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Abstract: Laser ablation has several advantages over the chemical synthesis of nanoparticles due
to its simplicity and because it is a faster and cleaner process. In this paper, we use femtosecond
laser ablation to generate highly concentrated silver colloidal nanoparticle solutions. Those high
concentrations usually lead to agglomeration of the nanoparticles, rendering the solution nearly
useless. We employ two different organic stabilizers (hexadecyltrimethylammonium bromide, CTAB,
and polyvinylpyrrolidone, PVP) to avoid this problem and study their effect on the nanoparticle size
distribution, structural characteristics, and the solution concentration.
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1. Introduction

Femtosecond pulsed laser deposition or femtosecond pulsed laser ablation (fs-PLA) is a versatile
technique used in diverse applications. When performed in vacuum or gas environment, it is typically
used for growing thin solid films or nanostructured materials like nanoparticles (NPs) of multiple
elements, from polymers and biomaterials to oxides, carbides, nitrides, or metals [1-11]. When applied
in a liquid environment, fs-PLA allows the synthesis of colloidal solutions of NPs from the ablated
material in a complex process that involves: (i) the absorption of the laser pulse by multiphoton
absorption and direct photoionization; (ii) the ablation or fragmentation of the bulk material in the
form of hot atoms, vapors, and liquid drops under non-equilibrium conditions; (iii) the expansion and
quenching of the plasma plume; (iv) the expansion and collapse of the cavitation bubble; and (v) the
growth and agglomeration of the NPs. A description of the full process can be found, for instance,
in the paper by Amendola and Meneghetti [12].

Diverse bulk materials have been applied to synthesize NPs by PLA in water or other liquid
environments—either with femtosecond or nanosecond pulses—including metals [13-22], metal
alloys [23-26], oxides [27-29], and other materials [30-33]. Noble metal NPs like gold and silver have
been extensively studied due to their optical properties. Particularly interesting is their localized
surface plasmon resonance (LSPR); i.e., collective oscillations of the free electrons, excited by the
absorption of photons in the visible spectrum. The LSPR depends on the plasmonic NP shape, size,
size distribution, and concentration, as well as on the surrounding medium [34]. On the other hand,
colloidal solutions containing Ag NPs are typically fabricated by chemical methods based on the
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reduction of silver salts [35-37]. Hence, the final product usually contains non-negligible amounts
of reaction remnants, such as anions and reducing agents (mainly organic derivatives), which can
interfere with subsequent stabilization and functionalization steps. PLA, on the other hand, is able to
generate contaminant-free colloidal solutions of Ag NPs. Moreover, PLA also has the advantage of
synthesis speed, because with this technique the particles can be obtained in a few minutes, compared
to the several hours required by colloidal synthesis.

The fabrication of Ag NPs in water by fs-PLA was first reported by Tsuji et al. [16], and they studied
the size distribution and compared their results to those previously obtained with nanosecond laser
pulses. Unfortunately, those colloidal suspensions formed in pure water are highly unstable because
the bare plasmonic NPs tend to aggregate, forming clusters that destabilize the solution—especially
if high-concentration suspensions need to be prepared. This problem is also present for plasmonic
NPs fabricated by colloidal synthesis [38—40], and is usually solved by using stabilizing molecules that
inhibit the formation of aggregates. Stabilizer molecules such as sodium dodecyl sulphate [41-43],
hexadecyltrimethylammonium bromide [43], cyclodextrins [44], various salts (e.g., KCl, NaCl, and
NaOH) [20], or polyvinylpyrrolidone [17] have been successfully applied to perform PLA in liquids,
and their effects in nanocrystal size and stability have been studied; however, the ablation conditions
in these experiments usually lead to low-concentration solutions.

In this work, we have fabricated Ag NPs by means of fs-PLA in purified water, obtaining
highly-concentrated colloidal solutions. Afterwards, we studied the effect of two different stabilizers
on the nanocrystal size distribution and concentration. The selected molecules were the ionic surfactant
hexadecyltrimethylammonium bromide (CTAB) and the anionic polymer polyvinylpyrrolidone (PVP).

