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ARTICLE INFO ABSTRACT

Keywords: A series of nanocomposites containing gold nanoparticles (AuNPs) are prepared by stereolithography (SL) by
Additi‘{e manufacturing simply adding a precursor (KAuCly) to a photoresist. A thermal treatment is performed after manufacturing the
Ztelr;ohthogral.)hly nanocomposites, triggering the reduction of KAuCl, into AuNPs in solid state. In this approach, the photo-
NZnO:::;OZ:tZE s polymerization of the resin and the formation of the AuNPs occur independently, allowing the optimization of
Opti posite: these two processes separately. Advanced electron microscopy analyses reveal the distribution, size and
ptical properties . o . : X .
Plasmonics morphology of the AuNPs synthesized within the resin, showing the influence of the gold precursor concentration

and different thermal treatments. The localized surface plasmon resonance (LSPR) of the AuNPs modifies the
optical properties of the 3D-printed nanocomposites, yielding transparent yet colored materials even for con-
centrations as low as 0.1 wt% KAuCly. This behavior can be modelled by the Mie theory, correlating the
macroscopic properties of the nanocomposites with the individual AuNPs embedded in the resin. The possibility
of tuning the LSPR of the AuNPs together with the ability of manufacturing 3D-structures with sub-millimeter
precision by SL, paves the way for the design of advanced platforms for plasmonics, such as sensors for sur-

face enhanced Raman spectroscopy (SERS).

1. Introduction

Advances in the field of nanotechnology in the last years have evi-
denced the necessity of finding new strategies to develop new materials
that fulfill the high demanding requirements of the market sector as well
as their potential scalability at an industrial level. In this context, ad-
ditive manufacturing (AM) technologies allow the fabrication of 3D
objects from a computer-aided design digital file by the layer-by-layer
deposition of material without any mold. AM permits the redesign of
complex-structured objects with unique functional and mechanical
properties, hardly achievable by classical manufacturing techniques
[1-3].

Within the different AM technologies, the vat photopolymerization
techniques provide higher resolution with competitive printing speeds,
rendering high-value products with defined requirements, a key feature
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in the nanotechnology sector. One of the most widespread technologies
is stereolithography (SL), which uses a liquid photoresist (typically
epoxy- or acrylate-based). A UV or visible light laser photopolymerizes
selectively the uncured resin with a sub-millimeter spot size, reaching
printing resolutions down to few microns [4]. The depth of the photo-
polymerization (also known as the layer height or resolution in the Z
axis) can be tuned by varying the laser power, the exposure time, the
amount of photoinitiator or using UV absorbers and additives [5,6]. The
main limitation of these technologies, however, is the reduced amount
of materials suitable for these technologies and the high cost of the
system, which may be a concern for some industrial applications [7].
The use of fibers, nanoplates or particles allows obtaining new
composite materials suitable for SL with tailored functional and struc-
tural properties. The incorporation of these additives must be done
carefully to avoid undesired effects as absorption and scattering of the
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laser light, known to decrease the resolution, leading to a poor
manufacturing of the material with unfinished parts [8,9]. Optimizing
the use of these additives makes it possible to obtain materials with
improved mechanical and functional properties. For instance, the use of
lignin [10], SiOy nanoparticles and nanowires [11,12] or graphene
oxide [13] has allowed to obtain materials with higher Young’s modulus
and tensile strength. The manufacturing of Al;O3 [14] or BaTiOs [15]
nanocomposites with tailored dielectric properties, or composite mate-
rials with ultra-low thermal conductivity [16] have also been reported.
This leads the way for improvements in optoelectronics, biotechnology,
medicine, or nanotechnology, widening further the possible application
fields, permitting high resolution repeatable nanofabrication of 3D
complex objects [17,18].

The development of nanocomposites containing metallic nano-
particles for SL has gained attention in the last years. Different authors
have proven that copper and silver nanoparticles (AgNPs) can be syn-
thesized in situ during the SL process, induced by generation of transient
radical species from the photoinitiator present in the SL resin precursor
[19-22]. This opens a path to the development of new materials with
tunable functional properties. For instance, silver nanocomposites pre-
pared by SL with bactericidal properties [23] or for dielectric applica-
tions [24] have been reported.

