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Periodic microstructures in styrene-acrylonitrile (SAN) copolymers are fabricated by two-beam direct laser interference patterning
using a nanosecond pulsed laser operating at a wavelength of 266 nm. The SAN copolymers are synthesized using different molar
ratios (styrene to acrylonitrile) by a free radical polymerization process. The chemical composition of the copolymers and their
properties are determined using Fourier transformed infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC).
Depending on the composition of the irradiated copolymer films, with weight ratios ranging from 58 to 96.5% of styrene to
acrylonitrile, different ablation behaviors are observed. The laser fluence necessary to locally ablate the copolymer is found to
be dependent on the copolymer composition. Unlike other dielectric polymers, the laser irradiation produced both direct ablation
of the irradiated material and collapse of the surface. It is shown that, by varying the laser fluence and the copolymer composition,
the surface structure can be changed from a periodic pattern with a swelled topography to an ablated-like structure. The number
of holes does not depend monotonically on the amount of PS or PAN units but shows a more complex behavior which depends on

the copolymer composition and the laser fluence.

1. Introduction

Styrene-acrylonitrile (SAN) copolymers are widely used in
place of polystyrene owing to their greater thermal resistance.
Furthermore, they are optically clear and exhibit good rigidity
as well as a high chemical resistance and can be easily
processed [1, 2]. Typically, SAN copolymers are employed to
construct automotive parts (e.g., battery cases) and also for
kitchenware, appliances, furniture, and medical supplies [3].
In addition, in applications requiring special structural prop-
erties, SANs are often used in polymer blends mixed with
polyurethanes, polyamides, and polymethacrylates [4-6].
Polyacrylonitrile surfaces can be easily modified by reaction

of the nitrile group with hydroxide ions [7]. In that way, the
wetting properties changed and the carboxyl groups on the
surface can be used to conjugate with bioactive molecules [8].

However, not only the chemistry but also the topography
of the surface material defines its use. The topographic effect
can be achieved by fabricating microstructured surfaces with
periodic surface topographies. For instance, surface related
properties like wetting behavior, friction, and adhesion of
cells and/or bacteria, besides others have been proved to
be strongly dependent on the surface topography [9-13].
The fabrication of these micro- and nanostructured surfaces
has been realized using different methods which normally
require multiple fabrication steps and/or special molds or



masks featured with the desired structure, such as optical
lithography, microcontact printing, and hot embossing. Fur-
thermore, processes like chemical, electrochemical, or phys-
ical etching (such as reactive ion and plasma etching) also
require hazardous chemicals that are subsequently employed
to transfer the pattern from the photoresist into the surface of
the material.

An alternative to chemical and physical methods is laser
based processing technologies. Direct laser writing (DLW)
has been used to directly fabricate microstructures on dif-
ferent kinds of materials mainly based on photochemical or
photothermal ablation processes. However, the resolution in
DLW is controlled by the laser wavelength as well as the
numerical aperture of the used optic and therefore is nor-
mally limited to feature sizes up to 5 to 10 ym. Furthermore,
long processing times are required especially if large areas
(cm* to m?) have to be patterned. An alternative to DLW
is direct laser interference patterning (DLIP). This technique
has shown to be useful to fabricate surface periodic structures
with feature sizes even below the diffraction limit with the
additional advantage that neither masks nor molds are nec-
essary to obtain the final structure. In DLIP, an interference
pattern is created by overlapping two or more coherent laser
beams, which can be transferred directly onto the material
surface if enough energy per unit of area is applied. Due to the
high laser intensity at the interference maxima positions, bulk
materials (e.g., polymers, metals, ceramics, and coatings)
are patterned by photoinduced ablation processes [14]. The
geometry and size (period) of the interference pattern are
controlled by the laser wavelength (1), the incidence angle of
the individual beams (6), and the number of the utilized laser
beams [15]. Therefore, the control of the optical configuration
and the laser processing parameters (laser power and number
of laser pulses) permit perfectly creating a well-defined
surface topography with controlled topographical parameters
(structure depth and period).

