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ABSTRACT

Poly(alkylene 2,5-furanoate)s are considered as the most attractive and interesting alternatives
to replace oil-based terephthalic polymers. These furan-based polyesters can be synthesized
using fully bio-based synthetic strategies, allowing to reduce the environmental impact of
plastics. At the same time, these polymers have shown outstanding thermal, mechanical and
gas-barrier properties. All these results envisage their industrial use in the near future. Now,
considering the downscaling of the products’ size towards the nanometer scale, we present a
study of the morphology and nanomechanical properties of poly(alkylene 2,5-furanoate) thin
films. Using Atomic Force Microscopy, we report the development of nanostructures upon
crystallization, following different thermal treatments, for thin films with thicknesses below
200 nm. Moreover, we studied the impact of crystal growth in the nanomechanical properties
of these materials. We found that the polymer thin films preserve their excellent mechanical
response even in the confined geometry, as proved by the Young’s moduli values close to the
GPa, accompanied by high surface stiffness, and low indentation depths. The poly(alkylene
2,5-furanoate) thin films were found to have nanomechanical properties comparable to those
of oil-based terephthalic polymers, a further evidence that in the future they could replace

traditional polymers in several applications.

KEYWORDS: poly(alkylene 2,5-furanoate)s, thin films, atomic force microscopy, polymer

nanostructures, polymer crystallization, nanomechanical properties.



1. Introduction

In recent years, there has been an increasing interest towards the study of furan-based
polymer materials. Reports on the synthesis and properties of such polymers are now abundant
in the literature, most of them dealing with poly(ethylene 2,5-furanoate) [1-4] and
poly(trimethylene 2,5- furanoate) (PTF) [5-7]. More recently, poly(alkylene 2,5-furanoate)s
with longer glycolic subunits have also attracted the attention of researchers [8-11]. In most of
these works, the research groups have emphasized two aspects. First, poly(alkylene 2,5-
furanoate)s can be obtained using renewable sources. Second, these materials present excellent
mechanical, thermal, and gas-barrier properties. In fact, all the so-far published articles indicate
that poly(alkylene 2,5-furanoate)s have better properties that their terephthalic counterparts. In
this view, it is not surprising they are considered the most credible alter ego of terephthalic-
based polyesters. It is also widely believed that their entry on the market will entail the

environmental impact of the plastics industry.

As fairly discussed in the literature, several tools can be used to tune the polymer final
properties in such a way to fit the requirements for a specific functional application. Among
these strategies, we can cite the chemical modification of the repeating unit, copolymerization,
physical and reactive blending, and last but not least, the preparation of ad hoc composites and
nanocomposites. As to furan-based polyesters, most of papers describe the effect of glycol sub-
unit length on the polymer properties [6, 9, 11-22]. In addition, the tuning of their physical
properties for specific functional applications has been also achieved by copolymerization [23],
nanocomposites preparation [24, 25], and by surface nanostructuring [26]. For example, in the
latter case, a work recently carried out by Soccio and collaborators reported on the fabrication
of nanometric gratings on bulk PTF free-standing films by laser irradiation [26]. Via force

spectroscopy measurements, the authors demonstrated that nanostructuring allows improving



the PTF mechanical properties without compromising its chemical structure, contrarily to
previous observations in terephthalic-based counterparts. The mechanical reinforcement was

quantified by an increase in the Young’s modulus and surface stiffness.

All the aforementioned works dealt with bulk furan-based polymers. In order to push
forward the research in these materials, in our present work, we report the preparation,
crystallization and nanomechanical properties study of poly(alkylene 2,5-furanoate)s in thin
film geometry. Our study is motivated by the continuous miniaturization of technological
devices and components, where the polymer industry has been proven to be fundamental.
Specifically, a recent review about polymer thin films spotlighted their use in chips, flat panel
displays, photovoltaic devices, and coatings [27]. Moreover, polymer thin films have been a
subject of academic debates for over the past 20 years [28-31]. In the particular case of
semicrystalline polymers, the confinement imposed by the thin film geometry, and the
polymer-substrate adsorption effects, resulted in differences in the crystallization rate [32, 33],
crystalline morphology [34-36], thermal transitions and polymers’ molecular dynamics [32,
37]. In turn, nanostructuring poly(alkylene 2,5-furanoate)s can be also a way to tune their
physical properties at nanoscale level.

Last but not least, the evaluation of polymer material properties is complicated by their
heterogenous nature. As a consequence, bulk characterization methods (tensile and
compression tests) may not be applicable because of improper sample size.

In the present work, we focused on poly(alkylene 2,5-furanoate)s characterized by different
glycolic subunits (the number of carbon atoms ranged from 4 to 6). In all cases, we were able
to prepare thin films, with thicknesses below 200 nm. We explored the crystalline nanostructure
growth and morphology, after different thermal treatments, by using Atomic Force Microscopy

(AFM). Also, in particular cases of interest, we evaluated the thickness dependence on the



crystalline nanostructure morphology. Finally, we present a full nanomechanical study on these
materials. Using AFM-based techniques, we were able to analyze the nanomechanical contrast
induced by the crystalline structures and the impact of the nanometric features in the surface

mechanical response.