The use of gold nanoparticles (AuNPs) to obtain SL-printable nano-
composites has been investigated to a lesser extent. Like AgNPs, AuNPs
exhibit unique optical properties due to their localized surface plasmon
resonance (LSPR), modifying the optical and dielectrical properties of
the polymer [25,26]. AuNPs are typically manufactured in solution from
different gold precursors via redox reaction in an aqueous medium. This
has allowed different researchers to obtain unique geometries with
narrow size distributions [27].

Some authors have added these AuNPs onto resins manufactured by
SL for catalysis, energy or biomedical applications [28-30] and different
works report on the incorporation of AuNPs in the design of polymer
nanocomposites by AM to exploit their LSPR for surface enhanced
Raman spectroscopy (SERS) applications [31,32]. However, in all these
cases, the AuNPs were previously synthesized, ex situ. Hinman et al. [33]
have alternatively created 3D printed gold nanocomposites for optical
detection. In this case, the AuNPs were deposited on the surface after 3D
printing by electron-beam evaporation.

These approaches do not allow the in situ formation of AuNPs within
the 3D-printed material. As an alternative, AuNPs can be formed by
applying a simple thermal treatment [34] to inorganic salt precursors
embedded within a polymer matrix such as PMMA [35], PVA [36] or PS
[37]. When the temperature is increased above a certain threshold,
polyhedral AuNPs are obtained, conferring the material with singular
optical properties. Among other advantages, the AuNPs synthesis in
solid state avoids the use of chemical reagents and eliminates the sep-
aration and purification processes, particularly challenging for
small-sized AuNPs.

In this work, we study the in situ synthesis of AuNPs within an acrylic
polymer matrix suitable for SL by applying different thermal treatments
after the manufacturing of the object. This approach allows to separate
the additive manufacturing of the object from the formation of the
AuNPs in two differentiated steps, allowing to tune and control these
two processes independently, unlike for AgNPs nanocomposites [21].
The obtained nanocomposites exhibit optical activity caused by the
LSPR of the AuNPs, as we demonstrate by UV-Vis spectroscopy, in
agreement with the Mie theory. The development of these nano-
composites allows obtaining transparent substrates with plasmonic
properties and complex geometries that can be adapted to any surface,
which makes them promising candidates for the detection of bio-
markers, pollutants or other biomolecules by SERS.

2. Materials and methods

Materials. Potassium tetrachloroaurate (III), (KAuCly), used as gold
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precursor, was purchased from Acros Organics (Belgium). Acrylic resin
Form Clear v2 (FLGPCLO2, proprietary mixture of photoinitiator and of
acrylic monomers and oligomers), used as photoresist, was purchased
from Formlabs (USA). Isopropanol was purchased from Scharlab
(Spain).

Manufacturing of nanocomposites by stereolithography (SL). A
preliminary solubility test was done to determine the maximum amount
of KAuCly that allows the photopolymerization of the FLGPCL02 acrylic
resin by SL, before 3D printing the gold nanocomposites. For this pur-
pose, KAuCly concentrations ranging from 0.1 to 2 wt% were tested at
different sonication times (15-120 min) in a USC500T Ultrasonic
Cleaner.

Then, approximately 50 mL of resin precursors containing 0.1-1 wt%
KAuCly were prepared for SL by directly dissolving the KAuCly into the
acrylic resin by sonication for 30 min in order to obtain a homogeneous
yellow solution. The precursors were poured onto the SL tank and
different objects (25 x 25 x 0.2 mm® monolayers and 25 x 25 x 2 mm°>
parallelepipeds) were manufactured using a SL printer (Form 1+, For-
mlabs, USA) equipped with a 405 nm laser with an output power of 120
mW and a spot size of 140 pm. A plastic spatula was used to remove the
objects from the build platform after they were completely printed. The
objects were then washed in isopropanol for at least 15 min to remove
possible unreacted monomers from the resin and UV-postcured for 60
min at room temperature inside a UV-chamber (FormCure, Formlabs,
USA) equipped with a light source of 405 nm and power of 1.25 mW/
cm?,

