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Abstract

Polymer nanostructures were developed on fully bio-based poly(trimethylene furanoate)
(PTF) films, by using the technique of Laser Induced Periodic Surface Structures
(LIPSS). We found that irradiation times between 1 — 8 min allowed the formation of
periodic and nanometric ripples, when using an UV pulsed laser source at a fluence of 8
mJ/ecm?. The wrinkled surfaces were studied by a combined macro- and nanoscale
approach. We evaluated possible physicochemical changes taking place on the polymer
surface after irradiation by infrared spectroscopy, contact angle measurements and atomic
force microscopy. The macroscopic properties of PTF showed almost no changes after
nanostructure formation, differently from the results previously found for the terephthalic
counterparts, as poly(ethyleneterephthalate), PET, and poly(trimethyleneterephthalate),
PTT. At the nanoscale, the surface mechanical properties of the nanostructured PTF were
found to be improved, as evidenced by force spectroscopy measurements. In particular,
an increased Young’s modulus and higher stiffness for the nanostructured sample were

measured.
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1. Introduction

The synthesis and growth of polymer nanostructures have gained important interest
during the past decade due to their enhanced physical and chemical properties, as well as
for their potential applications, as carefully reported in recent reviews [1-5]. However, in
order to implement the use of these nanomaterials into high throughput industrial
processes in the plastics sector, several conditions must be accomplished. For example,
the formation of the nanostructures must be able to be carried out in a fast and reliable
way, without the requirement of particular conditions as clean rooms, high vacuum, or
complex mask fabrication. The technique of Laser induced Periodic Surface Structures
(LIPSS) fulfills these requirements [1, 6-8]. The formation of LIPSS results from the
illumination of the material using a linearly polarized laser beam and gives rise to the
spontaneous growth of surface nanostructures with a periodicity which may be described
by the expression A = A/(ngs * sin @), where A is the laser wavelength, ng¢ is the
effective refractive index at the surface of the material and 8 is the angle of incidence of
the laser [9]. Thus, the period is close to the wavelength of the laser beam (100 nm — 1
um) when irradiation takes place at normal incidence (A = A1/ngf). The complete
experimental procedure is carried out in ambient conditions, without the use of masks
and/or stamps, the irradiation time is in the order of minutes, and the energy of the laser
pulses is well below the ablation threshold of the material. The formation of LIPSS in
polymers has been widely reported in the literature [6, 10-18]. These nanostructured
materials have found applications in several topics, as cell adhesion and growth [19, 20],
Surface Enhanced Raman Scattering (SERS) sensors [6, 21, 22], and electrical devices of
polymer surfaces for organic electronics [6, 23, 24].

Considering the current demand for plastics having a low environmental impact, but

showing at the same time outstanding solid-state properties, an important 4ot topic for



research is centered on the production and application of bio-based polymers [25]. In
particular, we highlight the positive impact of polymers based on the 2,5-
furandicarboxylic acid (2,5-FDCA) [26, 27]. 2,5-FDCA is considered the “building block
of the future”, being obtainable from biomass throughout a process with almost negligible
environmental impact [28]. Besides being a 100% green monomer, 2,5-FDCA allows the
obtainment of high-performance plastics from the thermal, mechanical and barrier
properties point of view, being even better than their terephthalic counterparts [29-31].
From the chemical point of view, both furan dicarboxylic and terephthalic acid moieties
contain an aromatic ring responsible for the very good functional properties.
Poly(ethylene furanoate) (PEF) is the most important and studied furan-based polyester,
and it is the most credible alternative to PET. The outstanding properties of PEF allow
the fabrication of films and fibers, and it is currently proposed for packaging of soft
drinks, alcoholic beverages, and mineral water [32, 33]. More recently, both academic
and industrial interest has focused on another member of the furan-based polyesters,
poly(trimethylene furanoate) (PTF). The thermal, mechanical and barrier properties of
compression-molded PTF films have been deeply investigated [34-36]. PTF has shown
mechanical features similar to those of PEF, resulting even in a better performance from
the gas barrier properties point of view [34, 35]. Such exceptional properties render it as
an excellent candidate not only for food packaging applications but also for other possible
fields, as sensors and electronics, in which a superior capability of blocking the gas
molecules flow is required.