2. Experimental Section

2.1. Materials and methods

Poly(butylene 2,5-furanoate) (PBF), poly(pentamethylene 2,5-furanoate) (PPeF), and
poly(hexamethylene 2,5-furanoate) (PHF) have been used for preparing thin films. The
chemical structure of these polymers is presented in Scheme 1 with the subscript “n” indicating
the number of methylene groups in the glycol subunit; n is 4 for PBF, 5 for PPeF and 6 for
PHEF. All three samples were synthesized as previously described [8, 9, 38]. The corresponding
molecular weight and polydispersity index values are presented in Table 1.
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Scheme 1. Chemical structure of the investigated poly(alkylene 2,5-furanoate)s; n is 4, 5 and
6 for PBF, PPeF and PHF, respectively.

The thermal characterization of the bulk samples can be found in recent literature reports [9,
38, 39], with the magnitudes derived from such calorimetric studies summarized in Table 1.
The crystallization behavior of the poly(alkylene 2,5-furanoate)s has a clear dependence on the
number of methylene groups on the repeating unit. In particular, an odd-even effect was

reported, being the polymers containing an even number of -CH»- in glycol sub-units, i.e., PBF



and PHF, faster in crystallizing [11]. However, these two samples show very different
crystallization kinetics: PHF crystallizes readily, almost independently from thermal history,
while PBF presents distinct structural states depending on thermal treatment [39]. This
behavior allows tuning the development of crystalline structures on PBF samples by playing
with thermal treatments, as presented in the present manuscript. Finally, the PPeF sample,
being the only one with a C-odd-numbered glycolic subunit, does not crystallize in “regular”

laboratory times [9, 11, 40]. Concerning the glass transition temperature (Tg), according to
recent studies, there is a decrease in Ty as the length of the alkyl chain increases [11, 38]. In

this way, by increasing the length of the aliphatic subunit, the system changes from a glassy

material (PBF) to a rubbery one (PPeF and PHF) at room temperature.

Table 1. Molecular and thermal characterization results for the studied poly(alkylene 2,5-

furanoate)s.
M., PDI T. AC T AH T AH
Sampl. g P ce cc m mo Ref
ampte | (g/mol) °C) 1/gC) CC) Ul (0 Ulg) ¢
PHF 28.9 2.3 13 + 1 0.205 + 0.005 - - 144 + 1 40 + 1 [38]
PPeF 29.6 2.4 13+ 1 0.394 + 0.005 - - 42 + 1 23+1 [9, 40]
PBF-fc 35+ 1 0.22 + 0.01 67+1 36+1 157 +1 37+1
36.11 ] [39]
PBF-sc 43+ 3 0.14 + 0.03 - - 161+ 1 37 £ 1

fc: fast cooled, sc: slow cooled, according to Ref [39]. TCalculated from intrinsic viscosity
values.

2.2. Film Preparation and Atomic Force Microscopy (AFM) measurements.

Poly(alkylene 2,5-furanoate) thin films were prepared by spin coating polymer solutions
(3000 rpm, 2 min) onto silicon oxide wafers (TedPella, ref: 16008). Depending on the

polymer, different solvents and conditions were used, as summarized in Table 2. Prior coating,



the substrates were cleaned in acetone and dried under N, flow. Following previous reports

[41], after the spin coating, all samples were left in a high vacuum (< 1075 torr) chamber

overnight at room temperature, to evaporate the possible residual solvent.

Based on the reported DSC results (Table 1), we designed suitable thermal protocols to allow
the formation of crystalline nanostructures. First, in a so-called “fast-cooled” protocol, the
samples were heated up to 180 °C, at a 15 K-min™' rate. The final temperature was held for 1
min and immediately afterwards the thin films were placed onto a cold plate (temperature =
25 °C). Second, the so-called “slow-cooled” samples were treated by heating up the thin films
up to 180 °C, at 15 K-min™!, and then cooling them down to room temperature at a controlled
rate of 3 K-min™!. All thermal treatments were performed using a Linkam THMS600 stage

connected to a T95-LinkPad System controller.

Table 2. Experimental conditions used for preparing poly(alkylene 2,5-furanoate) thin films.

Sample Solvent T  Stirring Solution Thickness
(°C)  time  concentration (h)
(hours) (gL (nm)
PHF Chloroform 50 2 20 190
PPeF Chloroform 25 2 20 150
PBF Chloroform:Hexafluoro-2-propanol 25 24 27 110
(80:20 v/v)

A Multimode AFM equipped with a NanoScope V controller (Bruker), running NanoScope
8.15 (Build R3Sr8.103795), was used for surface imaging and nanomechanical studies. The
topographical studies were carried out in tapping mode, using Tap150Al-G silicon nitride
probes (BudgetSensors), with a mean resonant frequency (f;) ~120 kHz. The thickness (h) of

the samples was determined by performing AFM images next to a scratch, drawn for this



purpose, which results are summarized in Table 2. The AFM topography images were

processed using the Gwyddion 2.54 software (http://gwyddion.net/) [42].