2. Materials and Methods

2.1. Experimental

The experimental setup (depicted in Figure 1) consisted of a silver (99.999% of purity) target
placed at the bottom of a Griffin beaker and submerged in 2 mL of either pure water or aqueous
solutions containing one of two different stabilizers: CTAB or PVP. Laser irradiation of the silver target
was performed at room temperature, with the beaker rotating continuously to avoid crater formation
on the target due to the laser ablation. Laser pulses of 50 fs centered at 800 nm were provided by a
Ti:Sapphire amplified laser system (Spectra Physics, Santa Clara, CA, USA) working at a repetition
rate of 1 kHz. The laser beam was focused on the target with a 25 cm focal length lens and impinged
from the top of the beaker with an angle of incidence almost normal to the target’s surface and a spot
size of about 100 pm. The irradiation time for all the experiments was set to 10 min.
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Figure 1. Experimental setup for pulsed laser deposition in liquid environment.
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Three different aqueous solutions were used: pure water, a solution with 0.1 M of CTAB, and
a solution with 0.25 mM of PVP. Additionally, the laser pulse energy was varied with an attenuator
wheel, and three cases were studied: 0.8, 1.5, and 2.0 mJ/pulse, corresponding to a laser fluence of
10.2, 19.1, and 25.5 ] /cm?, respectively. Considering the spot size, D, of 100 tm and the pulse energy, E,
the laser fluence can be estimated as F = 4F /nD?.

Optical absorption spectra were measured at room temperature using a deuterium-halogen
continuous light source (DH-2000 from Ocean Optics, Largo, FL, USA) and a compact spectrometer
(USB2000+ from Ocean Optics) configured with a multichannel array detector for measuring the whole
spectrum in the range 200-1100 nm with a spectral resolution better than 1 nm. Integration time
was set to 100 ms, and 10 scans were averaged for each measurement. Optical measurements were
performed for each colloidal solution using a glass cuvette with an optical path of 1 cm. Morphology,
size, and size distribution of the resulting nanocrystals were analyzed by means of transmission
electron microscopy (TEM) on a JEM-1400PLUS (JEOL, Akishima, Tokyo, Japan) transmission electron
microscope operating at an acceleration voltage of 120 kV. Carbon-coated 400 square mesh copper
grids were used. All the samples were centrifuged at least once before blotting on the grid.

2.2. Optical Fits

Size and size distribution information was extracted from a fit to the measured extinction spectra
by means of an algorithm based on Mie theory [45]. The theoretical calculation of the optical density is
based on the implementation [46] of Yang’s algorithm [47] for a multi-layered sphere, which reduces
to Mie theory if only one layer is considered. Then, a solid sphere can be characterized by its size
parameter x = 27tn,,,r /A = kr and its relative refractive index m = n/n;,, where r represents its radius,
A is the wavelength of the incident wave in vacuum, and n and n,, are, respectively, the refractive
index of the sphere and the medium surrounding the particle. Then, the scattering coefficients can be
calculated as [47]:
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The functions ¢, (z) = zj,(z) and ,(z) = zh,(z) are the Riccati-Bessel functions, defined using
the spherical Bessel, j;, and Hankel, i, functions [48]. Likewise, D,(ql)

derivatives of the Riccati—Bessel functions:
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Once the scattering coefficients are known, the extinction efficiency factor is calculated as in [49]:
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Finally, the fit of the optical density was performed using the chi-square distribution as the
objective function, as implemented in MieLab software [50]:
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where N is the number of points used for the fit, r is the sphere radius, o is the standard deviation of
the radii distribution, and c is the atomic concentration. Finally, OD' and ODx,,, are, respectively, the
values of the calculated and experimental optical density.

3. Results and Discussion

3.1. Morphology and Nanoparticle Size Distribution

Morphology, size, and size distribution of the nanocrystals were studied for Ag NPs fabricated
in all three different aqueous solutions, finding noticeable differences between them. Representative
TEM micrographs are shown in Figure 2, clearly illustrating the effect of CTAB (Figure 2b) and PVP
(Figure 2c) on the size distribution and morphology of the NPs. Ag NPs dispersed in pure water
(Figure 2a) were heavily agglomerated, making it impossible to perform any meaningful statistical
analysis on the images. However, it can be seen that the solution contained some large particles
(>100 nm) with an irregular shape. The addition of CTAB had two visible effects: (i) it produced
an improvement of the size distribution of the nanocrystals, and (ii) it reduced the agglomeration.
Nearly-spherical NPs were dominant in the solution containing CTAB, but some disk-like planar
structures were also present. It is unclear to us why the CTAB favored the formation of the latter
type of nanocrystals, but it should be noted that we have observed them only in the CTAB samples.
Finally, the use of PVP yielded even better results, producing mostly spherical particles with virtually
no agglomeration, smaller size, and narrower size distribution.
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Figure 2. Transmission electron microscopy (TEM) micrographs illustrating the size, morphology, and
agglomeration level of Ag nanoparticles (NPs) obtained from femtosecond laser ablation of silver in
(a) water, (b) hexadecyltrimethylammonium bromide (CTAB), and (c) polyvinylpyrrolidone (PVP)
for 50 fs laser pulses centered at 800 nm and a fluence of 10.2 J/cm?. Histograms correspond to the
statistical analysis of (d) CTAB and (e) PVP. The blue lines in the histograms represent the best fit to a
log-normal distribution. SD: Standard deviation.
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We have determined the nanocrystal size and size distributions from a statistical analysis with
the TEM images obtained from the samples with CTAB and PVP. Frequency histograms are depicted
in Figure 2d,e for CTAB and PVP, respectively. In both cases, the size distribution closely follows
a log-normal distribution with mean diameter of about 34 and 21 nm, and standard deviations of
16.3 and 15.9 nm for CTAB and PVP, respectively. This result quantitatively confirms that the use
of PVP produced smaller particles with a better size distribution, whereas agglomeration made the
nanoparticles dispersed in pure water nearly useless, unless the concentration is low.