In this view, in the present paper, we report the formation and physicochemical properties
of LIPSS on fully bio-based, and free-standing, PTF films. We evaluated the
nanostructure assembly as a function of irradiation time, and studied the possible changes

suffered by the polymer after irradiation. Nanomechanical measurements allowed



quantifying an enhancement of the surface mechanical properties of PTF after
nanostructure development. Our findings were discussed taking into consideration the
chemical characteristics of the PTF, and have been compared with the results obtained

previously on terephthalic-based counterparts, such as PET and PTT.

2. Experimental section

Materials. 2,5-furandicarboxylic acid 98% (2,5-FDCA) (CHEMOS GmbH & Co. K),
1,3-propanediol (PD) and antimonium trioxide (Sb2O3) (Sigma Aldrich) were reagent
grade products.

Synthesis. Poly(trimethylene 2,5-furanoate) (PTF) was synthesized according to the
well-known two-step polycondensation process, starting from 2,5-FDCA (5 g) and PD
(17 g), and SboO3 (20 mg), this last being the catalyst of the polymerization process. The
reagents together with the catalyst were charged in a thermostated and mechanically
stirred glass reactor. The first stage was carried out at 180 °C in nitrogen atmosphere for
2 hours. In the second phase, the temperature was gradually raised till 220 °C and the
pressure regularly reduced to 0.1 mbar. These conditions have been kept till a constant
value of torque was recorded (2 hours).

Molecular characterization. Proton nuclear magnetic resonance spectroscopy ('H-
NMR, Varian Inova 400-MHz Instrument, Agilent Technologies) was employed to
determine the structure. The molecular weight of PTF was obtained by means of gel-
permeation chromatography (GPC) at 30°C using a 1100 HPLC system (Agilent
Technologies), equipped with PLgel 5-mm MiniMIX-C column and UV index detector.
A mixture of chloroform/hexafluoro-2-propanol (95/5 v/v) was used as eluent (0.3
mL/min). A calibration curve was obtained using monodisperse polystyrene standards in

the range of 800 — 100000 Da.



Film preparation. Free-standing films have been prepared by compression moulding the
as-obtained polymer into two Teflon plates at 200 °C under a pressure of 2 ton/m? (Carver
C12 press). The obtained PTF free-standing films had a thickness of about 140 + 5 pum.
Laser induced periodic surface structures (LIPSS). LIPSS were developed using a
linearly polarized laser beam from a Q-Switched Nd:YAG system (Lotis TII LS-2131M).
We used a wavelength corresponding to the fourth harmonic of the fundamental (1 =
266 nm) since PTF absorbs efficiently at this wavelength. The pulse duration was 8 ns,
and the repetition rate was 10 Hz. Irradiation experiments were performed in ambient air,
at normal incidence, and a fluence of 8 mJ/cm?, chosen on the basis of laser fluences used
for similar polymers [37]. Fluence was calculated measuring the energy in front of the
polymer sample and considering a laser spot with a diameter of 5 mm. The effect of the
number of pulses was studied.

Physicochemical studies. Differential Scanning Calorimetry (DSC) measurements were
carried out in a TA Instruments Q2000, with a liquid nitrogen cooling system, using a
ramp of 3 K/min. Samples for DSC experiments were prepared by encapsulating about 5
mg of PTF in aluminum pans. The glass transition temperature (7,) was taken as the mid-
value of the calorimetric step. The cold crystallization (7cc) and melting (7w)
temperatures were calculated as the onset of the peaks.

Fourier Transform Infrared Spectroscopy (ATR-FTIR) measurements were performed at
room temperature on a Jasco 3600 FTIR spectrometer, in the ATR geometry.