Lately, there has been a continuous increase in the use of high-resolution AFM-based
methods, as nanomechanical measurements, to study polymer materials [43-51]. In our work,
the nanomechanical studies were performed combining the PeakForce-Quantitative
Nanomechanical Mapping (PF-QNM) protocol by Bruker, with force spectroscopy
measurements. For these experiments, we used Tap300AI-G silicon nitride probes
(BudgetSensors), with a cantilever spring constant in the 22 — 27 N-m! range, as determined
by Sader’s method [52]. The tip radius was found using a polystyrene thin film, as described
below. Using PF-QNM, we were able to map the samples’ topography while obtaining
mechanical contrast information, simultaneously. The sinusoidal modulation frequency (f,) of
the PF-QNM experiments was selected as 2 kHz, and the peak force parameter was kept
constant and equal to 30 nN. The deflection sensitivity of the AFM probes was calculated using
a sapphire standard (Bruker) leading to values of 40 nm/V (+10% error) in both linear ramps
and during PF-QNM sinusoidal modulation, under the same force conditions. The PF-QNM

nanomechanical maps were evaluated using the NanoScope 1.90 software (Bruker).

Based on the PF-QNM maps, and using the same calibration, we performed force
spectroscopy measurements on selected regions of the thin films. For these measurements, we
applied a linear ramp of 200 nm length in the Z direction of the piezo scanner (vertical
movement). The interaction between the sample and the AFM probe, during ramping, allowed
recording a force vs. tip-sample separation curve, as presented in Figure S1 (Supporting
Information) for a polystyrene thin film (PS, thickness = 150 nm). For all the investigated

samples, we used a trigger threshold of 1.2 nm, corresponding to ~30 nN of maximum applied


http://gwyddion.net/

force, the ramp rate was 1 Hz, and we collected 9728 data points. From the approach curve
(blue colored dots in Figure S1) we calculated the sample stiffness, as AF /A§, in the 50 — 90
% range of the total applied force. In addition, from this curve, we calculated the indentation
depth (6;) as the Z-separation distance between the point of zero force, after van der Waals
interactions took place, and the maximum load. From the retraction curve (orange colored dots
in Figure S1) we calculated the adhesion force (F,q;,) as the minimum force point while the
tip withdraws. Finally, by fitting the retraction curve we obtained the sample’s Young’s

modulus (Ey), using the Hertz model of contact mechanics:[53]

4 E
= SV Rapd™’” (1)

where v is the Poisson’s ratio, set as 0.3. In the specific case of the PS, we used the force
spectroscopy results for obtaining the tip radius. In this case, the fitting of eqn. (1) was carried

out fixing Ey(PS) = 3.3 GPa and leaving the Ry;, parameter free. By this process, we obtained

a tip radius of 45 nm. This value was also used for obtaining the PF-QNM maps.

3. Results & Discussion

3.1. Poly(alkylene 2,5-furanoate)s thin films: morphology and crystal growth

Figure 1 shows 2 X 2 um AFM height images of the PHF, PPeF and PBF thin films. The
left column in Figure 1 shows the as-casted samples’ surface topography. Here, the
poly(alkylene 2,5-furanoate)s with a C-even-numbered glycolic subunit showed a
nanostructured surface with distinct geometrical characteristics depending on the sample, while
the PPeF, having a C-odd-numbered glycolic subunit, showed a flat surface regardless of the
thermal treatment. Going into detail, the surface of the PHF thin film (Figure 1 a)) was
composed by a sort of small aggregates with a mean lateral size of ~ 20 nm; the PPeF thin film
presented a continuous and flat surface without any features (Figure 1 b)); and the PBF sample

showed a nanostructured surface composed by circular inclusions, with a mean diameter ~ 150



nm and a mean depth ~ 6 nm (Figure 1 ¢)). Please, beware that the PBF surface discontinuities
reached a depth of only about 5 % of the total sample thickness, allowing us to conclude that
this thin film did not undergo a dewetting process. In Figure S2, we present zoom-in AFM

topography images of PHF and PBF, to detail their different nanometric features.

Fast-cooled - Slow-cooled

nm

5 nm 5 nm 5 nm

10 nm 10 nm 20 nm

Figure 1. AFM height images of the studied poly(alkylene 2,5-furanoate) thin films subjected
to different thermal treatments: a)-c) as-casted films, d)-f) fast-cooled films, and g)-i) slow-
cooled films. As can be observed, the PPeF does not show signatures of crystallization after
slow-cooling from the melt.

