbonyl groups in chitosan, leading,
subsequently, to the reduction of gold ions and consequent production of nanoparticles.
Therefore, the approach presented here can open new ways to produce metallic nanoparticles
in solution, for instance, by applying fs-pulse shaping methods to control the process.
Furthermore, such approach could be employed with other stabilizers or reducing agents.
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