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Abstract

Technological advances in stereolithography 3D printing have allowed the
development of new composites. Nowadays the trend is toward composites
containing nanostructures modifying their physicochemical properties while
maintaining their processability. In this work, the elaboration and characteriza-
tion of silver nanoparticles (AgNPs) and silver nanowhiskers (AgNWs) and its
nanocomposites in an acrylic resin is presented. The AgNPs were synthesized
using a green method from Jalapefio Chili (Capsicum Annuum var Annuum)
extract. The AgNWs were synthesized using the polyol method. Complemen-
tary studies were carried out to determine morphology, functional groups, the
crystalline structure and the plasmon resonance by transmission electron micros-
copy (TEM), Fourier transform infrared spectroscopy (FTIR), X ray diffraction
(XRD) and UV-vis spectroscopy, respectively. The resin nanocomposites were
formulated with AgNPs or AgNWs at different concentrations and their thermal
diffusivity was measured by Thermal Lens (TL). On the other hand, using pho-
toacoustic spectroscopy (PAS), the characteristic curing time of the nanoresins
was determined. It was found an increase in thermal diffusivity and curing time
with the increase in concentration of the nanostructures and higher curing time
for the AgNWs nanocomposite. on the curing process. Samples were printed
using SLA to find possible applications in 3D printing structures for medical
application.

Keywords: 3D printing, nanocomposites, thermal properties, physicochemi-
cal characterization
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1. Introduction

In the 80’ a new manufacturing process to obtain solid prototypes from 3D
digital images with relative high speed and ease of printing was developed. Layer
by layer, thin films of a polymeric material, which is sensitive to UV light, are de-
posited. After the process is repeated many times, a solid piece of cured polymer
is obtained, although curing time is short. Moreover, cost-energy savings are high
and complex pieces can be obtained [1, 2].

Usually, the size of the printed objects is between 5-30 cm; therefore, to ob-
tain pieces in the millimeter scale, is necessary to modify the printing technique.
This also depends on the material to be used and the process itself. There main
3D additive manufacturing technologies are material extrusion, material jetting,
Vat photopolymerization, powder bed fusion, sheet lamination, directed energy
deposition, and binder jetting [3].

The additive manufacturing, 3D printing, or rapid modeling is focused on redu-
cing printing time and improving the properties of the printed material. Among its
advantages are speed is faster than other techniques, cheapness, complex geome-
tries for printed pieces are obtained, higher availability, reduction of waste material.

Galvanometric mirror

UV laser

Resin container

Figure 1. 3D printing by stereolithography.
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On the other hand, among its disadvantages are limitations in materials used for
printing, size limitation, accuracy, and is not possible mass production [4].

Among 3D additive manufacturing techniques, stereolithography (SLA) co-
mes originally for lithography [5]. It uses the hydrophilic physical properties of
a clay substrate on which the design is drawn with graphite. Due to the hydro-
phobic properties of graphite, the design is transferred from the clay plate to the
substrate [6].

Nowadays, epoxy, vinyl or polyester resins are employed as well as bio-based
resins based on starch, lactic acid or natural derivatives. In general, UV light and
light-curing resins are used as shown in Figure 1. The laser light is directed by a
galvanometric mirror which polymerizes the photocurable resin layer by layer by
and UV laser, until the 3D figure is obtained.

The typical formulation for curing involves the use of a photo initiator, which
generates the reactive species for starting the polymerization process, the mo-
nomers to be cured, and oligomers which can modify the structure of the resin
[7]. The printed pieces currently have applications that range from biology to
electronics and medicine [8]. The development of Nanotechnology has led the
use resins in which nanometric-sized structures are incorporated, known as
nanoresins or nanocomposites with the subsequent modification of the physico-
chemical properties of the final printed product. Metallic nanostructures such as
Fe, Ti, Ag, Co and Au have been incorporated to polymers such as polyethylene
and polylactic acid, among others. However, main problems faced up are poor
incorporation of nanostructures into the polymer, agglomerations, changes in
the size and shape of the nanostructures, before and during the polymer photo-
curing process [9].

Among photothermal techniques used to study the thermal properties and
curing of resins used for 3D printing, photoacoustic (PA) and thermal lens (TL)
are of special interest. In PA a beam of light in contact with a material cau-
ses a deformation on its surface with a subsequent expansion of the crystalline
network and the release of energy in the form of waves in its surrounding envi-
ronment. It is a sensitive and non-destructive technique. The experimental set up
is shown in Figure 2. In this technique, a modulated beam of laser light hits the
sample placed on a metal sheet generating thermal waves with pressure changes
in the air adjacent to the metal sheet. Then, the acoustic signal produced is recei-
ved by a microphone and sent to and amplifier for further processing [10 — 12].
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Figure 2. a) Experimental set up for PA. b) Open Cell Microphone (OPC).