To provide further information on the topography of the films, we calculated the mean

surface roughness (R,) of the thin films as:

Ra =< 30|12 = 2o @)

10



where N is the total number of pixels, and |Z; — Z,| the average height value at the j-th pixel

of the image, from the mean plane. In general, amorphous polymer thin films show R, values
well below 1 nm [54], while semicrystalline polymer thin films usually present R, values

around and above 1 nm [55, 56]. As reported in

Table 3, the as-casted PHF surface had a R,value of 2.7 nm that, in combination with its fast
crystallization kinetics [10, 38], seems to indicate that the observed nanostructures are
composed by small polymer crystals. In the case of the PPeF sample, we quantified a very low
R, value of ~ 0.3 nm, which indicates that the as-casted thin film would be fully amorphous,
in line with the bulk DSC reports [9, 11]. Finally, in the case of the as-casted PBF film, the R,
value was 1.6 nm. Then, the roughness value obtained for the PBF surface indicates the
presence of crystalline structures, as for PHF. It is worth noting that we calculated the
roughness of this PBF thin film considering the whole image, including the holes developed
during the deposition process. Then, even considering the discontinuities, R, of the as-casted
PBF thin film was ~40% lower than that found for PHF. The nature of the PBF circular
inclusions is not obvious; however, a possible explanation of this result could be related to the
use of a mixture of solvents to prepare PBF films. Chloroform and hexafluoro-2-propanol,
although miscible, present different physicochemical properties that can lead to differences in
the evaporation process during spin coating. In fact, in PPeF and PHF as-casted thin films, for

which only chloroform was used as solvent, no inclusions were observed.

Table 3. Mean surface roughness values (R,) of the poly(alkylene 2,5-furanoate) thin films,

prepared following different thermal treatments.

R,(nm)
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Sample As-casted Fast-cooled Slow-cooled Aged*
PHF (h = 150 nm) 2.68 2.33 5.33 2.37
PPeF (h = 150 nm) 0.27 0.22 0.29 8.80
PBF (h = 112 nm) 1.56 1.03 2.71 1.34

*This mean surface roughness value corresponds to the 6 months aged thin films.

It is reasonable consider that the as-casted polymer films have undergone a quenching
treatment during spin coating, the solvent evaporation time being very small (usually < 2
seconds). Nevertheless, we cannot ignore literature reports indicating that spin casted polymer
thin films are in a metastable state due to the stress produced during spinning [57]. Then, in
order to normalize the thermal history and explore further nanostructure formation, the
poly(alkylene 2,5-furanoate) thin films were subjected to different thermal protocols (see
Experimental Section). This procedure would also discard the influence of the solvent used in
the film preparation, as reported previously for other polymer thin films [58, 59]. The center
column in Figure 1 shows the AFM height images for fast-cooled thin films. After this
treatment, the surfaces of the PHF and PPeF samples were fairly comparable to the ones
observed in the as-casted cases (Figure 1 d) and e)), also showing similar R, values (Table 3).
However, the fast-cooled PBF surface topography changed considerably, as evidenced by the
disappearance of the circular inclusions (Figure 1 f)). In fact, the thin film now exhibits a
continuous surface with a roughness of ~1 nm. A critical look into Figure 1 f) allowed
observing that there were some small nanometric features on the fast-cooled PBF thin film,
comparable to those observed in the PHF samples. Then, we conclude that the peculiar
nanostructured surface of the as-casted PBF was related to the presence of metastable features
that disappeared after heating. Also, we highlight the fast-cooling process performed on the

PHF and PBF thin films did not result in fully amorphous samples (see R, values), but in the
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presence of aggregates possibly related to small crystalline features. This idea is in line with
the previously reported bulk thermal characterization, where fast-cooled PHF and PBF samples

presented non-negligible crystallinity values [11, 39].

The right column in Figure 1 shows the AFM height images for slow-cooled thin films. This
thermal treatment resulted in differences in the surface topography of the thin films, based on
the glycolic subunit length of the polymers. Slow-cooled PHF and PBF thin films, showed the
development of clearly defined polymer crystals (Figure 1 g) and i)). In particular, PHF
developed large structures, typically observed for polymer spherulites [36, 60], while PBF
showed smaller needle-like crystals. The formation of these nanostructures was also
accompanied by an important change in the surfaces’ roughness. For these two polymers, we
quantified a doubling of R,, comparing to the previously discussed treatments (Table 3). In the
case of the slow-cooled PPeF, the resulting AFM image was continuous with a low roughness,
as for the other PPeF thin films so far discussed. In other words, the PPeF thin film did not
crystallize even during slow cooling from the melt. This fact is expected considering previous
reports on this polymer [9, 11]. Nonetheless, we highlight that even after annealing at high

temperatures (180 °C = Ty PF + 165 °C), the PPeF sample did not undergo dewetting. Then,

the PPeF thin film presented a high mechanical stability even though in the rubbery state and
in a confined geometry. This finding is in line with the interesting bulk properties of furan-
based polymers, particularly those observed for PPeF in recent works [9, 11, 40]. In fact,
Martinez-Tong and collaborators showed that this polymer does not reach Newtonian flow at
high temperatures (120 — 150 °C), as observed by rheology measurements [40]. Other authors
have proposed the existence of interchain interactions in different furan-based polymers [11,

61]. In the particular case of PPeF, Guidotti and collaborators linked the formation of a

13



mesophase to interchain interactions [9]. All these reports in recent literature support the fact

that PPeF thin films can withstand high temperature treatments without dewetting.

