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Abstract Polymer matrix nanocomposites filled with
metallic and alloy nanoparticles add functionality in various
applications such as optical devices and in the energy sec-
tor. However, matrix coupling agents or nanoparticle ligands
may be unwanted additives, potentially inhibiting the result-
ing nanocomposite to be processed by injection molding.
The generation of stabilizer-free Au, Ag, and AuAg alloy
nanoparticle acrylate composites is achieved by picosecond-
pulsed laser ablation of the respective metal target in the liq-
uid monomer. Complementary to laser ablation of the solid
alloy, we have alloyed nanoparticles by post-irradiation of
Au and Ag colloids in the liquid monomer. The optical prop-
erties of the colloidal nanoparticles are successfully trans-
ferred to the solid poly(methyl methacrylate) matrix and
characterized by their plasmon resonance that can be eas-
ily tuned between 400 and 600 nm by laser alloying in the
liquid monomer.

1 Introduction

Polymer matrix composites filled with metallic nanoparti-
cles are implemented in gas sensors [1], solar cells [2], pack-
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aging [3], flame retardants [4, 5], stimuli-responsive devices
[6], and optoelectronic devices [7]. Many methods are ap-
plied to disperse nanoparticles in a polymer. Fillers can be
incorporated in the polymer matrix via physical or chem-
ical methods, and via wet or dry synthesis, with or with-
out cross-linker components [8]. The uniform dispersion of
nanoparticles in the polymer bulk is one of the most chal-
lenging aspects of nanocomposite production [9]. Pulsed
laser ablation (PLA) of solid targets in liquids has been es-
tablished as a novel route to nanoparticle generation, where
the particle size distribution can be controlled by using the
appropriate laser parameters [10–13] and physicochemical
properties of the liquid [14–17]. This technique enables the
generation of nanoparticles directly in a monomer [18] or
in organic solutions containing polymer stabilizers, such as
polyoamidoamine dendrimers [19] or thiol-functionalized
polymers [20]. Besides the stabilizing effect, the nanopar-
ticle surface may be functionalized when block polymers or
end-functionalized polymers are employed, which increases
the compatibility to polymer matrices, thereby enhancing
dispersion of nanoparticles in the final nanocomposite. The
in-situ generation and functionalization of nanoparticles by
pulsed laser ablation facilitates the integration of nanoma-
terials in the polymer matrix and reduces agglomeration,
guaranteeing that the filler’s properties take maximal effect
in the polymer matrix. Moreover, short laser pulses per-
mit the most efficient ablation of almost any material [21],
with low or no thermal load on the target [22]. This princi-
pally facilitates a stoichiometric ablation of alloyed materi-
als [23, 24] without degradation of the solvents or contained
molecules [25].

Metallic and bimetallic nanoparticles attract consider-
able attention for their tunable electrical, optical, or ther-
mal properties. The modulation of these properties can
be realized via varying the size, shape, composition, and
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structure (alloy or core–shell) of the nanoparticles. It has
been shown that a combination of Au and Ag depresses
the microbial proliferation below the levels reached with
Ag-nanocomposites only [26]. Au, Ag, and AuAg alloy
nanoparticles find applications in medicine, such as antibac-
terial catheters [26], and specifically embedding a combina-
tion of Ag and Au nanoparticles in polymer triggers electro-
chemical reactions that allow tuning of an ion release [27].
Furthermore, alloy nanoparticles enhance the performance
of hydrogen fuel cells, and are applied in catalytic elec-
trodes [28]. Especially interesting is the inclusion of metal-
lic nanocomposites in photonic devices, due to their pho-
tostability, and in laser technology where they may be im-
plemented in optical limiters [29] and safety goggles. Ho-
mogeneous particle dispersion in the solid is a prerequisite
for many applications. To this end, we recently investigated
the optimal polymer concentration in organic liquid at which
there is minimal aggregation of nanoparticles in the solidi-
fied nanocomposite derived from PLA in a polymer solu-
tion [30].

It has recently been shown that PtIr and magnetic NiFe
alloy nanoparticles can be fabricated by PLA in an organic
liquid [31, 32], and the in-situ generation of nanoparticles
by laser ablation in monomers provides base-materials for a
rapid prototyping of nanocomposites. In the present work,
we demonstrate a one-step process for the generation of
metallic (Au and Ag) and alloy (AuAg) polymer nanocom-
posites, with poly(methyl methacrylate) (PMMA) as poly-
mer matrix.

