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Abstract

We report the control of Au nanoparticle (NP) formation by using shaped 30 fs pulses, in a
solution containing HAuCly and chitosan. By using a sinusoidal spectral phase, a periodic
train of pulses is generated. When the period of the pulse train matches certain Raman
resonances of chitosan, the reducing agent of the process, an enhancement of the Au NP
formation is observed. Theoretical quantum chemical calculations indicate that the outer
groups of the chitosan are mostly influenced by low Raman frequencies, which is in
reasonably agreement with the experimental data and indicates an enhancement in the Au NP

formation as the pulse train period increases (low frequency).

(Some figures may appear in colour only in the online journal)

1. Introduction

Coherent control of light-matter interaction has been
extensively studied in the last few years, motivated by
its ability to drive a given process to a specific final
state [1, 2]. Such control is achieved, for example, by
modulating the spectral phase of ultrashort pulses using pulse
shaping methods [3, 4], and has been applied to optimize
chemical reactions, control vibration dynamics in molecules
and multi-photon excitation [2, 5-10]. At the same time,
the processing and synthesis of nanostructured materials
has received considerable attention because of its potential
applications in different fields of science [11, 12]. Distinct
methods have been developed to produce metal nanoparticles
(NPs). Such methods include chemical, photochemical and
thermal approaches, as well as a combination of these, which
has allowed considerable control of the size, shape and
morphology of NPs [13, 14]. Because of their unique physical
and chemical properties, gold NPs have been employed in
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fundamental research as well as in chemical and biological
applications [15].

In this work, we used 30 fs pulses at 800 nm to
reduce gold ions and, consequently, to produce NPs in a
solution containing HAuCly and chitosan [16], which acts
as a reducing agent and stabilizer for the NP formation.
By applying sinusoidal spectral phase modulation to the
pulse (coherent control), we were able to predominantly
excite vibrational modes of the chitosan, associated with
its peripheral groups, that enhance the NP formation.
Theoretical quantum chemical calculations, based on density
functional theory (DFT), were carried out to determine
chitosan’s Raman spectrum and to support the experimental
results’ interpretation. Therefore, such results open up new
possibilities for controlling the synthesis of metal NPs.

2. Experimental setup

The gold NP production was carried out in a sample
containing tetrachloroauric acid (HAuCly) and chitosan.

© 2013 Astro Ltd Printed in the UK & the USA
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Figure 1. Illustration of the experimental setup used to induce the NP formation and measure the corresponding plasmon band. The angle
between both beams in the real experimental setup was approximately 15°. The double arrow next to the sample indicates its vertical

agitation, carried out to homogenize the sample.

While the acid provides the gold ions for the photoreduction,
chitosan is used as the stabilizer and reducing agent in
the process. Chitosan is a linear cationic polysaccharide
obtained by deacetylation of chitin, which is normally found
in crustaceans and has applications in several areas, from
biology to nanotechnology [17, 18]. An aqueous solution of
HAuCly (0.2 wt%) is mixed with the chitosan solution in a
1:3 volume ratio at room temperature, which corresponds to
an approximately equimolar proportion of chitosan repeating
units to Au. The sample was placed in a 2 mm path-length
quartz cuvette to perform the experiments.

As the excitation source, we used 30 fs pulses (FTL
pulses) centered at 800 nm from a Ti:sapphire amplifier and
operating at 1 kHz repetition rate. The gold NPs’ production
was monitored, during fs-laser irradiation, by measuring the
plasmon absorption band with the aid of a white light LED
and an optical fiber coupled to a spectrometer [16]. The angle
between pump and probe beams was approximately 15°. In
order to homogenize the distribution of the produced Au
NPs, the sample is agitated (5 Hz) perpendicularly to the
pump and probe beams throughout the entire experiment. This
experimental setup is illustrated in figure 1. Shaping of the
excitation pulse was performed by modulating its spectral
phase using a pulse shaper based on a 640-element liquid
crystal spatial light modulation (SLM) placed at the Fourier
plane of a zero dispersion compressor [3]. In our pulse shaper
setup, we used a 30 cm cylindrical mirror and 600 lines mm ™!
diffraction grating. Before the experiments, the pulse is set to
the Fourier transform limited one at the sample position.