Furthermore, we evaluated the possible nanostructure formation/evolution on the
poly(alkylene 2,5-furanoate) thin films, after aging at room temperature. The as-casted samples
were stored in a desiccator and evaluated progressively. This study can help unveiling possible
structural changes suffered by the poly(alkylene 2,5-furanote) thin films under storage
conditions. These morphological changes could impact the physicochemical properties of the
materials, thus leading to variations on their performance. The PHF and PBF surfaces presented
identical surface topographies as the ones observed for the as-casted cases, even after aging for
6 months (Figure S2). This result is somehow expected for PBF, due to Tg °F > RT, and thus
the polymer chains have not enough mobility to reorganize at room temperature. In the case of
PHF, the thermal transitions indicate that polymer chains could rearrange at room temperature
(TgPHF < RT). Consequently, the lack of evolution of surface topography after this long time,
is quite interesting. This result can be explained as due to the presence of crystalline domains
that exert restrictions on the neighboring amorphous chains. The reduction in their mobility
prevents further large scale rearrangement of the remaining amorphous regions, even if in the
rubbery state. In this way, the aging experiment further supports the semicrystalline nature of
the as-casted PHF thin film, despite its surface does not show the “usual” spherulitic geometry,

this last instead, developed by slow cooling from the melt (Figure 1 g)).
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Figure 2. 10 X 10 micrometers AFM height images of the poly(pentamethylene 2,5-furanoate)
thin films showing the evolution of the crystallization throughout 1 year: a) as-casted, b) 3

months, ¢) 6 months and d) 1 year aged films.

Figure 2 shows the surface evolution of the as-casted PPeF thin film, progressively evaluated
during aging throughout 1 year. In this case, we observed the growth of polymer nanostructures
randomly distributed all over the surface, resembling polymer crystals. The nanostructure
formation was accompanied by a strong increase in R,, over a factor 10 (Table 3). From Figure
2, one can see that the crystallization kinetics was very slow and the first small crystal nuclei
were visible only after three months of annealing at room temperature. Besides, the structural
development seems to be completed nearly after 6 months, presenting the 6 months- and 1
year-aged films practically the same features. The evaluation performed throughout 1 year

allowed observing the crystallization of PPeF, a polymer so-far considered as amorphous in

15



previous literature reports [9, 11, 62]. The slow crystallization kinetics in the PPeF thin films
are in line with bulk calorimetric studies on this polymer [40]. In fact, in the present case we
observed nanostructures resembling those of the non-symmetrical spherulites typically
developed by polymers at low undercooling degree. This is the situation for the PPeF
nanostructures, where the crystallization temperature (25 °C) was relatively close to the bulk

melting temperature (42 °C, Table 1).

3.2. Monitoring PBF crystallization: effect of film thickness and thermal history.

As it can be inferred from the calorimetric studies [39] and our present AFM results, PBF
showed a more rich and complex thermal behavior, with a crystallinity strongly dependent on
the thermal history. Therefore, in order to study influence of the thickness on the nanostructure
growth, we prepared two extra PBF thin films of different thickness (54 nm and 14 nm, plus
the already discussed 112 nm one). The different thicknesses were achieved from the original
PBF solution by adding appropriate volumes of chloroform, i.e., preparing more dilute
solutions. These samples were subjected to three thermal protocols. The first one was the
already discussed fast-cooling protocol. In the second treatment, the PBF samples were
subjected to non-isothermal melt-crystallization by cooling the thin films from 180 °C to room
temperature at a moderate rate of 5 K-min™'. In case of the third treatment, the PBF samples
were cooled down from 180 °C to 155 °C, at a controlled 3 K-min! rate. We held this
temperature for 1 h, in order to promote isothermal crystallization, and then we cooled down
the samples to room temperature, at 3 K-min!. Figure 3 presents the AFM height images
showing the topological features developed on each PBF thin film, after the corresponding

thermal treatment.
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Fast-cooled
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Figure 3. AFM height images of the PBF thin films of several thickness subjected to different
thermal protocols: a)-c) fast-cooled films, d)-f) non-isothermally crystallized samples, and h)-
1) isothermally crystallized films.

Table 4. Mean surface roughness values of the PBF thin films with different thickness

subjected to the above mentioned thermal treatments.

R, (nm)
Sample Fast-cooled Non-Iso. Cryst. Isothermal Cryst.
h =112 nm 1.03 1.80 2.70
h = 54 nm 1.00 1.65 2.52
h =14 nm 0.82 1.56 1.56

In general, we observed that all PBF thin films, even the thinnest ones, were able to withstand

the thermal treatments and showed no dewetting. For the fast-cooled films (Figure 3 a)-c)) we