2 Experimental section

Nanoparticles were generated by pulsed laser ablation of
Au, Ag, and AuAg-alloy solid foils of 1 mm thickness
(99.99 %, Goodfellow) in methyl methacrylate (MMA,
99.99 %, Fluka). The atomic composition of the AuAg-alloy
is 52.98 % Au and 47.02 % Ag, determined by energy-
dispersive X-ray spectroscopy (EM 10 C, Zeiss). A self-
designed ablation chamber with a rotating motor has been
used as container in order to induce a continuous circular
flow of the liquid during the laser ablation process (Fig. 1).
The targets where fixed inside the chamber, parallel to a
laser entrance quartz-window (at a distance of 5 mm) and
perpendicular to the laser beam. The chamber was filled
with 33 ml MMA for each experiment. A picosecond-pulsed
laser system (TruMicro 5250, Trumpf) delivering 125 µJ
pulses of 7 ps pulse duration at a repetition rate of 33.3 kHz
with a wavelength of 515 nm was used for the ablation. The
laser beam (10 mm diameter) was guided by mirrors to an
optic scanner (HurryScan II 14, Scanlab) and focused via a
F-Theta lens (56 mm focal length). The chamber was posi-
tioned along the laser propagation direction with a transla-
tion stage. The relative distance between lens and target was

Fig. 1 Top view of the experimental set-up for laser ablation in flow-
ing liquid designed for generating nanoparticles

optimized for obtaining the maximal ablated mass, which
was determined gravimetrically. The lens-target distance
was kept constant during the ablation of all three different
targets. The laser beam was scanned in a spiral pattern with
5 mm diameter and 50 µm line distance at a scanning speed
of 3.3 m/s, resulting in an interpulse distance of 100 µm. Ab-
lation was performed for 10 min for each sample. The plas-
mon absorption band of the nanoparticles in the colloidal
dispersion and in the polymer matrix were determined by
UV-Vis spectroscopy (UV-1650PC, Shimadzu). The hydro-
dynamic size distribution of the nanoparticles dispersed in
the monomer solution was determined using dynamic light
scattering operated at a wavelength of 633 nm (Zetasizer
Nano, Malvern Instruments Ltd.).

After the generation of nanoparticles in the monomer,
the colloids were mixed with 1 ml 0.1 wt% azo-bis-
(isobutyronitrile) followed by heating in a glass bottle to
80 °C for 30 min. The resulting nanocomposite samples can
be seen in Fig. 3(b).

The size distribution of primary nanoparticles embed-
ded in poly(methyl methacrylate) (PMMA) was measured
by transmission electron microscopy (Libra120, Zeiss).
Because of statistical requirements, over 400 nanopar-
ticles were counted in each sample. The atomic com-
position of single nanoparticles was determined by FE–
STEM–EDXS (field emission–scanning transmission elec-
tron microscopy–energy dispersive X-ray spectroscopy,
JEM-2100F, JEOL Ltd.).

Laser-generated Au and Ag nanoparticles dispersed in
MMA were mixed and reirradiated for 15 min with the same
laser parameters that were used for the ablation process. The
focus of the laser was positioned in the middle of the liquid
layer (8 mm depth).
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Table 1 Mass concentration of each material after 10 min of laser ab-
lation and calculated reflectance of the targets a wavelength of 532 nm

Ag AuAg Au

Concentration (µg/ml) 40.5 73.3 84.6

Ra 0.97 0.64 0.33

aThe refractive index values were taken from: Phys. Rev. B 6(11),
(1972) 4370–4379