In the present work, we report the fabrication of periodic
surface structures on styrene-acrylonitrile (SAN) copolymers
using DLIP. The composition of the synthetized styrene-co-
acrylonitrile copolymers and the relation of the molar ratios
in the feed and in the final material were determined using
FTIR spectroscopy. Subsequently, the samples were patterned
applying the DLIP method using ultraviolet laser light. The
influence of the chemical composition of the copolymer
and the laser processing parameters on the laser ablation
mechanism and therefore on the surface morphology was
investigated.

2. Materials and Methods

2.1. Materials. Styrene-acrylonitrile (SAN) copolymers were
synthesized in glass ampoules sealed with rubber septa
in bulk (3molL™") using benzoyl peroxide as initiator.
Acrylonitrile and styrene monomer were used as received.
Dissolved oxygen was removed from the reaction solution
by nitrogen purging for 30 min prior to immersion in a
water bath at 60°C. Subsequently, the ampoule was removed
from the water bath, and the reaction was stopped with
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TaBLE 1: Compositions of the feeds (styrene = S; acrylonitrile = AN)
used to synthesize the SAN copolymer films.

Mass relation in Mole relation in Denomination
feed feed of the
[grS/gr. AN] [mol S/mol. AN] copolymer
0.667 0.253 SAN (40 60)
150 0.434 SAN (60 : 40)
2.25 0.535 SAN (70:30)
4.07 0.675 SAN (80:20)

0.5 mL of a 10 wt% solution of hydroquinone. The solid was
washed several times with chloroform in order to remove
the remaining monomer. Afterwards, dimethylformamide
(DMF) was used to dissolve the copolymer. The films of the
copolymer were prepared by evaporation of 5% w/v solution
of SAN copolymer in DME All monomers and chemicals
were purchased from Sigma-Aldrich (St. Louis, USA). The
different compositions of the feed used can be seen in Table 1.

2.2. Methods

2.2.1. Polymer Characterization. Fourier transformed infrared
(FTIR) spectra of the nonstructured copolymers were per-
formed using a Nicolet Impact 410 spectrometer. The spec-
trum was recorded between 500 cm™' and 6000 cm™. Dif-
ferential scanning calorimetry (DSC) measurements were
conducted using a TA Instruments DSC 2010 under nitrogen
flow. Sealed aluminum capsules were quickly cooled inside
the differential scanning calorimeter chamber to 20°C. After
several minutes, the sample holder assembly was heated at a
rate of 10°C min™~" from 20 to 250°C.

2.2.2. Laser Interference Experiments. A high-power pulsed
Nd:YAG (Spectra Physics, Quanta-Ray Pro 290) with a
wavelength of 266 nm, frequency of 10 Hz, and pulse duration
of 10 ns was used for all interference experiments. A scheme
of the experimental set-up has already been shown elsewhere
[14]. The laser beams are guided to overlap on the samples
surface by using different optical elements including mirrors,
beam splitters, and lenses. The energy density was varied
between 500 mJ cm™2 and 1000 mJ cm 2. Only one laser pulse
was used in each experiment. Line-like patterns with a spatial
period of 5 yum were fabricated on all samples.

2.2.3. Surface Characterization. All samples were imaged
with a high-resolution scanning electron microscope (SEM)
at 5kV acceleration voltage. The structure period was char-
acterized using a confocal microscope (Leica DCM 3D). The
pore form factor was evaluated by image processing of the
SEM data [16], using Image] software [17].

2.2.4. Quantitative Measurement of the Holes Area. The quan-
titative measurement of the hole area was made using Image]J
software. The SEM images were opened with this software,
and then they were transformed in an 8-bit image. The scale
is calibrated with the scale bar shown in the SEM image. Then
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FIGURE 1: FTIR spectra of PS, PAN, and SAN copolymer (60 : 40).

TaBLE 2: FTIR spectroscopy absorption of the more relevant bands
of polymers.

Wav_elnumber Assignment Polymer

[cm™]

907 Aliphatic C-H wag band PAN, PS, SAN
Phenyl ring in plane C-H

1028 PS, SAN
bending vibration band (I)
Phenyl ring in plane C-H

1071 PS, SAN
bending vibration band (II)

1597 Quadragt stretching of the PS, SAN
phenyl ring C=C

2228 C=N bond stretching PAN, SAN

using the utility measure of the software the black round-like
areas surrounded by white borders were quantified. Those
areas were assumed to correspond to the holes. A table of
distribution of holes areas is elaborated and made into and
histogram which is fitted with a Gaussian distribution (see
Figure 4(a)). The latter procedures are made using Origin 7.0
software (Microcal). The area value for the maximum is then
plotted as a function of the copolymer feed ratio.