Contact angle (CA) measurements were performed on irradiated and non-irradiated PTF
films. We used a pocket goniometer PG2 (FIBRO system). The static wetting CA was
measured at room temperature and ambient humidity using deionized water, paraffin oil

and glycerol (Sigma-Aldrich) as liquid probes. A statistical analysis to obtain each CA



value was carried out, performing eight measurements per sample. The surface free
energy components were calculated from the measured CA values.

Nanoscale study. Atomic Force Microscopy (AFM) experiments were carried out using
a Multimode AFM equipped with a Nanoscope V controller (Bruker, Nanoscope 8.15 -
Build R3Sr8.103795). We characterized the surface topography of the samples via
tapping mode measurements. We used Tap300Al-G probes, by BudgetSensors, with a
usual resonance frequency (fo) of ~250 kHz.

The nanomechanical properties were also studied by means of AFM. For mechanical
mapping, we used the PeakForce-Quantitative Nanomechanical Mapping (PF-QNM)
protocol. This approach has been used extensively in recent literature to evaluate
nanomechanical contrast in polymer systems [38-41]. PF-QNM allows the simultaneous
mapping of topographical and nanomechanical features, being the latter related to the
surface elastic modulus, tip-sample adhesion force and surface deformation. Briefly, in
this operation method the probe performs force-distance curves on each pixel, at a 2 kHz
sinusoidal modulation frequency (fm). For PF-QNM measurements, we also used
Tap300Al-G probes. The ratio between f/ fo was in the 120 — 180 range. This indicates
that the probe-system conditions were adequate for proper mechanical moduli
quantification via nanomechanical mapping, as discussed in Ref [42]. The cantilever
spring constant was calculated using the Sader method [43] and found to be 20 N/m. The
tip radius was calculated using a PET standard as detailed in the following paragraph.
During imaging, we captured 256x256 resolution nanomechanical maps, at a Peak Force
setpoint of 50 nN. Tapping images and PF-QNM maps were analyzed using the
Nanoscope Analysis 1.90 software (Bruker).

Based on the PF-QNM maps, on fixed zones of the samples’ surfaces we performed force

spectroscopy measurements. In force spectroscopy, the cantilever approaches, “pokes



into” the sample, and then withdraws, following a linear displacement. During this
measurement, the cantilever deflection vs. piezo movement (Z direction) is measured, and
this can ultimately be converted to a force vs. tip-sample separation plot that provides
mechanical information about the sample. All of our force spectroscopy measurements
were carried using a Z ramp of 200 nm, at a rate of 1 Hz, and collecting 9728 samples.
The maximum applied force was 60 nN. For analysis of the force spectroscopy curves,
we used a tip radius value of 35 nm. We found this value by fitting a force-distance curve
performed on a free-standing PET film (provided by GoodFellow, thickness ~200 um) to
the DMT model (eqn (1), as described below). We fixed the Young’s modulus of PET to
be 1.6 GPa, as reported in the literature [39], and left the rest of the fitting parameters
free, allowing obtaining the above-mentioned radius. Further details are available in the
Supporting Information file. All force spectroscopy results were analyzed using self-

developed fitting tools.

3. Results and Discussion

3.1. Molecular and thermal characterization

The chemical structure of PTF (Figure 1 inset) has been verified by 'H-NMR: we can
observe the singlet of -C-H of furan ring at 7.30 ppm, the triplet of -CH»-O- at 4.55 ppm
and the multiplet of -CH»- at 2.30 ppm. The corresponding molecular weight was 31000
Da with a polydispersity index of 2.2.

Figure 1 shows the DSC results for the PTF free-standing film. The film was cooled from
room temperature down to -50 °C and the calorimetry measurements were performed on
heating, to preserve the thermal history of the film. We observed three calorimetric
signals: the endothermic step corresponding to the glass to rubber transition, an

exothermic peak related to cold crystallization, and an endothermic signal associated to



the melting of PTF crystals developed during the heating scan. The quantitative values of
the above described phenomena are summarized in Table 1. From those results, we
concluded that the as-casted PTF free-standing films are amorphous and in the glassy

state prior irradiation, being 7, located above room temperature and AHcc = AH.
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Figure 1. DSC trace of the as-casted PTF free-standing film. Inset shows the PTF
chemical formula.