17



observed relatively flat surfaces, showing small aggregates similar to the ones previously
detected and discussed for the 112 nm PBF film. The quantified R, values were almost constant
for the 112 nm and 54 nm films, showing only a small decrease for the thinnest sample (Table
4). The AFM height images of the isothermally crystallized thin films (Figure 3 g)-i)) also
presented crystalline nanostructures in all the cases. Again, the features were needle-like for
all thicknesses, even though some interesting differences can be observed. In the particular case
of the thicker films (4 = 112 nm and 54 nm), this protocol evidenced the presence of
nanostructures about 2x longer than those found for the slow-cool treatment (see Figure 1 d)-
e) vs. g)-h)). This indicated that the isothermal treatment promoted the crystalline growth, as
expected. These differences are also reflected in the remarkable change of R, values for the
thicker films, when comparing the non-isothermal vs. isothermally crystallized samples.
Interestingly, for the 14 nm films, there was not a perceptible change in the size of the crystals
as a function of thermal history, with the mean surface roughness remaining almost unaltered
(Table 4). The observed distinct behavior of thinnest PBF thin film can be understood taking
into consideration the hindrances imposed by confinement effects in this ultra-thin case, as

extensively reported in the literature [29, 32].

3.3. Nanomechanical properties of poly(alkylene 2,5-furanoate) thin films.

Now, we focus our attention on the effect of thermal history and nanostructure development
on the nanomechanical properties of poly(alkylene 2,5-furanoate) thin films. For this study, we
selected the thickest films (h > 100 nm), to avoid the possible influence of the supporting
substrate on the measurements, as well as problems related to confinement effects and
irreversible chain adsorption. The obtained results are presented in Figure 4 and Figure 5,
where all nanomechanical maps are related exclusively to the mechanical contrast. In this so-

called “semiquantitative” mapping, we are confident on the contrast scales shown, i.e. the
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variation of the property within a specific range, but not on the absolute mean value of the
maps.

Figure 4 shows the surface topography and dynamic mechanical maps (PF-QNM) for fast-
cooled poly(alkylene 2,5-furanoate) thin films. As discussed in the lines above, these fast-
cooled samples resulted in thin films with the lower nanostructure development on their
surfaces. In these cases, PHF and PBF have a certain degree of crystallinity, while PPeF is in
an amorphous state (see Section 3.1 for further details). We observed that all the fast-cooled
thin films presented homogenous nanomechanical maps. This is an indication that there are not
zones with preferential mechanical properties on the samples’ surfaces. Moreover, the polymer
crystals, if present, have to be quite small and uniformly distributed throughout the polymer
surface, so that their presence does not result in nanomechanical contrast. In detail, the fast-
cooled PHF and PBF thin films showed stiffness variations of about 4 N-m! through the film
surface. Although the T, of these two polymers are different, we recall that at room temperature
PBF is a glassy material with some degree of crystallinity, while PHF is a rubbery one
characterized by higher crystallization capability. This fact might lead to the similar variation
in the stiffness values. In the case of PPeF, the thin film presented an almost constant stiffness,
with variations below 2 N-m™!. For all the fast-cooled thin films, the adhesion force maps were
similar and mostly constant within each sample, showing a variance of 1 nN. Please, beware
that in the case of the fast-cooled PPeF, the material’s response should be viscoelastic since we

performed the measurements at T > Tg_ppe-
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Figure 4. PF-QNM maps of fast-cooled PHF, PPeF, and PBF thin films. For the stiffness
maps, each color in the colorbar represents a 2 N-m’! variation, while for the adhesion force
maps, it represents a 1 nN variation. The white squares in the stiffness maps indicate the zones
where force spectroscopy analysis was performed, as detailed in the main text.

Figure 5 shows the PF-QNM maps for the most crystalline poly(alkylene 2,5-furanoate) thin
films. In this case, we selected different thermal treatments depending on the samples’ nature,
in order to allow having all the thin films with the largest development of well-defined polymer
crystals on the surface. Please beware that in the following lines, we will refer to this set of

samples as “semicrystalline” for the sake of simplicity.
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In detail, semicrystalline PHF and PBF samples were selected as those prepared by slow-
cooling from the melt (180 °C to RT, at 3 K-min!), while for the PPeF film we studied the
sample aged for 1 year at room conditions. As observed in Figure S, most of these PF-QNM
maps presented a well-defined contrast, indicating mechanical differences throughout the
surfaces. For all the samples, the stiffness maps showed variations up to 18 N-m’!, readily
attributable to the further development of the polymers’ crystalline phase. However, there were
different responses concerning the adhesion force. In this case, the PHF and PPeF
semicrystalline thin films showed variations of up to 6 nN, while PBF showed variations of
just 2 nN, analogously to the fast-cooled case. This result could be explained on the basis of
the different nature of the amorphous fractions at room temperature, rubbery for PHF and PPeF,
and glassy for PBF. In this view, a higher dispersion of the adhesion force values can be
expected in the former polymers, since their film surface alternate stiff crystal regions with
softer rubbery ones. On the contrary, lower variations of adhesion force for PBF are in line

with the coexistence of two rigid domains, the crystals and the glassy amorphous phase.
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Figure 5. PF-QNM maps of semicrystalline PHF, PPeF, and PBF thin films. For the stiffness
maps, each color in the colorbar represents a 2 N-m™! variation, while for the adhesion force
maps, it represents a 1 nN variation. The white squares in the stiffness maps indicate the
different zones where force spectroscopy analysis was performed, as detailed in the main text.