Thermal lens (TL) is a phenomenon formed when a beam of laser light (pump
laser) excites the sample. A second beam of laser light (probing laser) passes throu-
gh that point being its trajectory modified due to the change in the refractive index
caused by an increase in the temperature on the sample with respect to the surroun-
ding environment [13 — 15]. The experimental set up is shown in Figure 3.

g G

‘|

Lock-in

Figure 3. Experimental set up for TL: A) Ar* Xe ion pump laser, B) Filter, C) Shutter, D) Focu-
sing lens 1, E) Liquid sample, F) Focusing lens 2, G) He-Ne probing laser, H) Mirror, I) Energy
container, J) Computer, K) Shutter control, L) Lock-In, M) Detector.

The Fresnel theory as a function of time describes the TL phenomena as
shown in Eq. 1.
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being the probe laser beam at any time 2 I(0). is the initial value of I(7) for =0,
0 is the shift of the phase in the probe beam after passing through the sample

caused by the increase in temperature. V=| ' | z_ is the confocal distance of

b

. . C .
the probe beam and z_ is the distance from the probe beam waist to the sample.
w_ and w_ are the beam spot sizes of the probe and excitation beams at the sam-

@) P-A-L /g
ple, respectively, 7 %) ‘and O=———— , P is the excitation beam
power, is the optical absorption coefficiént of the sample L is the sample thick-

ness, £ is the thermal conductivity, 4 is the laser wave-length of the probe beam,

d
and (ﬁ«) is the change of the optical path length with temperature of the probe

beam. The characteristic time constant of the thermal lens is related to the ther-
2

mal diffusivity as follows D = , in which ¢ and 7 can be determined by
fitting Eq. 1 to the experimental dafa obtalned [16 —18].

In this work, silver nanoparticles (AgNPs) and silver nanowires (AgNWs)
were synthesized and added to an acrylic resin to elaborate and nanocomposite
with possible applications in biomedicine. Samples were physicochemically cha-
racterized and thermal properties were measured.

2. Materials and methods

2.1. Synthesis of nanostructures
2.1.1. AgINPs synthesis

The methodology of Li ef al. [19] was used for green synthesis of AgNPs
from Capsicum annum L. extract (Jalapefio chili pepper). Chilis were bought at
a local market in Mexico City. They were washed with distilled water. An extract
was elaborated, centrifuged at 4000 rpm for 1 h and filtered. Later, the extract
was made up to 250 mL in distilled water. As a precursor, 0.1 M of AgNO3 was
used. Then, 10 mL of the precursor were added to 50 mL of the reducer at room
temperature and stirred. Every hour (up to 11 h), a sample was taken, and absor-
bance was determined by UV-vis. Color changed from transparent to translucent
white, reddish brown and finally dark cherry after 11 h of reaction time.

2.1.2. AgNW's synthesis

The AgNWs were synthesized using the polyol method [20]. Silver nitrate,
glycerol and PVP were used as a precursor, solvent and reducer and protective
agent were used. For that, 0.489 M of AgNO3 was dissolved in 19 mL of a
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solution containing 0.284 mol of PVP in glycerol and stirred. On the other hand,
0.5 mL of a 2 M NaCl aqueous solution was dissolved in 1 mL of glycerol and
homogenized. Both solutions were mixed and heated at 220 °C at a heating rate
of 2.75 °C/min and stirred at 50 rpm. The reaction was stopped using deionized
in a 1:1 ratio with respect to the volume of the reactant system and the resulting
product was precipitated by centrifugation at 7000 rpm. The solids were washed
with deionized water three times. Finally, the precipitate was dispersed in water
for its characterization.

2.2. Nanocomposites elaboration

The AgNPs and AgNWs were added to an acrylic resin to form two different
nanocomposites. For that, 1.5 to 6 mg of dry nanostructures were dispersed in
5 mL of the resin INKTEK, Mexico) using and ultrasonic bath for 1 h. For
further use as characterization and printing, the composites were homogenized
in an ultrasonic bath for 30 minutes.

2.3. Characterization

2.3.1. Physicochemical characterization

The UV-vis absorption coefficient was determined using a Genesis® 10S
Spectrometer, in absorbance mode, range of 190-1100 nm, and a step of 5 nm.
Functional groups were identified in a Bruker ® Alpha FTIR (Fourier Trans-
formed Infrared Spectroscopy) equipment with a range of 400 — 4000 cm™ and a
step of 2 cm™. Nanostructures’ morphology was observed using a JEOL® JEM-
1010 Transmission Electron Microscope (TEM) at an acceleration voltage of 60 kV.
The X-ray diffraction (XRD) patterns were obtained using a Rigaku® Smart Lab
diffractometer (Cu Ko, A = 1.5418 A), with a step of 0.02 °/s, and 26 from 20-80°,
voltage and current were 45 kV and 200 mA, respectively.