Table 1. Thermal characterization data of the PTF free-standing film

Tg ACp TCC AHCC Tm AHm
O (J/g°C) C) (J/g) C) (J/g)
PTF 52 0.34 108 31 158 32

3.2. Wrinkle formation by LIPSS

Figure 2 shows 5x5 pm? AFM topography images of PTF films after different irradiation
times, as described above. The Figures’ labels correspond to the number of pulses; the
higher this value, the longer the irradiation time. In addition, each Figure is accompanied

by a corresponding height profile, taken perpendicularly to the ripples. The non-irradiated



PTF film (Op) showed a continuous surface topography. As expected from the DSC
measurements, there are no topographical indications of crystalline structures. The
sample had a mean roughness value of 43 nm, as quantified from the AFM height image.
This value is about 10 times higher than those previously reported by some of us for PET

and PTT free-standing films, prior laser irradiation [37, 44].
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Figure 2. AFM topography images of non-irradiated (Op) and irradiated PTF films.

In order to form LIPSS, it is necessary to irradiate with a few hundreds of pulses. After
every single pulse the material is heated and cooled down, and to form wrinkles, the

surface temperature must overcome T,. This allows polymer segmental and chain



dynamics. The heating above Ty is expected to induce an increase of surface roughness
caused by capillary waves, thus enhancing surface inhomogeneities and facilitating the
feedback mechanism involved in LIPSS formation [6]. In Figure 2, we observed the
formation of a wrinkled surface, composed by periodic nanostructures, after irradiation
for 300 pulses. This last value was similar to those found for the formation of LIPSS on
PET at comparable irradiation conditions [39, 44]. However, by comparing with the
formation of LIPSS on the specific PTF terephthalic counterpart, i.e. PTT, we noticed
several differences. As reported by Rodriguez-Beltran and collaborators [37], using the
same fluence (8 mJ/cm?) and an even higher number of pulses (3000p), there was not a
good formation of LIPSS on a PTT free-standing film yet.

To overcome this issue, authors had to increase the fluence by 25%, up to 10 mJ/cm?, for
the same high number of pulses [37]. Considering the chemical structure of both PTF and
PTT, in principle, this evidence points out towards the positive role the furanic ring has
on LIPSS formation. In other words, it seems that the furan-based polymer has a more
efficient LIPSS formation capability, compared with the terephthalic one. Also, we
highlight that if one considers the high roughness of the PTF surface, it is quite interesting
the possibility of structuring it at a relatively low number of pulses.

By increasing the number of pulses, we observed better-defined LIPSS on the PTF surface
(Figure 2). The AFM images indicated that the upper limit of pulses dose is above 5400p.
In fact, samples irradiated with 6600p and 7200p showed the disappearance of the ripple
morphology, indicating that the irradiation dose is too high and that probably some
melting is occurring. To provide quantitative values to account for LIPSS formation on
PTF, we analyzed the AFM height images to obtain the geometrical characteristics of the
wrinkled surfaces (period and depth of the ripples), as a function of the number of pulses.

These results are presented in Figure 3. Specifically, Figure 3(a) shows that the