3 Results and discussion

3.1 Concentration and productivity

During the laser ablation process in MMA coloring of the
solution was observed, intense yellow, orange and red col-
ors, characteristic for colloidal silver and gold nanoparticles.
The concentration of nanoparticles in the colloids was deter-
mined from the ablated mass. It is assumed that the ablated
material is completely dispersed in the liquid since no depo-
sition of nanoparticles is observed on the target or chamber
walls. The flowing liquid over the target surface improves
the nanoparticle productivity, since the ablation process be-
comes more stable and effective because formed nanoparti-
cles are carried away by the flow from the ablation site [33].
Ablation rates of 8, 14.5, and 16.7 mg/h for Ag, AuAg, and
Au were reached under the employed experimental condi-
tions. The mass concentrations produced by ablation of each
solid target are listed in Table 1. The lower ablated mass ob-
served for Ag compared to the AuAg-alloy and Au can be
understood when considering the higher reflectance of the
Ag at the incident wavelength. The reflectance values pre-
sented in Table 1 were calculated with the Fresnel equation
for normal incidence [34]. Since the dielectric function of
the metal alloys can be expressed as the composition-weight
average of the dielectric functions of the constituent ele-
ments ε = xε1 + (1 − x)ε2 [35–38], with x the molar frac-
tion and ε1 and ε2 the composing dielectric functions, the re-
flectivity continuously varies between the values of Au and
Ag [39].

The productivities and concentrations achieved here pro-
vide competition for existing processing methods. For ex-
ample, ablating gold in MMA for 12 min will produce
enough nanoparticles to create 32 optical filters (1 inch di-
ameter and 2 mm thickness) with T = 50 % at the plasmon
resonant wavelength.

It must be noted that the maximum nanoparticle concen-
tration that can be achieved is potentially limited by absorp-
tion and scattering of the incoming laser beam by nanopar-
ticles already present in the solution. In a recent study, it
was demonstrated that plasmon-resonant nanoparticles in-
hibit the productivity when a laser excitation wavelength is
used close to the wavelength at which the nanoparticles ab-
sorb [40].

Fig. 2 Plasmon resonance spectra of the colloidal dispersions. Spec-
tra of Au, Ag, and AuAg nanoparticles generated by picosecond laser
ablation in methyl methacrylate. Thinner lines represent the spectra of
the colloidal solutions 12 h after production

3.2 Plasmon resonance and nanoparticle dispersion in
monomer and polymer

UV-Vis measurements were carried out to assess the em-
bedding of the nanoparticles into the polymeric matrix and
to evaluate whether ripening or aggregation of nanoparticles
occurred over time. The UV-Vis absorption spectra of the
Au, Ag, and AuAg nanoparticles in MMA were measured
in solution before polymerization and are shown in Fig. 2.
The gold nanoparticles prepared in MMA by PLA present
a broad plasmon peak centered at 543 nm, measured imme-
diately after the ablation process. Mie theory predicts that
such a plasmon band is caused by a broad size distribution
of nanoparticles, where not only absorption but also light
scattering contributes to the extinction spectrum [41]. The
plasmon band absorption of Ag nanoparticles is narrower
and centered at 406 nm indicating that smaller spherical
nanoparticles are dispersed in the liquid. An incipient rel-
ative maximum at 515 nm in the extinction spectrum shows
that also big Ag nanoparticles or agglomerates form part of
the colloidal system.

Besides size and morphology of nanoparticles, informa-
tion about the composition and structure can be derived
from their plasmon resonances. When an Au and Ag col-
loid in MMA are mixed, two different plasmon resonant
wavelengths are recognized in the spectrum of the colloid,
one near 400 nm for the Ag nanoparticles and a second
one around 500 nm for the Au nanoparticles (see Fig. 8).
The proportion between these plasmon bands is related to
the particle concentration of each population in the resulting
colloid [42]. In contrary, nanoparticles generated by ablation
of the AuAg alloy present a single resonant peak at 467 nm,
between the Au and Ag nanoparticles plasmon bands. This
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indicates that the nanoparticles obtained by the ablation of
the alloy target are spherical and conformed by a mixture of
Au and Ag, i.e., there are no individual Au and Ag nanopar-
ticles. A homogeneous distribution of these elements in the
nanoparticles is also expected. If, for example, a core–shell
structure results from the alloy ablation, the plasmon peak
would be centered at the plasmon wavelength of the core.
The increment of shell thickness would only induce a damp-
ing of the core plasmon band.