3. Results and Discussion

Figure 1 shows the infrared spectra of the homopolymer of
styrene (PS) and acrylonitrile (PAN), as well as the spectrum
of a copolymer. The more relevant bands are summarized in
Table 2. The spectra of PS and PAN show all characteristic
bands of each homopolymer while the copolymer’s spectrum
(in this case SAN 60:40) shows the bands corresponding to
both monomeric units. This result indicates that the chemical
structure of the synthesized compound corresponds to both
styrene and acrylonitrile monomer units, showing that the
copolymerization was effective.

In order to determinate the copolymer composition, the
fraction of styrene to acrylonitrile units was determined
using the method proposed by Takeuchi, by measuring the

ratio of the near infrared bands at 1.67 ym (5970 cm™")
to 1.910 um (5235 cm™) [18]. The band corresponding to
1.67 ym is assigned as an overtone of phenyl C-H c.a.
3000 cm ™" (3000 cm ™! x 2 = 6000 cm ™" = 1.67 ym) being its
absorbance directly proportional to both the styrene content
of the copolymer and the thickness of the film. The bands at 10
1.910 and 1.952 ym are combination tones of acrylonitrile and
are assigned as, respectively, v(CN) + v(CH;) (2237 + 2940
=5177cm™" = 1.932 um) and v(CN) + v(CH;) (2237 + 2870
=5107 cm ™" = 1.958 um). Figure 2(a) shows the near infrared
spectra of the synthesized copolymers in a range of 2.1 ym and
1.67 um, while Figure 2(b) shows the relationship between the
feed ratio and copolymer ratio for styrene using the model
proposed by Takeuchi et al. [18]. The final composition of
the copolymer was later obtained measuring the absorption
ratio of solid synthetized material, indicating that the weight
composition of styrene varied between 58 and 96.5% w/w.

As it can be observed in Figure 2, increasing the styrene
ratio in the feed results in an increase of the styrene units
in the copolymer. The amount of styrene in the copolymer
backbone was always higher than in the feed. This behavior
can be explained since the styrene units are more reactive
than acrylonitrile ones [19].

In Figure 2(b), the glass transition temperatures (T}) of
each synthesized copolymer, determined using differential
scanning calorimetry (DSC) technique, are shown. As can be
observed, the T, values for all SAN copolymers are ranging

from 70°C to 78°C [20]. These T, values are below the
measured values of the pure components, PS (T, = 80°C)

and PAN (Tg = 93°C). This behavior has been also observed
in other copolymers since random copolymers tend to have
intermediate chain stiffness and the macromolecules present
interchain attraction [21, 22]. Moreover, the DSC experiments
of the synthetized materials show a single T value (not
shown) indicating the presence of a copolymer, ensuring that
the materials are not just a mixture of the two homopolymers
(PA and PAN). Furthermore, the T, of the copolymers is
low enough to allow for softening of the material upon laser
heating.

After that, the synthetized copolymers were irradiated
using two-beam DLIP with a wavelength of 266 nm. The
angle between the laser beams was set to 1.52°, obtaining a
line-like interference pattern with a special period of 5.0 ym.
The surface topography of the fabricated periodic struc-
tures in the different copolymers was investigated. Figure 3
shows scanning electron microscope (SEM) images of the
SAN copolymers (80:20; 60:40; 40:60, feed composition
styrene/acrylonitrile) irradiated using different laser fluences
(610 and 972 mJ cm2). The images show that the material
remains unchanged at the interference minima positions
for all of the experiences. Qualitatively, it can be seen that
the amount and size of holes depend on the copolymer
composition and the laser fluence.