In situ synthesis of the gold nanoparticles (AuNPs). The AuNPs
were synthesized by a subsequent treatment in solid state after the ob-
jects were 3D-printed and the resin was fully cured. Two different ap-
proaches were studied. On the one hand, a thermal post-curing at
temperatures up to 170 °C inside an oven was investigated. Alterna-
tively, the samples underwent a post-processing combining temperature
with UV radiation inside the FormCure chamber at temperatures up to
80 °C. For comparative purposes, both treatments were carried out for
60 min. The color change of the composites indicated the successful
formation of the AuNPs. A summary of the whole fabrication process can
be found in Fig. 1.

Characterization. The different nanocomposites manufactured
were characterized via scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). SEM measurements were per-
formed using a FEI Nova NanoSEM 450 microscope equipped with a
field-emission gun for high-resolution analyses. TEM specimens were
obtained by focused ion beam (FIB) milling and lift-out in a Thermo
Fisher Scientific Scios2 Dual Beam SEM/FIB system [38]. Low keV
milling was used to ensure the structural integrity of the nanocomposite.
High angle annular dark field (HAADF) analyses were performed at a FEI
Titan Cube transmission electron microscope provided with a X-FEG
Schottky electron gun and equipped with a Cs-probe corrector and a
Gatan Dual EELS spectrometer, operated at 200 kV under STEM mode
conditions using 0.25 eV/ch for EELS Spectrum Imaging. A Thermo
Scientific TALOS F200S (Thermo Fisher Scientific, Waltham, MA, USA)
microscope working at 200 kV has been used to obtain the EDX spectra
and the images for the electron tomography analyses. Twenty-nine
HAADF-STEM images were acquired over an angular range of 140°
with a tilting step of 5°. The tilt series were accurately aligned using the
Inspect 3D software of Thermo Fisher Scientific Company with the
cross-correlation method. The 3D reconstruction was carried out using
the simultaneous iterative reconstruction technique and was visualized
with the software AVIZO for FEI systems (Materials Science) 9.9.1.
Differential scanning calorimetry (DSC) experiments were performed in
a Q20 (T&A Instruments, USA). Temperature sweeps were performed
from room temperature to 200 °C at a rate of 10 °C/min under nitrogen
flow. A subsequent cooling and heating sweep at 10 °C/min was per-
formed to confirm all the resin was cured in the first sweep. Thermog-
ravimetric analysis (TGA) was carried out in a Q50 (T&A Instruments,
USA). A temperature sweep was performed from room temperature to
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Fig. 1. Scheme of the additive manufacturing of the Au nanocomposites.

600 °C at a rate of 10 °C/min under nitrogen flow. The optical properties
of the nanocomposites were studied by UV-Vis spectroscopy. For this
purpose, the absorbance of the nanocomposites was monitored in the
range of 300-800 nm using a Varian Cary 50 Conc UV-Vis spectro-
photometer. At least three different samples were analyzed in all cases.

3. Results and discussion

Preliminary tests were done to identify the range of KAuCly con-
centrations soluble in the photoresist. For this purpose, different
amounts of KAuCly (from 0.1 to 2 wt%) were dissolved in the resin
precursor by sonicating at different times. It was observed that for
concentrations below 1 wt%, 15 min of sonication were enough to
dissolve properly the inorganic salt in the resin, obtaining a homoge-
neous yellow solution. 1 wt% KAuCly precursor required longer soni-
cation times (at least 30 min) and 2 wt% KAuCly was not completely
dissolved even for longer sonication times, indicating that the solubility
limit of KAuCly in the resin is between 1 and 2 wt%.