To provide an in-depth nanomechanical study, we performed force spectroscopy
measurements on selected regions of the fast-cooled and semicrystalline thin films just
discussed. Although we explored several points on the films’ surfaces, in Figure 6 we present
representative force spectroscopy curves, taken at the zones indicated in Figure 4 and Figure
5 by the different squares in the stiffness maps. In the particular case of the more crystalline
poly(alkylene 2,5-furanoate) thin films, we present force spectroscopy measurements on two

different zones (highlighted by the numbers 1 & 2 in Figure 5). Those zones were selected by
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considering the observed PF-QNM contrast. The quantitative values obtained from the force

spectroscopy analysis are summarized in Table 5.
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Figure 6. Force spectroscopy results for the different poly(alkylene 2,5-furanoate) thin films.
Blue dots correspond to the tip-sample approach curve, while orange dots to the tip-sample
retract curve (see Supporting Information for further details). The continuous lines in these
plots correspond to the fittings explained in the Experimental Section. Bright green lines
correspond to the stiffness fitting, and black lines to the Hertz model for calculation of Ey. The
so-called Zones 1 & 2, in the semicrystalline cases, represent the areas where the force
spectroscopy analysis was performed, indicated in Figure 5 by the white numbered squares.
For simplicity, in the force spectroscopy curves, we show only 1 every 5 points in the
interacting zones of the curves, and 1 every 10 points in the non-interacting areas. Fittings were
carried out using the whole dataset.
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We begin our analysis with the PHF and PBF thin films, i.e., those able to crystallize readily.
These fast-cooled samples presented stiffness values of the same order of magnitude, being 18
N-m! for PHF, and 22 N-m™! for PBF. The slightly higher stiffness observed for PBF was also
accompanied by a lower indentation depth (1.4 nm vs 2.4 nm, respectively). These results
indicated that, during tip-sample approach, the PBF surface imposed higher resistance to
penetration, compared to that of the PHF. From the tip-sample retract curve, we found the same
adhesion force value of 4.5 nN for both samples. Finally, the Young’s modulus (Ey) of fast-
cooled PHF was 1.1 GPa, while for PBF we obtained a value of 2.4 GPa. Overall speaking,
our force spectroscopy study indicated that the PBF fast-cooled thin film presented enhanced
mechanical properties respect to the PHF one, being characterized by higher modulus and

stiffhess.

The semicrystalline PHF and PBF thin films presented different stiffness values depending
on the probed zones, a result in line with the contrast observed in the PF-QNM maps (Figure
5). As for the fast-cooled case, the PBF sample presented higher mean stiffness than the PHF,
nonetheless, the indentation depths are now quite comparable and around 1.5 nm. Also, both
semicrystalline samples presented a decrease in the adhesion force values, when compared to
the fast-cooled samples, being this fact more pronounced for the PBF thin film. Finally, the
semicrystalline PHF thin film presented the same Young’s modulus value regardless of the
explored area, being both values higher than the one calculated for the fast-cooled case. In the
case of the semicrystalline PBF thin film, we observed different Young’s modulus values
according to the explored areas. However, contrary to PHF, there is not a clear trend about the

effect of the crystalline nanostructures on Ey.
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The so-far presented results can be related to the different thermal and structural properties
of these polymers. At room temperature, both thin films are expected to have some degree of
crystallinity for both thermal histories, as previously discussed in this manuscript and as
inferred from the reported bulk DSC results. However, the glass transition temperature of PHF
is below room temperature, while the one for PBF is above it. Then, during force spectroscopy
measurements, the amorphous phase of PHF is rubbery and softer than the one of PBF, which
is glassy. This is line with the differences observed between these two materials in both
stiffness and indentation depth. The development of well-defined crystalline nanostructures,
by slow-cooling from the melt, resulted in enhanced mechanical properties for both thin films.
This can be related to a lower fraction of amorphous phase, replaced by polymer crystals. We
highlight that PHF developed crystalline nanostructures resembling polymer spherulites, while
PBF showed needle-like structures. These geometrical differences are expected to have an
impact on the nanomechanical properties. In fact, the semicrystalline PBF thin film showed a
lower adhesion force than PHF, while at the same time presented a more pronounced Ey
contrast among probed areas. It is also worth noting that the Young’s modulus values found
for these two polymers are slightly higher (about the double) than the ones reported in the
literature for bulk films, determined by means of tensile tests [8, 10, 38]. Variations in the
Young’s modulus, between bulk and nanometric tests have been previously reported in the
literature, and related mostly to the different measurement protocols [48, 49]. Nonetheless, we
highlight that our reported moduli are in the same order of magnitude as those reported
previously [8, 10, 38], and that the ratio between PBF and PHF Ey values remained the same

(~ 1.8 X), regardless of whether bulk or nanomechanical tests are being considered.
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Table 5. Force spectroscopy results. For semicrystalline samples, Zones 1 & 2 are those

indicated in Figure S by the different numbered squares.