The pulse shaping system was calibrated using common-
path spectral interferometry [19] and the resulting pulses
were characterized using frequency-resolved optical gating
(FROG) [20]. The sample was irradiated by the shaped
fs-pulses with energy of 100 uJ and a beam spot of 1.6 mm.
We used a sinusoidal spectral phase modulation ¢(w) =
o sin(wt + &), where « is the modulation depth, T is the
frequency of modulation and § is the position of the phase
mask relative to the center of the pulse spectrum. Such phase
modulation allows us to produce a train of fs-pulses, whose
relative amplitudes are controlled by « and separation defined
by .

3. Results and discussion

Figure 2 shows the time evolution of the plasmon band,
related to the production of Au NPs, during irradiation with
two distinct trains of fs-pulses (shaped pulses), in which the
individual pulses are separated by 130 fs (a) and 340 fs
(b). It has already been reported that fs-pulses induce the
oxidation of hydroxyl to carbonyl groups in chitosan, leading
to the reduction of gold ions and consequent production of
NPs [16]. No NP formation was observed without fs-laser
irradiation. It is worth noting that the sample, either before or
after irradiation, is transparent in the region where the fs-pulse
excitation is performed (800 nm). Therefore, the process is
driven by multi-photon absorption where induced heat is
completely negligible. Additionally, no NPs were produced
when only the probe beam was present. The spectra presented
in figure 2 were collected at time intervals of 10 min, with the
last curve obtained at 150 min. As can be seen in figure 2, the
final absorbance level attained for pulse trains of 130 fs (a) is
approximately 0.23, while such a value is about 0.3 for a pulse
train of 340 fs.

To study the dependence of the gold NP formation as
a function of the pulses separation in the pulse train, we
used five distinct values of t in the phase mask applied
to the pulse (pulse shaper). In figure 3 we plot the final
plasmon band magnitude (at 150 min) as a function of the time
separation between pulses in the pulse train. From this figure
we observed that the production of the Au NPs is favored
when the fs-pulses are separated from 240 to 340 fs. When the
pulse separation is in the range of 130-190 fs, the final values
of the plasmon absorption are similar to the ones achieved
when FTL pulses are used (indicated by the dashed line in
figure 3).

It is known that when fs-pulses with duration shorter than
molecular vibration periods propagate through a material,
Raman active molecular vibration modes can be excited
[21, 22]. Such excitation is possible when the laser pulse
spectrum is broad enough to cover the energy gap from the
initial state to the Raman-excited mode. Thus, in this general
picture, all vibrational levels with energy within the pulse
bandwidth will be excited. Thanks to the development of
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Figure 2. Growth of the surface plasmon absorption band with the
irradiation time for pulse trains with a pulse separation time of

130 fs (a) and 340 fs (b). Each curve was obtained at 10 min
intervals. The last curve corresponds to 150 min.

pulse shaping techniques, it has been possible to control the
molecular vibrations that are excited. As mentioned before,
by applying a sinusoidal spectral phase modulation to the
pulse (periodic spectral phase), in the time domain the pulse is
split into several equally spaced pulses (pulse trains), whose
separation is given by t. When the vibration mode period is
equal to the train time interval (), the corresponding vibration
mode is effectively excited. In other words, by properly
modulating the spectral phase of the pulse, we are able to take
advantage of the quantum interference between multiple paths
to selectively populate a given vibration level [22, 23].

Therefore, by changing the pulse train period 7,
vibrational modes that favor the production of Au NPs could
be preferentially excited [22], explaining the result presented
in figure 3. To help interpret this result, in the upper axis of
figure 3 we show the energy (in cm™!) corresponding to the
pulse time separation in the pulse train. As can be seen, for
lower energies (below around 150 cm™!) an enhancement of
gold NP formation is observed.