Hence, the 0.1-1 wt% KAuCly resins were initially selected for SL.
However, objects could not be properly printed for mixtures with more
than 0.5 wt% KAuCly, probably because of partial laser absorption due
to the presence of KAuCly. In fact, when concentration was set to 0.5 wt
%, only monolayers were successfully printed. This concentration allows
the polymerization of the first layer but probably absorbs enough laser
light to hinder the polymerization of a subsequent layer during the SL
process. Therefore, 0.5 wt% KAuCl, was set as the upper concentration
threshold that allows printing these nanocomposites. 20 x 20 mm?
monolayers (200 pm height) containing 0.1, 0.3 and 0.5 wt% KAuCly
were printed. The monolayers were UV post-cured at room temperature
for 60 min to ensure that the resin is fully polymerized [13]. After this
process, the monolayers remained transparent, indicating that this
post-processing does not reduce the KAuCl, into AuNPs. Previous studies
indicate that Au" embedded in a polymer matrix can be reduced into
AuNPs in solid state when the temperature is increased [34,35] so a
thermal treatment without any UV source at different temperatures was
tested. The temperature was increased from room temperature up to
180 °C in intervals of 10 °C and each temperature was fixed for 60 min.
For temperatures below 170 °C, no change in color was observed,
indicating that there is no significant AuNPs formation, if any. However,
after 60 min at 170 °C, the monolayer underwent a color change and
presented a homogeneous, intense pink color (Fig. 2a)). Increasing the

temperature to 180 °C did not lead to any further change in color. SEM
analysis of the monolayers evidenced the presence of AuNPs at the
composites surface (Fig. 2b-c)). A good distribution of AuNPs with
different polygonal morphologies is observed after the thermal treat-
ment, in agreement with previous studies [36,37,39]. An alternative
post-processing by combining UV light and temperature was also
assessed. The monolayers containing 0.1 wt% KAuCly also experienced a
color change after heating at 80 °C in presence of UV light for 60 min
(Fig. 3a)). In contrast with the treatment in absence of UV light, the
surface of the nanocomposites exposed to UV (Fig. 3b—c)) showed an
uneven AuNPs distribution, agglomerated into larger structures that
reach sizes above 1 pum, likely responsible for the subtler color change. In
this case, the monolayers exhibit a more blueish color, in agreement
with the presence of larger AuNPs (or their agglomerates) [26]. Thus,
even though UV radiation triggers the reduction of KAuCly, the resulting
composites do not show homogeneous distribution of AuNPs. Hence, for
the following experiments, all the Au nanocomposites will be treated at
170 °C for 60 min in absence of UV light.

Fig. 4 shows the influence of the KAuCl, concentration in the size and
shape of the AuNPs contained in the SL printed monolayers. All the
images have the same magnification for direct comparison. Interest-
ingly, when the KAuCly concentration is increased from 0.1 to 0.5 wt%,
the number of AuNPs decreases, while they become bigger. This suggests
that higher amounts of gold precursor do not lead to the formation of
more individual AuNPs. Instead, it is likely that the former AuNPs
created act as nucleation seeds for the further reduction of Au®* cations
entrapped in the polymeric matrix into Au® increasing the size of the
nanoparticles following an autocatalytic growth mechanism [40,41].

A quantitative analysis of the AuNPs for this concentrations range is
presented in Fig. 4d). As already discussed, the higher the salt precursor
content, the larger the AuNPs. The mean values measured are 91 + 37
nm, 175 4+ 60 nm and 198 + 52 nm for 0.1, 0.3 and 0.5 wt% KAuCly
nanocomposites, respectively. In all cases, there are some outliers with
sizes significantly above and below the average values. The bigger
AuNPs may be originated from the coalescence of individual nano-
particles that have merged into bigger ones. Also, smaller AuNPs with
sizes below 50 nm can be identified, close to the attainable spatial res-
olution during SEM measurements. In general, it can be concluded that
the polydispersity of the AuNPs is smaller for the nanocomposites pre-
pared with 0.1 wt% KAuCly, as it can be extracted from the different
error bars of the box plots.

Fig. 2. a) Digital picture and b), ¢) SEM micrographs of a 0.1 wt% KAuCl,; nanocomposite monolayer (200 pm thickness) printed by SL and treated at 170 °C for 60

min. Inset in ¢) shows some AuNPs with different nanocrystal shapes.
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Fig. 3. a) Digital picture and b), ¢) SEM micrographs of a 0.1 wt% KAuCl, nanocomposite monolayer (200 pm thickness) printed by SL and treated at 80 °C for 60

min in presence of UV light.
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Fig. 4. SEM micrographs of a) 0.1 wt% KAuCly, b) 0.3 wt% KAuCl, and c) 0.5 wt% KAuCl, nanocomposite monolayers printed by SL after post-processing at 170 °C
for 60 min; d) box plots depicting the influence of the KAuCl, concentration in the AuNPs lateral size.