The plasmon absorption bands of the laser-generated col-
loids were measured 12 h after their generation (thin lines in
Fig. 2) in order to test the stability of the nanoparticles in
MMA. It can be seen in Fig. 2 that the plasmon peaks shift
to longer wavelengths and become broader with time in the
three colloidal solutions. Furthermore, absorbance in the UV
region, proportional to the Ag and Au atomic concentration
due to interband transitions, remains unchanged. This indi-
cates that nanoparticles grow trough Ostwald ripening or ag-
glomerate forming clusters, but do not sediment. The ablated
material is completely dispersed in the monomer matrix.

After polymerization, the UV-Vis spectra were measured
in different positions of the nanocomposites in order to test
the homogeneity of the nanoparticle distribution in the poly-
mer volume. The standard deviation from the average plas-
mon peak is indicated by the line thickness in Fig. 3. A com-
parison with plasmon bands of colloids obtained by laser ab-
lation (Fig. 2) shows that the characteristic plasmon bands,
and hence the colloidal optical properties, are successfully
transferred to the PMMA matrix. The higher spatial varia-
tion of the optical properties in the Ag nanocomposite might
be caused by increased aggregation of the nanoparticles in
the polymer matrix, visible to the naked eye. The lower de-
gree of inhomogeneity in the Ag-composite compared to the
other two composites can be seen in the photos in Fig. 3.

3.3 Particle size distribution

Dynamic light scattering enables the characterization of the
dispersion of nanoparticles in liquids. The hydrodynamic di-
ameter size distributions of the colloids formed using laser
ablation of solid targets in MMA were determined by this
method immediately after the ablation process. The results
are shown in Fig. 4. It can be seen that Ag and AuAg
nanoparticles have a similar size distribution, having a mean
hydrodynamic diameter of 28 and 30 nm, respectively. The
Au nanoparticles are bigger, with a mean hydrodynamic di-
ameter of 50 nm. Dynamic light scattering measurements
are based on the autocorrelation function of fluctuations of
scattered laser signal resulting from the Brownian motion
of the particles. As nanoparticles have a solvation layer, the
diffusion coefficient is smaller than for “naked” particles
and particles appear bigger than they in fact are. Moreover,
this technique is based on Mie-scattering of a laser beam

Fig. 3 Absorption spectra (a) of laser-generated Ag, AuAg, and Au
PMMA nanocomposites. The line thickness represents the absorbance
deviation at different localizations of the nanocomposite plates. (b) The
three different synthesized nanocomposites as well as pure polymer
(PMMA). The reference polymer is shown for comparison

Fig. 4 Hydrodynamic diameter size distribution of Ag (black line),
Au (dotted line) and AuAg (dashed line) nanoparticles fabricated by
picosecond laser ablation in MMA

by nanoparticles, and the scattered intensity scales with d6,
where d is the particle diameter. The signal produced by
103 nanoparticles of diameter 5 nm would be needed to
produce the same signal intensity of only one particle of
15 nm. For this reason, big nanoparticles or agglomerates of
particles mask the weak signal coming from small primary
particles. Hence, the hydrodynamic diameters measured are
relatively small compared to the observed agglomerates by
electron microscopy (of 50–100 nm typical Feret diameter
(the largest distance of two tangents to the contour of the
measured particle)), allowing to conclude that the nanopar-
ticles can be found mainly finely dispersed and isolated in
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Fig. 5 Nanoparticle clusters observed by TEM imaging of the laser-
generated Ag colloids in MMA (a), and by STEM imaging of the
AuAg PMMA nanocomposite (b)

MMA after the ablation process. The formation of agglom-
erates is probably induced during the polymerization and
drying of the colloidal solutions during sample preparation
for electron microscopy. The material properties displayed
by nanocomposites are strongly influenced by the size of
nanoparticles. For a proper characterization of nanocom-
posites produced by laser ablation, the size distribution and
dispersion of nanoparticles in PMMA were determined by
transmission electron microscopy and are shown in Figs. 5
and 6. Additional to Fig. 5, in Fig. 7, it can also be seen that
the nanoparticles are arranged in aggregates that are homo-
geneously distributed throughout the polymer matrix. Laser-
generated nanoparticles usually present a lognormal distri-
bution with a long tail extending to bigger particles. The ori-
gin of the formation of larger particles has been attributed to
plasma-supported ablation for ultrashort laser pulses and can
be suppressed by reduction of the laser fluence [10, 13]. The
particles obtained here also present a lognormal distribution
in the case of monomodal distributions (Au nanoparticles).
Bimodal size distributions were detected for Ag and AuAg
nanoparticles. The Au nanoparticles show a bigger mean
diameter (11.1 nm) compared to Ag (8.6 nm) and AuAg
nanoparticles (10.5 nm), however, all particles are smaller
than 35 nm. The same tendency is found for the hydrody-
namic and Feret diameter of primary particles, confirming
that the DLS technique showed principally finely dispersed
particles in the solution.