3.2. Optical Absorption Spectra

Optical absorption spectra measured for all samples were fitted using Mie theory, as implemented
in MieLab software [50]. Measured spectra (scattered points) and their corresponding fits (lines) for
each ablation condition are shown in Figure 3. As can be seen, the quality of the obtained fits is very
good. Ag NP concentration for the samples fabricated at 19.1 and 25.5 ] /cm? in CTAB and PVP was so
large that it was not possible to measure the optical spectra due to saturation of the spectrometer at the
LSPR wavelength. Therefore, we had to dilute the original samples in order to measure the spectra;
i.e., the concentration calculated for those samples was heavily underestimated at first. However, the
calculated concentration was corrected by considering the total volume of solvent added, in order to
calculate the actual concentration produced by the ablation process.

3 T T T T T T T T T T T T T T T T T T T T T
b c
@ . ——1020m |(®) H,0 +cTaAB |© H,0 + PVP |

2 . 19.1 Jiem?
@ 2 25.5 J/cm®
(]
©
g
=1
o

0

600 700 400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 3. Optical absorption spectra for Ag NPs by laser ablation in (a) pure water, (b) CTAB solution,
and (c) PVP solution as a function of laser fluence as indicated. Points refer to the experimental
measurement, and straight lines refer to the fitted spectrum.

The LSPR peak around 400 nm—typical from silver spheres—is clearly observable in all cases.
It is also evident from the optical spectra that laser fluence did not affect the LSPR position, indicating
that highly-symmetric nanostructures were produced for all fabrication conditions. Except for pure
water (where they are not available), mean diameter and standard deviation of the size distribution
obtained from the TEM micrographs were used as initial conditions for the fit of the optical spectra.
Mean diameter barely changed during the fit, but the standard deviations obtained from the fits were
slightly different than those obtained from the statistical analysis of the TEM images. Moreover, the
fits of the optical spectra allowed us to calculate the concentration of the dispersed Ag NPs.

Figure 4 shows the values of the mean diameters, together with the standard deviations (depicted
as error bars) and Ag NP concentrations for each sample and fluence. The same information is shown
numerically in Table 1. As we can see in both Figure 4 and Table 1, the addition of a stabilizer molecule
had a direct effect on the nanocrystal size and concentration. Larger diameters (40 nm) were obtained
for Ag NPs dispersed in pure water, and diameters were reduced to 34 nm for CTAB solution and to
21 nm for PVP solution. This is clear evidence of the effect of the stabilizer molecule in two different
factors: (i) the growth of the nanocrystal that probably occurs at the expense of some silver atoms
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dispersed in the solution by the plasma plume; and (ii) the reduction of agglomeration. Both effects
were already apparent using CTAB, but were dominant when PVP was used as stabilizer. It should be
noted that the nanoparticles obtained in this work with fs pulses were similar but slightly smaller than
those fabricated using either ps [22] or ns [13] pulses. On the other hand, the influence of the solvent
over the standard deviation was far less important. There was a slight reduction of the standard
deviation for the samples containing CTAB and PVP, but in all cases, the standard deviation was close
to 16 nm. The stabilizer molecule also affected the Ag NP concentration by increasing it, which seems
to be a direct effect of the stabilization of smaller particles.
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Figure 4. (a) Diameter and standard deviation, shown as error bars, and (b) Concentration of Ag NPs
by laser ablation at 800 nm as a function of solvent solution and laser fluence.

Table 1. Diameter + standard deviation, and concentration of Ag NPs obtained from the analysis of
the TEM images and the fit of the optical spectra.