The thermal stability of the nanocomposites was studied by DSC and
TGA. The DSC thermograms in Fig. 5a) show a glass transition tem-
perature (Tg) around 60 °C for all the cases studied. In particular, a Tg of
57.3, 62.8, 63.0 and 64.2 °C was observed for the pristine resin and the
0.1, 0.3, 0.5 wt% KAuClsy nanocomposites, respectively. This seems to
indicate a contribution from the AuNPs to increase the Ty of the mate-
rial. The degree of cure of the resin was obtained from the transitions
observed at 150-180 °C, in agreement with our previous studies [8,21].
However, it is not observed a clear exothermic peak (attributed to the
residual curing enthalpy) in none of these thermograms, so it is assumed
that practically a full degree of cure has been achieved in all cases.
Instead, it is observed a series of T around 170 °C, more or less pro-
nounced. These transitions include a slightly endothermic peak, which
can be ascribed to the aging of polymer resin [42]. As this behavior is
also observed in the pristine resin, it does not seem to be related with the
formation of the AuNPs. These findings are supported by the TGA results
presented in Fig. 5b), where a small increase of the thermal stability of
all the nanocomposites is observed when compared to the pristine resin,
even though these differences are not particularly significant. It was not

observed any transition attributable to the thermal decomposition of
KAuCly into AuNPs, likely because the amount of gold precursor is very
low for all the nanocomposites prepared. These results evidence that the
AuNPs do not affect the thermal stability of the material due to their low
amount and good dispersion in the resin matrix.

To gain more information about the optical properties of 3D printed
Au nanocomposites, a parallelepiped (20 x 20 x 10 mm?, 50 layers) was
printed with a layer height of 200 pm and a concentration of 0.1 wt%
KAuCly. In these conditions, the object looked completely transparent
and colorless after being printed (Fig. 6a)). The sample did not vary its
color or transparency after 60 min of UV light at room temperature,
supporting that this UV treatment is not enough to form AuNPs. Only
after a subsequent thermal treatment for 60 min at 170 °C the paral-
lelepiped showed an intense, dark pink color when light is reflected
(Fig. 6b)). This color slightly changes towards violet with transmitted
light (Fig. 6¢)), evidencing the characteristic optical properties of the
AuNPs caused by their LSPR. Sample is colored yet transparent, since the
AuNPs formed possess sizes below 400 nm, i.e. below the visible
wavelength range. As Fig. 6d) illustrates, the text behind the 10 mm
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Fig. 5. a) DSC and b) TGA thermograms of the pristine resin, 0.1 wt% KAuCl,,
0.3 wt% KAuCl, and 0.5 wt% KAuCl, nanocomposite monolayers printed by SL
after post-processing at 170 °C for 60 min.

thickness object can be easily read. The color change occurred in a
similar way to the previously printed monolayers.

Fig. 7a) depicts two different regions of the 3D-printed parallele-
piped studied by SEM and TEM. In order to analyze the bulk material (i.
e., avoiding the surfaces) by TEM, an electron-transparent lamella was
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obtained by FIB from the nanocomposite. The materials were studied
under HAADF conditions rendering images with chemical contrast
attending to the atomic number of the constituents, thus reproducing the
AuNPs brighter than the polymeric matrix. The parallelepiped surface
examined by SEM (Fig. 7b)) did not present significant differences
compared to the printed monolayers (Fig. 4a)). Fig. 7c) shows a HAADF
image of the 0.1 wt% KAuCl4 nanocomposite, where several NPs can be
observed, homogeneously distributed within the polymer matrix STEM-
EDX analyses (Fig. 7d) reveal the presence of C, O (both attributed to the
polymer matrix), Au (due to the presence of AuNPs), as well as Cu from
the TEM grid. Neither Cl nor K (at 2.6 or 3.3 keV, respectively) were
detected, demonstrating the absence of the gold precursor. EELS
chemical mapping presented in Fig. 7e) confirms the Au composition of
the NPs. These AuNPs present a distribution with sizes of 26 + 8 nm,
below those previously observed at the nanocomposite surface.