In order to verify such a hypothesis, and to understand the
observed dependence of the gold NP formation on the pulse
train period, we carried out quantum chemical calculations
to determine the Raman spectrum of chitosan, since this
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Figure 3. The final plasmon absorption peak as a function of the
pulse time separation (bottom axis). The upper axis shows the
energy corresponding to the pulse interval. The solid line in this
figure is drawn only to guide the eye.
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Figure 4. Simulated Raman spectrum of chitosan based on the
result of a B3LYP-PCM calculation. The blue line corresponds to
the frequency region mainly related to the vibration of the
peripheral groups, while the red line illustrates the region mainly
associated with the chitosan skeleton movement. The inset shows
the molecular structure of a chitosan tetramer, emphasizing
peripheral and skeleton groups.

molecule is the one responsible for the photoreduction of
the gold [16, 24]. Quantum chemical calculations were used
due to difficulties in obtaining a Raman signal in the energy
region of 300-50 cm™!. In the theoretical part of this work,
the vibrational activity of chitosan was studied by performing
calculations on a chitosan tetramer, illustrated in the inset
of figure 4. The equilibrium geometry of chitosan and its
Raman vibrational frequencies in the ground state were
determined by employing the density functional theory (DFT)
method [25, 26]. Also, the polarizable continuum model
(PCM) [27-29] was employed to account for the effect of
the aqueous environment on the molecular conformation and
vibrational activity of chitosan. The geometry optimization
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calculation was performed at the B3LYP/6-31G(d) level of
approximation [30, 31], while for the Raman vibrational
frequency calculation the B3LYP/6-3114++G(d,p) level was
used. All computations were performed using the Gaussian
03 program package [32]. Over the years, theoretical studies
have shown that the combined use of the hybrid B3LYP
functional and such basis sets provides reasonable geometries
and vibrational frequencies for organic molecules. Harmonic
vibrational frequencies were calculated using analytic second
derivatives to confirm the convergence to minima on the
potential energy surface. At the equilibrium geometry of
chitosan no imaginary frequencies were obtained, proving that
a global minimum on the potential surface was found. To
simulate the Raman spectrum of chitosan in the region of
interest, presented in figure 4, the computed frequencies were
plotted using a Lorentzian band shape with a bandwidth at the
full width at half maximum (FWHM) of 10 cm™".

The calculated Raman spectrum was analyzed with the
aid of the GaussView visualization software. Although the
vibrational modes at this low-energy region are not localized,
we observed that for the energy region above ~180 cm™!,
vibrations are mainly localized at the skeleton (main chain)
of the chitosan structure. However, for energies below
approximately 140 cm~!, we observed that torsion motion of
peripheral groups, composed mainly of nitrile and hydroxyl,
are predominant. Since it has been shown that the reduction
of gold ions for the production of NPs is related to the
oxidation of hydroxyl groups to carbonyl groups in chitosan
[16, 24, 33], it is reasonable to expect that the excitation
of vibrational modes of the hydroxyl can improve the NP
formation.

4. Conclusions

In this work, 30 fs-pulses at 800 nm are used to produce
gold NPs in a solution containing HAuCly and chitosan. We
demonstrate that fs-pulse shaping, using a sinusoidal spectral
phase that generates a periodic train of pulses, can be applied
to enhance the synthesis of gold NPs. Our results indicate
that the synthesis of gold NPs is favored when the period of
the pulse train matches the Raman resonances of the outer
groups of chitosan, the reducing agent of the process. Such an
interpretation is in agreement with the theoretically calculated
Raman spectrum of chitosan, based on the DFT method,
which indicates that peripheral groups, which play a major
role in the photoreduction process, are more influenced when
the pulse train period is increase (low frequency). Thus, pulse
shaping methods could be applied to control the synthesis of
metal NPs, opening up new possibilities in this area.
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