2.3.2. Thermal measurements
2.3.2.1. Thermal diffusivity

Thermal diffusivity measurements of the nanoresin were carried out using the
experimental set up shown in Figure 3. Briefly, the probing laser passes through
the sample, reflects off the mirror and is directed towards the light intensity
sensor. Then, the excitation laser beam penetrates in the interior of the liquid
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sample, increasing the temperature in the surrounding medium, causing a de-
viation in its trajectory. Constant parameters used were Pe= 40 mW, (power of
the Ar+Xe excitation laser at 514.5 nm (me= 4.9 X10—3 cm the diameter of the
excitation laser light beam; Ap=632.8 nm (He-Ne probe laser wavelength), mp=
1.81 X10—2 cm (probe beam diameter, red), m=13.691, V=1.22; z¢=6.56 cm
focal length; z1=2 m, L=1.0 cm (length of sample cell).

2.3.2.2. Curing time determination

The curing time was determined using the OPC set up shown in Figure 2.
The liquid resin was placed inside a neoprene O-ring (5x2 mm) as a container
on a metallic aluminum film (0.0012 mm thick). The sample was irradiated with
a modulated laser beam at 17 Hz; with a wavelength of 400 to 450 nm and an
average power of 2 mW. An Electret® microphone connected to the cell detects
the wave generated due to temperature increase.

3. Results and discussion
3.1. UV-vis of nanostructures resin and nanocomposites

In Figure 4 the UV-vis of the resin with reaction time for the AgNPs can be
seen. The curves show a band centered at 395nm, and an incipient growth of a
band centered at 475 nm which corresponds to the surface plasmon resonance
of silver. As the reaction progresses, the band at 475 nm is increased while the
band at 395 nm is decreased. This behavior is like that reported by Li ez 2/ [19].
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As seen in Figure 4 for AgNPs a main peak centered at 475 is observed be-
cause the vibrational mode is isotropic. On the other hand, AgNWs present two
vibrational modes, one transversal and the other longitudinal corresponding to a
shoulder centered at 350 nm assigned to transverse vibration and a band centered
at 380 nm assigned to longitudinal vibration (spectra not shown) [21, 22].

In the UV-vis spectra of the acrylic resin (not shown) a band in the range
from 277 to 429 nm was observed, the range in which the resin polymerizes.

For the nanocomposite, a band is observed from 420 to 435 nm (not shown),
which remains in the same region, but changes slightly in intensity. The highest
absorption started from 435nm and increases as the wavelength decreases.

3.2. FTIR of nanostructures resin and nanocomposites

In Figure 5, the FTIR spectra of the samples was taken every hour from
the reacting system. All curves were similar. The characteristic absorption bands
observed were at 3709-2803 cm™ for the symmetric and asymmetric vibration
of the O-H bond and stretching vibrations of the N-H bonds of primary and
secondary amines [23]. At 2816-1904 cm’!, for watet, corresponding to the sym-
metrical stretching of oxygen, -O- and the stretching of the S-H, NH2+, NH+
bonds, maybe from vitamins and thiols of the extract. The band at 1635 cm™ is
related to the bending of the H-O-H bonds, to the amide bonds and to the C=0O,
-C=N bonds. Only small changes in the intensity of the band at 3709-2803 cm
during the synthesis correlates with the kinetics found by UV-vis spectrometry in
Figure 4. For AgNWs, the same peaks were observed (spectra not shown).
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Figure 5. a) Kinetic monitoring of the synthesis of AgNPs.
b) Detail of the band at 3709-2803 cm-1.
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The FTIR spectrum of the acrylic resin is shown in Figure 6. The most
important absorption bands are 2869-2970 cm™ related to the stretching of
the C-H bond (-CH, and -CH,), at 1723 cm™' corresponding to the stretching
of the C=0 bond, a small band at 1635-1616 cm™ due to the stretching of the
RCO-NH2 bond. At 1450 cm™, and a peak corresponding to the -CO-CH,
bond. A broad band between 1016 and 1193 cm™, corresponding to the ester
group and another broad band between 3600 and 3350 cm™ due to O-H stret-
ching and amino group.

In the case of the nanocomposite, the FTIR spectra (not shown) had the
bands corresponding to both, the nanostructures, and the resin.
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3.3. TEM of nanostructures
TEM images were used to determine the diameter of the AgNPs. The kinetics

for 0, 5, and 11 h was observed. In Figure 7, a) an example of AgNPs at time 5 h
is shown along with b) the particle size distribution histogram.
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Figure 7. TEM images after
5 h reaction time for AgNPs
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The particles are spherical in shape and size distribution varies. In Table 1 the
particle size for the different reaction times is shown.

Table 1. Particle diameter statistics.