Standard Concentration
. 2 .
Medium Fluence (J/cm*®) Diameter (nm) Deviation (nm) (Particles/cm?)
10.2 4045 14.8 2.3 x 1010
H,0O 19.1 4045 15.9 7.5 x 1010
25.5 40+5 16.5 2.2 x 1011
10.2 34+3 14.5 8.6 x 1010
H,0 + CTAB 19.1 34+3 16.3 2.2 x 101
25.5 3443 16.8 2.3 x 101
10.2 2142 15.9 24 x 101
H,0 + PVP 19.1 21+2 16.5 1.0 x 1012
25.5 21+2 18.5 1.4 x 1012

Increasing laser fluence also generated higher concentrations, in all likelihood because
the ablation rate was raised. Calculated concentrations for pure water vary from about
2 x 1010 t0 2 x 1011 particles/ cm?® for fluences from 10.2 to 25.5 J/cm?.  For the same laser
fluences, the concentration increased from about 9 x 1010 to 2 x 101 particles/ cm?® and from about
2 x 10" to 2 x 10'2 particles/cm® when CTAB and PVP were added, respectively. This means that PVP
increased the concentration by up to one order of magnitude with respect to pure water. It is also
remarkable that for CTAB the concentration increase with laser fluence was far weaker than for PVP
and pure water. We speculate that CTAB is only effective in preventing agglomeration up to a certain
concentration (i.e., there is a saturation of the stabilizing effect), and for this reason the agglomeration
becomes dominant beyond 1 x 10'-3 x 10'! particles/cm3, preventing further increases of the
concentration even if the ablation rate is raised.
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On the other hand, we did not observe any effect of laser fluence on the NP size, which might
indicate that the final size is determined by the dynamics of agglomeration and growth in the solution
rather than by the ablation rate. Other authors [41] have obtained similar results using nanosecond
laser pulses, reporting only a slight increase in Ag NP size as a function of laser fluence, from 8 to
13 nm for 40 and 70 mJ/pulse. In any case, this small growth within a broad size distribution is not
enough to appreciably shift the position of the LSPR, as is shown in the present optical measurements
and calculations.

If we compare the present results with those reported by Tsuji et al. [16] for pure water, the
obtained size and size distribution is quite similar, about 40 nm for the mean diameter and 16 nm for
the standard deviation. In any case, the concentration of the obtained colloids is more remarkable.
The ablation conditions of Tsuji et al. [16] were 30 min at 10 Hz (1.8 x 10* laser pulses), which
implies a colloidal solution with quite a low concentration, as can be noticed in their TEM images
and also in the low absorbance that they report. With our experimental conditions, 10 min at 1 kHz
(6 x 10° laser pulses), we obtained a much higher concentration, and consequently, some agglomeration
is unavoidable. In the present case, the use of stabilizers is—if not mandatory—at least highly
recommended, and provides a great advantage with respect to the use of pure water.

The effect of the surfactant for the ageing of the colloidal solution is depicted in Figure 5 for
CTAB (the results for PVP are very similar). The use of CTAB [43] and PVP [17] has already been
investigated in some previous works, but using nanosecond PLA instead of femtosecond PLA. We have
observed some differences in the samples obtained in CTAB with respect to the ones obtained by
Kim et al. [39]. In that work, the LSPR exhibited a red-shift of around 30 nm with respect to pure
water, which they explain as an effect of the formation of larger particles. This idea contradicts our
results, where the LSPR stays at around 400 nm for all the experimental conditions. We believe that
the red-shift reported by Kim et al. [39] is more likely due to the agglomeration of Ag NPs, than
to the increase in size (they reported an average size below 4 nm). Tsuji et al. [17] also studied the
effect of PVP concentration on the Ag NP formation under irradiation with nanosecond laser pulses.
They reported an optical response similar to ours with the LSPR position fixed at around 400 nm,
which reinforces our hypothesis. It should be noted that they had a lower concentration due to their
experimental conditions: 10 min and 10 Hz (6 x 103 laser pulses) and smaller particles because of the
use of nanosecond laser pulses [16], but these differences should not affect the agglomeration behavior.
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Figure 5. Optical absorption spectra for Ag NPs by laser ablation in (a) pure water, (b) CTAB solution,
depicting the effect of ageing over the solution.

4. Conclusions

In this work, we have performed fs-PLA of silver in aqueous solution, using either pure water
or an aqueous solution containing a stabilizer molecule (CTAB or PVP). Then, we studied the effect
of the stabilizers on the optical and structural properties of the silver nanoparticles, with the goal
of fabricating highly-concentrated colloidal solutions. Measured optical spectra showed the typical
LSPR peak at about 400 nm, and there was no shift in its position for any experimental condition.
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High concentrations, up to one order of magnitude larger than those obtained with pure water, have
been achieved by simply adding a stabilizer molecule during the ablation process. Moreover, the
agglomeration—which is quite significant in pure water—has been considerably reduced or even
completely eliminated with those stabilizers. Besides the reduction of agglomeration, the most obvious
effect of the stabilizer molecules is the reduction of particle size. TEM images also show a slight
reduction in the size distribution, in good agreement with the optical measurements and with similar
works available in the literature [16,22]. Finally, comparing fs-PLA with the chemical synthesis of
nanoparticles, it is evident that the control of the size distribution is better for the latter [37]. However,
PLA is still a valid alternative to produce colloidal nanoparticles with some advantages: it is a faster,
simpler, and cleaner process.
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