Different particle size distributions for Au and Ag or
AgAu nanoparticles can be caused by laser-induced parti-
cle fragmentation [43]. As nanoparticles are dispersed in the
liquid during the generation process; successive laser pulses
reirradiate them. It has been shown that the absorption of
laser irradiation by colloidal particles induces their fragmen-
tation [44, 45]. Due to this post-irradiation and subsequent
fragmentation, the particle size distribution shifts towards
smaller particles [40]. Gold and silver nanoparticles effi-
ciently absorb light in the visible range because of plasmon
resonances at their surface. The plasmon band absorption of
spherical gold nanoparticles in PMMA is estimated by Mie-
theory (for particles with r < 10 nm) to be at 572 nm, while

Fig. 6 Particle size distributions measured by TEM imaging of Au
(a), Ag (b), and AuAg nanoparticles (c). Feret diameter: the largest
distance of two tangents to the contour of the measured particle

for silver it is found at 406.5 nm [46].1 The plasmon peak
continuously shifts to longer wavelengths as the particle size
increases. Each specific size range will therefore preferably
absorb a determined wavelength. For this reason, large Ag
nanoparticles or agglomerates, which efficiently absorb the
515 nm laser radiation, are heated and fragmented. As con-
sequence, the size distribution of Ag nanoparticles is dy-
namically modified during the generation process, and small
spherical dispersed nanoparticles are formed from the ab-
lation plume, simultaneously with fragmentation of bigger
particles dispersed in the liquid. In the case of Au nanoparti-
cles, the bigger particles absorb further from the laser wave-
length (over 600 nm), so a much less efficient fragmentation
occurs for the Au nanoparticles. This explains also the bi-
modality of the distributions of Ag and AuAg nanoparticles.
Only a fraction of the generated nanoparticles is fragmented

1For the calculation of the plasmon wavelength, the following ma-
terial parameters are used: refractive index of MMA nMMA = 1.49;
plasma frequency of Au λp = 136.3 nm; plasma frequency of Ag
λp = 133.0 nm (Landolt–Börnstein); high frequency dielectric func-
tion of Au 13.2 nm and Ag 4.9 nm.
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Fig. 7 AuAg-Nanoparticles in
poly(methyl methacrylate)
analyzed by FE-STEM-EDXS

by the laser, thereby increasing the population of small par-
ticles. The big size population, which is not affected by the
laser wavelength, remains unchanged.

3.4 Nanoparticle stoichiometry

To verify the formation of AuAg alloy nanoparticles and the
conservation of the targets’ stoichiometry during laser ab-
lation, the element composition of 10 different nanoparti-
cles contained in the polymer matrix were analyzed by FE-
STEM-EDXS (Fig. 7). The average atomic content of silver
and gold in the nanoparticles obtained is 50.9 ± 2.7 % Ag
and 49.1 ± 2.7 % Au, with only 3 % deviation from the tar-
get composition (47.0 % Ag and 53.0 % Au).