Particle size [nm]

Time |[h] 0 5 11
Minimun diameter 2.5 2.9 5.9
Maximum diameter 12.7 21.3 35.8
SD 1.6 3.7 4.6
Mean 6.2 7.6 15.7

From TEM micrographs of AgNWs in Figure 8, linear, straight structures
are observed, which different thickness and length (Figure 8a). No branches are
observed. Considering these nanostructures as straight cylinders, the calculated
diameter is 56.8 nm and the average length I=1451.7 nm with a mean aspect ratio

of 25.6 (Figure 8b).
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Figure 8. TEM images for AgNWs.

3.4. XRD of nanostructures

The structural properties of the AgNPs powders were analyzed by X-ray
diffraction (diffractogram not shown). The obtained peaks corresponded
to the planes of the cubic structure, FCC of silver [24], according to the Ag
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crystallographic chart (JCPDS-ICDD chart04-0783) [25]. The peaks were ob-
served at 37.8° corresponding to the (111) plane, at 45.9°, corresponding to the
(200) plane, at 67.2 corresponding to the (220) plane, and at 76.5° corresponding
to the (311) plane. Similar results were reported for AgNPs green syntheses using
extracts of Santalum album fruits, Oryza Sativa seeds and Coleus aromaticus
leaves [20].

For the AgNW's (diffractogram not shown), the signals corresponding to the
FCC cell planes of silver were identified, which agree with the JCPDS standard
file number 04-0783 of ASTM [27]. The crystallites that constitute them have a
preferential orientation in the direction (111).

3.5. Thermal properties of the nanocomposites

3.5.1. Diffusivity of nanocomposites by T1L

In Figure 9 it can be seen that the thermal diffusivity of the nanocomposites
increased as the concentration of nanostructures in the composite increased.
For the same concentration, the thermal diffusivity of the AgNPs composites
is higher than for the AgNWs nanocomposites due to the higher aspect ratio to
volume of nanoparticles compared to nanowhiskers [28].
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Figure 9. Thermal Diffusivity of the nanocomposites versus AgNPs or AgNWs nanostructures

concentration (vol %) (in red and green the SD of the measurements).
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3.5.2. Curing time of nanocomposites by PAS

In Figure 10, the relationship between the AgNPs or AgNWSs concentration
and the characteristic curing time, 1. For the same concentration, it is observed
that for the composites containing AgNWs the curing time is higher than for the
nanocomposites containing the AgNPs. This may be due to the UV light with ge-
nerates free radicals increasing the interfacial thermal resistance and then, curing
time is higher [29]. Also, as concentration is increased, the curing time increased
being more noticeable for the AgNWs. This increase is related to the number of
reactive functional groups between the acrylic resin and the nanostructures. For
lower nanostructures concentration, the characteristic time 1 increases slowly. On
the other hand, as concentration of nanostructures increased, the possibility of
the reaction of these functional groups present on the surface of the nanostruc-
tures, increases the characteristic time 1 [14].
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Figure 10. Characteristic curing time versus concentration for the nanocomposites.

3.5.3. SLA 3D Printing Process

The composites formulated with the AgNPs and AgNWs were 3D printed
in the form of meshes (1 cm?) for application as cellular scaffolds. AN UV laser
with a wavelength of 405 nm was used. The system was illustrated in Figure 1
and the interior of the printer is shown in Figure 11.
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Figure 12. 3D printed structures.

The parameters considered for
3D printing are the numerical data
to stablish the initial position of
the laser, the height at which the
printing starts, the total area of the
printed mesh, the number, and the
space between the vertical and ho-
rizontal lines for the printed mesh,
the duration of time to cure light
activate the composite resin and
the displacement of the printer
platform inside the resin. Exam-
ples of the 3D printed structures
are shown in Figure 12.
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4. Conclusions

In this work, 3D scaffolds by SLA from AgNPs or AgNWs and an acrylic
resin nanocomposite were successfully printed. From the green synthesis, spheri-
cal AgNPs with size between 5.9-35.8 nm after 11 h reaction observed by TEM
were obtained. Particles size depend on synthesis reaction time. Main functional
groups for the nanostructures and nanocomposites were identified by FTIR. The
obtained values for thermal diffusivity (D) measured by TL were between 14 and
47x10-8 m2/s for concentrations ranging from 5 to 19x10-5 wt% for the AgNPs.
For the AgNWs the D values were between 6 and 37x10-8 m2/s for concentra-
tions ranging from 4 to 17x10-5 wt%. Regarding the characteristic curing time (1)
a maximum of 58 s were obtained for the AgNPs nanocomposites and for the
AgNWs nanocomposites maximum was 1651 s for the highest concentration of
the nanostructures. Both D and 7 increased with nanostructures concentration.
The aim of this work was to find applications of 3D printed scaffolds nanocom-
posites in the biomedical field.
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