Previous work has shown that ablation of polystyrene
occurs without generation of gaseous products [12]. On
the other hand, Nishio and colleagues [23] reported that
structural changes on nitrile groups in polyacrylonitrile, such
as elimination and cyclization reaction, occur when it is
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FIGURE 2: (a) FTIR spectra of SAN copolymers. (b) Relationship between the % of styrene in the feed and the % of styrene units in the
copolymer. Next to each copolymer point, the value of measured glass transition temperature is depicted. Full line is a polynomial fitting of
the data. Dashed line represents the relationship for equal reactivity between acrylonitrile and styrene.
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FIGURE 3: Line-like patterns produced on different SAN copolymers samples at different laser fluences: (a) 40: 60, (c) 60: 40, and (e) 80: 20
(laser fluence: 610 mJ cm™2) and (b) 40: 60, (d) 60: 40, and (f) 80: 20 (laser fluence = 972 mJ cm™2). In all cases the period was 5 ym and the
SAN samples were irradiated with laser radiation of 266 nm (~10 ns pulse width).
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FIGURE 4: (a) Typical histogram (calculated from SEM image depicted in Figure 3(c)) of the holes areas, together with the distribution of
holes areas in the SEM image. (b) Dependence of the maximum of hole area distribution obtained from the histograms like the one shown
in Figure 4(a) on the copolymer feed ratio, at different fluences (stated in the figure).

irradiated with UV laser light. Cyclization reactions and elim-
ination of nitrogen atoms are induced more extensively when
the excess energy increases with increasing laser fluence,
similar to carbon fiber formation by pyrolysis of PAN [24-
26]. Therefore, the elimination of nitrile groups is observed
for PAN when it is irradiated with UV laser. The energy of
the laser beam is enough to break the C-C bond between the
primary chain and nitrile groups, forming gaseous products
[27, 28]. A similar gas formation process has been reported
for poly(styrene-co-methyl methacrylate) [15, 29]. Moreover,
it is possible to observe that the swelling profiles and heights
decrease when the fluence tends to increase, probably because
the loss of material by ablation into gas is more important at
this high fluences. The same behavior has been reported and
simulated by Lazare et al. [30]. Due to the high absorption
coeficient of the styrene monomer at 266 nm [31], the styrene
units in the copolymer backbone produce a synergetic effect
enhancing absorption and generating heat, allowing in this
manner the decomposition of acrylonitrile units and thus
producing bubbles [32].

A more quantitative assessment of the degree of hole
formation can be made by image analysis of the SEM micro-
graphs. The area of the holes follows a Gaussian distribution
(Figure 4(a)). The maximum value for the holes area depends
on both the copolymer composition and the laser fluence
used (Figure 4(b)). On one hand, the copolymer with less
acrylonitrile units (80 : 20 feed ratio) shows a smaller degree
of hole formation, likely due to the absence of the gas
forming groups (nitrile). In agreement with that model, at
a higher laser fluence (972 mJ cm™?), the size of the holes
decreases clearly when the amount of acrylonitrile units in
the copolymer diminishes (Figure 4(b)) [30].

On the other hand, at lower laser fluences (610 mJ cm ™)
a more complex process is operative. At smaller amount of

styrene units in the copolymer, the acrylonitrile absorption
is not enough for maximum degree of holes formation. This
only occurs at an intermediate composition (60:40) value
when there are enough styrene units for light absorption
and acrylonitrile units for gas formation. In copolymers with
higher amounts of styrene units (80 : 20), the limited amount
of acrylonitrile units makes the hole formation by gas release
become small and independent of the laser fluence.

An advantage of SAN copolymers over pure PS is that
chemical composition of the copolymer surface can be easily
modified by reactions on the nitrile group [33]. Treatment
with concentrated sodium hydroxide produces the hydrolysis
of the nitrile groups to give carboxylate.

4. Conclusions

We have shown the possibility to fabricate periodic micro-
structures in styrene-acrylonitrile copolymers using direct
laser interference patterning operating at a wavelength of
266 nm. The obtained complex surface architectures result
from the synergetic properties of the individual components.
We have also shown that by varying the laser fluence and the
copolymer composition the surface structure can be changed
from a periodic pattern with a swelled topography to an
ablated-like structure, similar to the ablation behavior of
other homopolymers (e.g., polystyrene, polycarbonate, etc.).
The ablation processes in the copolymers appear to be related
to the formation of pores by gaseous products generated by
decomposition of the acrylonitrile monomer unit when the
laser light interacts with the sample. Finally, the micromod-
ification of the SAN copolymers topography seems to be
adequate for changing surface properties. In addition, the
presence of acrylonitrile units makes it possible to chemically
functionalize the surface allowing the attachment of bioactive
molecules.
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