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Abstract. The synthesis of high purity ligand free nanoparticles represents one of the
requirements for nanotechnology application in highly relevant fields as nanomedicine and
theranostics. Laser synthesis and processing of colloids permits the synthesis of ligand free
nanoparticles with reduced impurities from bulk targets and colloidal dispersions. In the present
contribution a novel approach for enhanced production of ligand free gold nanoparticles by
femtosecond ablation of a bulk target is studied together with a more efficient synthesis of
fluorescent carbon quantum dots from a colloidal suspension of carbon microparticles in
polyethylene glycol.

1. Introduction

As nanotechnology spreads over more and more applications, the necessity of synthesizing nanoparticles
is growing, together with the aim to find specific synthesis routes for application related requirements
such as high purity, stability or morphology control. Between the different techniques employed, laser
synthesis and processing of colloids (LSPC) represent a group of laser based techniques able to generate
nanomaterials from bulk targets, laser ablation in liquids (LAL), and from microparticles dispersions,
laser fragmentation in liquids (LFL). These synthesis routes are based on the irradiation with a high
power laser of a bulk target immersed in a liquid or a colloidal dispersion of particles to promote the
extraction of nanoparticulate materials that get collected in the liquid [1]. The inherent benefits of LAL
and LFL are the reduction of byproducts generated in the process as only the base liquid and the target
are needed. Besides, it permits the synthesis of ligand free nanoparticles and alloys [2] that are highly
demanded in nanomedicine [3], catalysis [4], or additive manufacturing [5].

In that sense, the development of systems with enhanced production efficiency represents a goal to
make these techniques become a standard synthesis route in many applications. The achievable
production has been already proved to be high enough for industrial applications, up to 4 g/h [6].
However, there are still fundamental limitations whose overcome could open up new routes for
enhanced efficiency. While femtosecond pulses are a standard tool for material removal in air with
higher ablation rates that longer pulses, in LAL ps has been proved to be the optimum pulse duration
for higher production due to nonlinear effects losses in the liquid media [7]. What is more, the effect of
the liquid presence and generated nanoparticles can shield the beam also reducing the efficiency of LFL.
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In the present contribution, a simultaneous spatial and temporal focusing (SSTF) optical setup is used
to study the reduction of nonlinear effects in the liquid and the viability of femtosecond pulses also for
high nanoparticle production in LAL [8]. Besides, the limitation of the liquid layer in LFL is addressed
by a liquid flowing system [9] and the effect over the synthesis of carbon quantum dots is studied [10].

2. Results and discussion

2.1. Simultaneous spatial and temporal focusing for femtosecond laser ablation in liquids

The proposed nonlinear effect reduction is based on the employment of a SSTF setup for LAL. The
working principle is based on the change of the pulse duration with the propagation of the beam. This
way, the intensity is reduced out of focus and also the nonlinear interactions [11,12]. To achieve it, the
broad spectrum of a 30 fs pulse is spatially separated by a diffraction grating, figure 1 (a). Then, an
image system based on two off axis mirror form the image of the diffraction grating plane, hence
recombining all the spectral components in the image plane. Exactly in that plane the original pulse
duration is recovered, in any intermediate plane, the spatial separation of the spectral component
generates a broadening of the pulse duration up to 800 fs, figure 1 (b). The focal spot size, figure 1 (c),
is controlled by the ratio between the focal length of the two elements that form the image system, f,/f}.
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Figure 1. a) Scheme of the SSTF optical setup for nonlinear effects reduction. b) Pulse duration as a
function of the propagation distance, where 0 indicates the image plane. ¢) Simulation of the beam
size at the image plane of the SSTF system.

The proposed methodology is proved to increase nanoparticle production a factor 10 compared to an
analogous optical system (IOS), and a factor 2 compared to the conventional LAL optical system (COS),
figure 2. The IOS system is analogous to the SSTF just replacing the diffraction grating by a mirror, in
the COS the laser is focalized on the target by a 75 mm lens. It is interesting to notice that, while in COS
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the focal spot is smaller than SSTF, and so the fluence higher, the production is increased employing
SSTF [8].
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Figure 2. Gold nanoparticle productivity measurements for the different optical setups compared.

2.2. Flow jet reactor for fluorescent carbon quantum dots synthesis.

Carbon quantum dots (CQDs) are a very interesting nanomaterial due to their fluorescence and high
biocompatibility. In that sense, LSPC is a very interesting technique for the synthesis of CQDs as the
high purity of the samples would permit their direct use in nanomedicine application. There has been
reported different approaches to synthesize them, from irradiating graphitic targets [13] in liquid to
fragmentation of carbon based microparticles [14]. In the latter case, the liquid and the high absorption
of the microparticles can reduce the control over the laser parameters employed. To solve this, we
employ a flow jet methodology [9] for increasing the efficiency of CQDs synthesis in polyethylene
glycol.

Figure 3. TEM images for two different magnifications of the standard, left, and flow jet setup, right,
generated CQDs.

The results obtained, figure 3, together with thermogravimetric analysis, prove that the efficiency of
CQDs generation is enhanced a 15% factor when the flow jet methodology is employed in comparison
with the standard system. The generated CQDs exhibit a fluorescence response with a quantum yield of
4.5%, then, they are tested as fluorescent labels for cell imaging [10]. The internalization inside cells is
easily achieved by direct mixing of a drop of the colloid and the cell culture. Complete internalization
is achieved in less than 10 minutes and confocal images of the CQDs distributed all over the cell
structure are taken, figure 4.
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Figure 4. Transmission, left, and fluorescence, right, images of a cell with internalized laser
synthesized CQDs.

3. Conclusions

In this contribution an implementation of femtosecond PLAL by employing simultaneous spatial and
temporal focusing configuration is explored, finding a significant increase in gold nanoparticle
production due to the reduction of nonlinear energy losses in the liquid media previous to the irradiation
of the gold bulk target. On the other hand, a continuous liquid flow configuration is proposed for the
generation of fluorescent carbon quantum dots (CQDs) from a colloidal carbon microparticles
suspension irradiated by a nanosecond laser. The proposed methodology is proved to enhance carbon
microparticles size reduction up to a 15 % with an 84 % of the initial microparticles being converted
into CQDs of 3 nm average size. The synthesized CQDs exhibit a broad fluorescence response and fast
internalization in cancerous and healthy epithelial cells. Therefore, their application as fluorescent labels
is studied and demonstrated, finding a straightforward methodology for cell labeling and visualization.
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