3.5 Tuning of alloy composition and optical properties

Laser irradiation of metallic flakes [47, 48], or photo-
reduction of metallic salts has been used in the last years for
the preparation of nanoparticles in solution. The same proce-
dure can be used for the generation of alloy nanoparticles by
irradiation of colloidal mixtures [36, 49, 50]. The mixtures,
from which extinction spectra are shown in Fig. 8, have been
irradiated for 15 min with the same laser parameters as the
ablation process. Regardless of the concentration of the Au
atomic ratio in the colloid, the two-maxima UV-Vis spec-
tra changed to a single plasmon (dashed lines), positioned
between the corresponding Au and Ag plasmon peaks of
the initial solution (solid lines). It has been determined ex-
perimentally and theoretically that the plasmon peak shifts
linearly from the Ag resonant wavelength to the Au res-
onant wavelength as the Au/Ag ratio within nanoparticles
increases [37, 51, 52]. This has been attributed to the pro-
portional variation of the high frequency dielectric function
of the alloy with respect to the molar ratio of the material
components [37]. Hence, linear regression over the plasmon
wavelength of the Au and Ag nanoparticles allows for the
determination of the atomic composition of the nanoparti-
cles resulting from laser ablation of AuAg alloys. The inset
in Fig. 8 shows the linear regression of the plasmon resonant
wavelengths of each colloidal solution. The dashed line of
the spectra shown in Fig. 8 indicates the plasmon resonant
wavelength of the alloy nanoparticles (467 nm) that, accord-
ing to the linear fit, have an atomic composition of approxi-
mately 42 % Au and 57 % Ag. This deviates 10 % from the

Fig. 8 Extinction spectra of three mixtures of laser-generated Au and
Ag colloids with different atomic concentration ratios in MMA (solid
lines). The dashed lines show the spectra of the corresponding colloids
after laser irradiation. In the inset, the plasmon resonant wavelength
of gold and silver nanoparticles and irradiated mixtures of Au and Ag
colloids are plotted. The dotted line (inset) indicates the plasmon reso-
nant wavelength of the nanoparticles generated by laser ablation of an
Au/Ag-alloy, and the corresponding particle atomic composition

alloy composition. The possible disparity in the values may
be due to the different nanoparticle sizes in each sample.
The excellent correlation of the experimental data with the
linear regression indicates that alloy nanoparticles are also
formed after the irradiation process.

4 Conclusion

Plasmon-resonant thermoplastic polymers have a broad ap-
plication potential in injection-moldable optical compo-
nents. Using metal and alloy nanoparticles and mixtures
thereof would allow tuning the optical properties by mixing
of the respective plasmon resonances. For prototyping of
such materials synthesis of the plasmon-resonant nanopar-
ticles by a precursor and stabilizer-free method directly in
presence of the monomer gives access to matrix-binder-free
nanoparticle composites.
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We have demonstrated that Au, Ag, and AuAg-alloy
PMMA nanocomposites can be produced by laser ablation
of a solid target in the liquid monomer MMA. The small hy-
drodynamic diameters of the nanoparticles in the monomer
(<50 nm) point out that nanoparticles are finely dispersed
and isolated in the liquid phase directly after the generation
process. Nevertheless, the UV-Vis spectra indicate that par-
ticle aging occurs in the colloidal state. The TEM images
show interparticle distances of several nanometers. Most
likely, the MMA molecules prevent the contact between
nanoparticles sterically, thereby avoiding aggregation, and
agglomerates only of roughly 100 nm secondary diameter
are formed by the primary nanoparticles in the colloid with
time. We cannot rule out the possibility that polymerization
of the MMA monomers may occur locally because of local
heating induced by laser-light absorption by the nanoparti-
cles. It is, however, very difficult to experimentally distin-
guish an adsorbed layer of PMMA from a layer of unpoly-
merized monomers.

Since no chemical precursors are required for the gen-
eration of nanoparticles using the laser ablation technique,
nanocomposites free of matrix binders benefit from this
technique. Moreover, the rapid bleaching recovery of nano-
particles via fragmentation (on the order of ns [53]) and
tunable absorption band of alloy nanoparticles are advan-
tages of nanoparticle polymer composites in comparison
with using typical dyes. We have achieved transferring the
optical properties of the colloidal nanoparticles to the solid
nanocomposite, with uniform embedding into the whole
polymer volume, so that colloids in a monomer with tun-
able element composition are produced and the thermoplas-
tic polymer is ready to be used for further processing (e.g.,
injection molding [30] or electrospinning [54]). Comple-
mentary to the laser ablation of the solid alloy, we have
shown that nanoalloys can also be fabricated by appropriate
mixing of Ag and Au nanoparticles in monomer and sub-
sequent laser irradiation. The absorption band of the col-
loid can be tuned between 400 and 600 nm simply by se-
lection of the ratio of the initial Au and Ag colloids or tar-
get.
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