10



nanostructures period remains almost constant throughout the whole range of pulses. We
found a mean value of 230 + 10 nm in the 300p — 5400p range, a value fairly close to the
laser wavelength, as expected [1, 6]. The longest irradiation times, 6600p and 7200p,
showed an increase in the period due to the merging of the structures as a consequence of
too high irradiation dose. Figure 3(b) shows the depth of the nanostructures as a function
of pulses. We observed that for the shorter irradiation time, the depth of ripples reaches
only about 10 nm. Then, in the 600p — 4800p range, the depth showed a constant value
of 50 =20 nm. The observed increase can be explained because the depth heated by laser
irradiation increases with the irradiation time, due to the positive feedback mechanism
mentioned above. Finally, around and above 5400p, the depth decreased monotonically.
This is related to the results previously observed for the period dependence, since for this
high number of pulses the structures start to merge and material melts, making the
structures less pronounced. For an even higher number of pulses material will be
ablated/removed. Both the period and depth of the LIPSS formed on PTF films are in
good agreement to those previously found for PET [39, 44] and PTT [11, 37]. Our results
allow concluding that, at a fluence of 8 mJ/cm? and using an UV laser source, the 600p —

4800p range is the best one for the formation of LIPSS on PTF.
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Figure 3. Period (a) and depth (b) of PTF LIPSS, as a function of the number of pulses.

3.3. Physicochemical properties of nanostructured films

To evaluate the physicochemical properties of the wrinkled PTF, we focused on the
sample prepared using 3600p, from now on called PTF-LIPSS. We combined
macroscopic and nanometric measurements, to allow us probing the overall response of
the nanostructures, as well as the possible individual changes.

Starting with the macroscopic measurements, Figure 4 shows the ATR-FTIR results for
our samples. The dashed line corresponds to the PTF film (non-irradiated), while the
continuous line shows the spectrum of PTF-LIPSS. We observed that both spectra
superimposed each other mostly. We only observed the formation of a shoulder around
1600 cm™! for the PTF-LIPSS sample. Signals around this value are usually related to
C=0 bands. Above 3000 cm™ the PTF-LIPSS spectrum showed a broad peak. Bands
around 3500 cm™! are usually assigned to -OH groups and are used as an indication of
surrounding humidity. We can discard this latter fact because, if so, both samples should
have presented the same behavior. Then, the ATR-FTIR results indicate that there are
some chemical modifications taking place after laser irradiation of the PTF, where -OH
and/or -COOH groups are introduced. Similar results have been reported in the case of
PET [45], where an increase of -COOH groups has been observed after UV irradiation,
their formation following a similar pattern to that obtained in its photochemical
degradation (Norrish type photofragmentation) for the follow-up reactions after primary

radical formation, or by a Norrish-like thermal pathway.
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Figure 4. ATR-FTIR spectra of PTF (dashed line) and PTF-LIPSS (continuous line).
To identify further macroscopic changes in the physicochemical properties, Figure 5
shows the CA experiments for both PTF and PTF-LIPSS. In this Figure, we present the
images of water, glycerol, and paraffin oil drops on both surfaces. Measurements were

performed 24 h after irradiation. The measured mean CA values are reported in Table 2.

Water Glycerol Paraffin oil

Figure 5. Images of a drop of different liquids on the surface of PTF and PTF-LIPSS.

PTF

PTF-LIPSS

Table 2. Contact angle measurements and surface energy results for PTF and PTF-LIPSS.
Contact angle values (0) are the mean and standard deviation. Surface free energy
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components were calculated as stated in the manuscript. Error value were found by

propagation.
o o o YdS vPs YTOTAL
OwaTer (°) | OcLyceroL (°) | Opararriv (°) (mJ/m?) (mJ/m?) (mJ/m?)
PTF 82+ 1 80+2 26+ 4 50+ 10 10+4 60+ 14
PTF-LIPSS 79+2 82 +3 48 £ 6 40+ 10 17+7 57+17

In the case of water, the PTF film showed a slightly hydrophilic behavior (Bwater < 90°,