HAADF higher magnification images presented in Fig. 8a—c) evi-
dence that the nanoparticles are faceted. In order to obtain 3D infor-
mation on the morphology of these AuNPs, electron tomography was
carried out in the AuNP of Fig. 8c), and an image of the 3D recon-
struction is included in Fig. 8d) (see also Supporting Video). This
analysis showed that the AuNP is isotropic and polyhedral, presenting
multiple facets, in agreement with previous studies where the growth of
different isotropic AuNPs are formed from small gold precursors or
nanoclusters [43,44]. Complementary EDX mapping analysis of this
AuNP is also presented in Fig. 8e).

The differences found between the surface and the interior of the
gold nanocomposite may be due to several reasons. First, it is worth
noting that SEM has poorer spatial resolution than (S)TEM, therefore
small AuNPs on the surface of the material would not be detected by
SEM. On the other hand, AuNPs as large as those found by SEM at the
nanocomposite surface were not definitely observed inside the bulk
material. It is likely that there are surface effects caused by differences in
the diffusion of the gold precursor in solid state that lead to the for-
mation of larger AuNPs, even with different morphology, on the surface
of the composites than inside of the resin. Previous works report a
similar behavior in AgNPs nanocomposites prepared by classical pho-
topolymerization [45], SL [21] and digital light processing (DLP) [24,
46]. Even though these mechanisms are not fully understood, the au-
thors state that the different sizes and morphology can be ascribed to the

Facultad de
Ciencias

Fig. 6. Digital images of a 0.1 wt% KAuCl, nanocomposite parallelepiped (20 x 20 x 10 mm?®) a) right after printing (no thermal treatment); after thermal treatment
at 170 °C for 60 min b) under reflected white light; ¢) under transmitted white light and d) on top of a text to illustrate its degree of transparency.
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Fig. 7. a) Cartoon depicting the region where b) SEM (blue rectangle) and ¢) HAADF (dashed pink rectangle) images were taken from a 0.1 wt% KAuCl, nano-
composite parallelepiped (20 x 20 x 10 mm®) treated at 170 °C for 60 min; d) EDX average spectrum and e) EELS maps taken from c). C and Au are displayed in
magenta and yellow, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

5nm 5nm

Fig. 8. a-c) HAADF high-magnification images of individual AuNPs of a 0.1 wt% KAuCl, nanocomposite parallelepiped (20 x 20 x 10 mm®) treated at 170 °C for 60

min; d) 3D-reconstruction and e) EDX mapping of the AuNP displayed in c).

diffusion of the precursors or NPs during the nanocomposite
manufacturing or post-processing, differences of light penetration in the
sample or oxidation events happening selectively at the material surface
when it is subjected to high temperatures.

Finally, the macroscopic optical properties of these nanocomposites
were studied by UV-Vis spectrometry. Fig. 9a) shows the spectra of 0.1
wt% KAuCls nanocomposite parallelepipeds under different conditions.
Before any post-processing with temperature, the nanocomposites are

fully transparent, presenting transmittance values around 70% for
wavelengths above 430 nm. Even though there is some light scattering,
these values evidence that the samples possess a high degree of trans-
parency in practically the entire visible range. Below 430 nm, the
amount of light absorbed (or scattered) increases dramatically because
of the polymer resin, which constitutes the 99.9 wt% of the nano-
composite. These values are similar to those obtained for the pristine
resin, indicating that the gold precursor does not interfere with the
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Fig. 9. a) UV-Vis spectra of a 0.1 wt% KAuCly nanocomposite parallelepiped
(20 x 20 x 10 mm®) without any thermal treatment (grey curve) and after 60
min at 170 °C (pink curve). The curve predicted by the Mie theory for spherical,
26 nm sized nanoparticles in a medium with a refractive index n = 1.527 is also
presented as a pink, dashed curve; b) extinction curves predicted by the Mie
theory for spherical AuNPs with diameters d of 26 and 91 nm, homogeneously
dispersed in a medium with refractive index n of 1.333 (water) and 1.527
(polymer resin). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