Table 2). After irradiation, we observed a small decrease in OwaTer (~ 4%). In previous
works dealing with LIPSS on free-standing films of PET and PTT [20, 37, 44], the authors
observed higher decrease of water CA value for the irradiated samples, of about 30% and
60% for PET and PTT, respectively. Considering that the water CA decrease can be
related to polar functional groups produced on the polymer surface by oxidation process
occurring during irradiation, our Owarter results might indicate that the PTF suffers just a
slight surface oxidation, in agreement with the ATR-FTIR results. We found similar
evidences when the CA was probed using glycerol, the other polar liquid. In this case, for
the PTF film, we measured a OcLyceror = 80°. This value did not change after the film
was irradiated. Finally, the CA measurements with the non-polar paraffin oil liquid
presented different results. In this case, we observed a significant increase in the CA
value, from 26° to 48°, after irradiation. Again, this effect could be explained based on an
increase of polar groups on the polymer surface that reduce the affinity with the non-polar
paraffin oil used for the measurement. This result agrees well with the observations by
ATR-FTIR, where the PTF-LIPSS sample showed a broad peak in the -OH region.

We also need to consider the differences in roughness for both samples, since this
parameter has an effect on wettability. If we consider a homogeneous wetting model as

Wenzel’s model [46], the contact between the liquid and the surface of the sample is not
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altered by the presence of air and the variation of the contact angle is explained as a
function of a parameter called r. This parameter is given by the relation between the total
surface of solid in the solid-liquid interface, and the projection of the total surface of solid
in the interface, as » = (total surface)/(projected surface). Then, the contact angle of the
rough surface (theta*) would follow: cosf* = r cosf. Therefore, when r increases, if the
original sample was hydrophilic it will become more hydrophilic, and if it was
hydrophobic it will become more hydrophobic.

Wenzel’s model could explain the behavior observed for the water contact angle, but not
for the rest of liquids. We then need to consider the Cassie-Baxter model [47], which
considers that for rough materials the liquid does not penetrate the grooves on rough
surface and leaves air gaps. In this case, cos@*=fscosfstficosby, where fs and £, stand for
fraction of the solid and vapor on the surface while ;s and 6y refer to the intrinsic contact
angle on the original smooth surface, and 6y = 180° (implying that a suspended liquid
droplet in air is a perfect sphere). In this way the equation can be rewritten as follows:
cost*=fs(cosbs+1)—1.

If we consider a change in the fraction of the solid at the surface, with a value of 0.9,
contact angle obtained for water would be 88°, for glycerol 86° and for paraffin 44°. These
values are close to the ones obtained experimentally. For water and glycerol, the
experimental values are smaller than these ones, which can indicate the role of the
chemical modifications.

From the CA results, we calculated the surface free energy components of the polymer
films. We used the Owens, Wendt, Rabel and Kaelble (OWRK) model [48, 49]. The
OWRK model requires the CA values of the three liquids probed, and uses the Young’s
equation to determine the total surface energy (yroraL), and the dispersive (y%s) and polar

(yPs) components of the surface tension. The components of the surface free energy of the
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liquids were found in Ref [50]. The results for the calculated total surface energy, and its
components, are summarized in Table 2. We observed no change, above experimental
error, in the values of the total surface energy of PTF and PTF-LIPSS. This result is
opposite to the observations on PET and PTT [20, 37, 44]. In these works, authors
observed an increase of the total surface energy in the irradiated samples, indicating
changes in the surface physicochemical properties.

Thus, combining ATR-FTIR and CA results, we can conclude that the formation of
LIPSS in PTF does not involve important physicochemical changes in the material. This
is a very important and interesting result, since it shows that laser irradiation of PTF
allows the formation of a wrinkled surface with periodic nanostructures, without changes
in the material’s properties, contrary to what has been observed for the terephthalic
counterparts.

3.4. Nanomechanical response of nanostructured films

Now, we turn the attention to a nanometric analysis of the samples. The idea was to obtain
information about possible changes in a “ripple-by-ripple” fashion. To achieve this goal,
we performed two complementary measurements. First, we performed a nanomechanical
mapping on the polymers’ surfaces using the PF-QNM method, to evaluate possible areas
with interesting mechanical contrast. Then, on selected zones of the materials, we

performed force spectroscopy measurements.
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Figure 6. PF-QNM maps of PTF (top row) and PTF-LIPSS (bottom row).

Figure 6 shows the PF-QNM nanomechanical maps for both samples. The PTF film (top
row) showed continuous maps with a randomly distributed mechanical contrast in all the
evaluated physical properties. This indicates a mechanical homogeneity of PTF, i.e., there
are not any particular zones showing distinct mechanical properties, as expected. The
PTF-LIPSS film (bottom row in Figure 6) presented nanomechanical maps with a sort of
modulation. The variations in the mechanical properties were coupled to the ripples’
topography. For example, mechanical modulus maps of PTF-LIPSS showed the same
constant value for both top and bottom of the ripples, and variations at the ripples’ sides.
This trend was also observed for the rest of the properties (deformation and adhesion
maps). The origin of the observed nanomechanical contrast relates in principle to the
shape and aspect ratio of the LIPSS, compared to the AFM tip radius. In detail, at the
bottom and top of the ripples, the sample surface curvature can be considered as flat
compared to the tip radius, as previously discussed [39]. Nonetheless, when probing the
nanostructures’ sides the curvature condition does not hold anymore and, thus, one could
calculate unreliable values. As a first quantitative analysis, we compared the mean values

of the nanomechanical maps, between the PTF and PTF-LIPSS. We observed an almost
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invariable mechanical modulus (~2.5 GPa), and deformation (~1 nm) for both cases.
However, we observed differences in the adhesion maps. In particular, the PTF-LIPSS
showed a reduction in adhesion, from 13 to 5 nN. This result is in line with previous
reports on PF-QNM studies of LIPSS on PET and other polymeric materials [6, 39].

To enhance our nanomechanical study, we performed force spectroscopy measurements
on selected zones of our samples. In this case, the probe was positioned onto different
spots of interest, and force-separation curves were recorded. This allowed avoiding the
possible artifacts introduced by the dynamic nature of PF-QNM mapping. In Figure 7,
we present examples of usual force-separation curves for three different cases, namely,
non-irradiated PTF, PTF-LIPSS at the top of the ripples, and PTF-LIPSS at the bottom of
the ripples. We explicitly avoided probing the LIPSS sides to focus only on areas that

could be considered flat, compared to the tip radius.
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Figure 7. Force-separation curves recorded for neat PTF, PTF-LIPSS top, and PTF-
LIPSS bottom. Blue circles correspond to the tip approach, while pink circles to the tip
retraction.

In Figure 7, F'is the force sensed by the AFM probe, and 6 the so-called separation, i.e.,
the distance between the tip and the sample (including indentation). The continuous

yellow and black lines correspond to the stiffness and mechanical modulus fittings,

respectively. These two properties are related to each to other, being linearly proportional
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in the elastic regime. However, we clarify that stiffness is a structural property that
depends on sample geometry, while the mechanical modulus is an intrinsic material
property. In this work, we present both values as mutually complementary. On one hand,
although stiffness is an extensive property, its calculation from the force spectroscopy
curves is straightforward and model independent, being very reliable. On the other hand,
even if the mechanical modulus is directly related to the materials’ properties, its
calculation i1s model dependent and requires information about the probe’s geometry,
increasing possible error sources as recently discussed in the literature [51-53].

The stiffness, defined as AF/A¢J, was calculated by fitting the approach data (light blue
circles) to an order 1 polynomial function, in the 50-90% total force range. This parameter
defines the resistance opposed by the polymer surface when the AFM tip penetrates it.
The Young’s modulus (Ey) of the samples was calculated using the retract curve. This
value is also a measure of the sample stiffness, now calculated as the resistance oppose
by the sample to probe withdrawal. In our present work, the Young’s modulus (Evy) was

obtained by fitting the retract curve (pink circles in Figure 7) to the DMT model [54]:

4 Ey
F=han =309y

Rl /2 53 /2 (1)
where Faan is the tip-sample adhesion force, R the tip radius, and 195 is the Poisson’s ratio
of PTF, taken as 0.3. The values obtained from the force-separation curves analysis are

summarized in Table 3.