transparency of the material in the visible range. After the thermal
treatment at 170 °C for 60 min, the 0.1 wt% KAuCls nanocomposites
show a peak with a maximum value at 548 + 6 nm. This curve is
characteristic of AuNPs with sizes below 100 nm, which possess optical
activity due to their LSPR in the range of the visible light [47]. This
behavior can be modelled by the Mie theory. Briefly, it states that the
color (i.e. the maximum of the absorbance in the visible light spectrum)
depends on the size of the AuNPs and the refractive index of the medium
where they are dispersed [48,49]. In general, AuNPs are homogeneously
dispersed in water (n = 1.333) but in our case, they are embedded in a
polymeric resin with higher refractive index (n = 1.527) [50], which is
also expected to modify their optical behavior. Considering this, and
simplifying the AuNPs morphology as spherical, the best fit for the Mie
theory occurs when the AuNPs possess average diameters around 30 nm.
In Fig. 9a) a dashed curve is presented with the prediction by the Mie
theory for 26 nm AuNPs, in agreement with the results obtained by TEM,
and n = 1.527. The experimental curve has a broader distribution, likely
due to the unavoidable size dispersion of the experimental AuNPs,
which contributes to widen the observed UV-Vis peak, but the local
maximum and the shape are well-reproduced. Fig. 9b) presents different
curves predicted by the Mie theory for different refractive indices and
using the AuNPs average size values observed by SEM (91 nm). A
decrease in the refractive index of the medium shifts the LSPR of the
AuNPs to lower wavelengths. An increase in the average AuNPs size
red-shifts the LSPR peak, while it also becomes broader, having a
mismatch with the experimental results. This confirms that the optical
behavior of these nanocomposites is governed by the AuNPs embedded
within the polymer matrix, as observed by TEM, while the formation of
larger AuNPs occurs locally at the material surface. It also proves that
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the number of larger AuNPs is significantly lower and they practically do
not contribute to the macroscopic optical properties, in agreement with
the experimental UV-Vis spectrum. Hence, these high-resolution mi-
croscopy analyses are critical for a proper understanding of the func-
tional behavior of these nanocomposites and the correlation of the
macroscopic properties with the microstructure of the material.

4. Conclusions

In this work we have developed a series of nanocomposites con-
taining AuNPs of different sizes and morphologies, which gives them
unique plasmonic properties. We have proven that the 3D-printing of the
nanocomposites by SL can be separated from the synthesis of the AuNPs
in two different, well-differentiated steps. First, the photoresist is cured
by SL using a UV laser. A post-processing step inside a UV chamber
ensures the full photopolymerization of the resin. The gold precursor,
KAuCly, does not interfere with any of these processes. Then, a thermal
treatment is carried out. In this process, AuNPs are formed after 60 min
when the temperature is set to 170 °C. This is a promising alternative to
classical synthesis of AuNPs via redox reaction in solution, simplifying
the process and avoiding the use of solvents, surfactants, chemicals or
further purification and separation steps. Electron microscopy analyses
of the 0.1 wt% KAuCly nanocomposites showed that the AuNPs have
polyhedral morphologies and are bigger at the nanocomposites surface
(91 + 37 nm) than within the material (26 + 8 nm). The overall
macroscopic optical properties of the nanocomposites are governed by
the LSPR of the smaller AuNPs, in good agreement with the Mie theory.
Therefore, this study evidences the need to carefully characterize these
nanocomposites, where nanoparticles are formed in situ within the
polymer matrix.

These nanocomposites have potential applications as versatile tools
for SERS detection, especially for non-destructive assays on non-planar
substrates, such as elements of cultural heritage. We anticipate that
these nanocomposites will pave the way for the design of advanced
platforms for plasmonics, where tailor-made objects with precise ge-
ometries and sub-millimeter resolution are required.
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