Table 3. Force-distance curve analysis results for PTF and PTF-LIPSS. For all
parameters, we present the mean value and standard deviation, calculated for 20 random
points on the samples.

Stiffness Evy o Fadn
(N/m) (GPa) (nm) (nN)
|  PTF 135403 | 2.8+0.2 5+1 3+1
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PTF;&;PSS 173+03 | 3.3+£0.3 5+1 5+2
PTF-LIPSS 162+04 | 3.5+0.3 5+2 5+3
bottom

For the non-irritated PTF, we obtained a stiffness of 13 N/m and an Ey of 2.8 GPa. This
latter value is higher than that reported by Guidotti et al [35], using tensile test
measurements, and than that reported by Klonos et al using indentation tests [36];
however, the order of magnitude is fairly comparable to both literature reports. This
increase in Ey can be understood considering that we are reporting a surface modulus
value, which can be different from the bulk one. The force spectroscopy analysis
performed on the top and bottom of PTF-LIPSS showed a ~25% increase in the stiffness
values, and a concomitant increase in Ey in about ~20% (as expected). These facts
indicated that the top and bottom of PTF-LIPSS are harder, compared to the non-
irradiated material. This observation is in line to a previous report in polymer LIPSS. In
Ref [39], the authors showed that for PET films there was an Ey increase of above 150%
in the irradiated samples. This increase was related to the surface oxidation suffered by
the PET during LIPSS formation. In our present work, the changes in Ey denote that
possible oxidation on the PTF surface, during LIPSS formation, should be very low. This
fact supports those found by ATR-FTIR and CA measurements in the previous section.

The tip indentation into the sample (&) was also calculated from the force-distance
curves. We observed a constant value, within statistical error, for all probed samples. This
fact indicates that the PTF chains did not present any change in their compressibility after
irradiation, as previously discussed for nanostructured polymer systems [55]. This
discussion also supports the almost invariable value of the stiffness between samples.
Finally, adhesion forces (Fadn) measured on the PTF-LIPSS showed a small increase,

compared to the non-irradiated sample. This result is different from the one found via
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nanomechanical mapping. We relate this differences to the distinct rates at which each
measurement was performed (2 kHz for PF-QNM vs 1 Hz for force spectroscopy).
However, we do not discard that the changes in Fagn could relate also to the slight changes
in physicochemical properties of the material after irradiation. Taking all these facts into
consideration, we determined that LIPSS on PTF allow not only the formation of a
wrinkled pattern, but also tailoring the surface mechanical properties, without

compromising the macroscopic physicochemical behavior.

Conclusions

We prepared wrinkled surfaces composed by periodic nanostructures, on
poly(trimethylene 2,5-furanoate) free-standing films, by laser irradiation. An atomic
force microscopy study showed that it was possible to develop LIPSS on PTF with only
600 laser pulses and a fluence of 8 mJ/cm?. The optimal conditions were found for
irradiations using 3600 pulses, with the same fluence. We evaluated the physicochemical
changes taking place on the polymer surface after irradiation, using a combined macro-
and nanoscale approach. The macroscopic physicochemical properties of PTF showed
almost no changes after nanostructure formation. This result differed from those
previously found for the terephthalic counterparts, PET and PTT, and points out the
positive role that the furan ring had during laser processing. By force spectroscopy
measurements, we determined that the PTF nanostructures provided the polymer with an
enhanced mechanical response. In particular, we obtained a stiffer surface, as observed
by the increased Young’s modulus, for the nanostructured sample.

Moreover, this study highlights the possibility to reduce the whole environmental impact
for polymer nanostructure production by replacing terephthalic polyesters with furan-

based ones, thanks to two main reasons: i) the fully bio-based nature of PTF; ii) the
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reduction of laser energy necessary for LIPSS production. In conclusion, the possibility
of nanostructuring with success the PTF surface film by laser irradiation, is a result of
great value, as it opens the way to new possible areas of application for furan-based
polyesters, such as organic electronics and medical devices, not concretely considered so

far.
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