Sample Stiffness 6; F.an Ey
treatment (N -m’! ) (nm) (l’lN) (GP a)
fHFld 18 +1 2.4 +0.2 45 £0.2 1.1 £0.2
ast-coole

PHF 22 +1 15 +0.2 33 +0.2 1.6 +0.2
Semicryst- Zone 1

PHF 16 +1 1.7 £ 0.2 3.9 £0.2 1.3 +£0.2
Semicryst- Zone 2

fPeFl ; 1.2+03 20 £1 10 £ 05 0.5 £0.2
ast-coole

PPel” 6 +1 5105 31 £0.2 1.8 £0.2
Semicryst- Zone 1

PPel’ 13 +1 2.4 £03 33 £0.2 0.8+0.2
Semicryst- Zone 2

PBF 22 +1 14 +0.2 45 +0.2 24 +0.2
fast-cooled

PBF 29 +1 1.3 +0.2 1.6 +0.2 2.7 £0.2
Semicryst- Zone 1

PBF 22 +1 2.0 £0.2 2.0 £0.2 1.9 £0.2
Semicryst- Zone 2

The force spectroscopy measurements on the PPeF thin films, both fast-cooled and
semicrystalline cases, gave different results compared to the samples discussed so far. The fast-
cooled force-distance curve of PPeF showed a quite complex behavior, as it is immediately
visible from Figure 6. During approach (blue points), we found a surface stiffness of ~ 1 N-m"
!, with a deep indentation of ~ 20 nm. These values are about 1 order of magnitude different
from the ones found for PHF and PBF. The semicrystalline PPeF thin film showed an increase
in the stiffness, to values above 6 N-m™!, with a concomitant decrease in the indentation depth.
We found differences in these parameters depending on the probed zones, in line with the PF-
QNM maps (Figure 5). However, the quantitative values of stiffness and 0; indicated that the

sample surface resistance was lower, about halved, than those evaluated for semicrystalline
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PHF and PBF. This result might be related to the crystallinity of these polymers. Using DSC
data, the crystallinity (y.) can be calculated as y. = AH,,/AHS,, where AH,, is the melting
heat of the semicrystalline samples, summarized in Table 1, while AH2, the melting heat of the
fully crystalline polymers. Using this approach, we calculated a y. = 0.28 (AHY, = 143 J/g,
[63]) for PHF, and y. = 0.29 (AH2, = 129 J/g, [64]) for PBF. In the case PPeF, there are not
any reports on its value of AHY,, complicating the calculation of y. by DSC, as thoroughly
discussed in Ref[40]. However, considering its lower AH,, value (Table 1) in combination with
the AFM images (Figure 2), PPeF presents a low crystallizing ability, which might turn into a
lesser and less perfect crystalline phase, i.e., much lower y. and T, as compared to PHF and
PBF [40]. Then, in this scenario, the low crystallinity PPeF surface would oppose less
resistance, allowing deeper penetration of the AFM tip during approach, as observed in the

force spectroscopy results.

The fast-cooled PPeF force-distance curve showed an important hysteresis, as observed by
the lack of overlapping between approach and retract points during indentation. The area under
this curve is defined as “plasticity index” of the sample, and it is related to the energy
dissipation of the material during the load/unload cycles (i.e., tip approach and retraction) [65].
Then, comparing with the other two poly(alkylene 2,5-furanote)s under study, PPeF shows an
important energy dissipation at room temperature. All these results can be somehow expected
considering that T, of PPeF is below room temperature, and that the polymer has very slow
crystallization kinetics, i.e., the fast-cooled sample is rubbery and viscoelastic, while being
probed. It worth of remark that the approach curve the fast-cooled PPeF (Figure 6) presents a
peculiar shape with a slope that is not monotonously increasing, contrary to usual observations
[66]. This particular finding might be an indication of the suggested presence of hydrogen

bonds in PPeF, as previously discussed [9].
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The hysteresis of the force-distance curve was drastically reduced, for the semicrystalline
thin films, compared to the fast-cooled one. There was still some energy dissipation, but
significantly lower than that observed for the fast-cooled sample. We highlight that PPeF was
the only poly(alkylene 2,5-furanote) sample where an energy dissipation signature was present.
This is an interesting result, specially comparing with the results obtained for the

semicrystalline PHF thin film. As for PPeF, PHF has a T; below room temperature, however,

in this case, no load/unload hysteresis was recorded. Since energy dissipation should arise
mostly from the amorphous fraction in the semicrystalline polymers, our nanomechanical
studies suggest that amorphous fraction packing in these two situations would be different.
Once again, this result could correspond to the presence of less perfect crystals in the PPeF thin
film, compared to the PHF. However, we highlight that the topography images did not show
shocking differences in the crystalline morphology between these two polymers. This might
indicate that our present force spectroscopy measurements are influenced not only by the

surface properties, but that there also contributions arising from the sample’s volume.

During tip-sample retract (orange symbols), we quantified an adhesion force of 10 nN for
fast-cooled PPeF thin films. This was the highest adhesion force value found, representing an
2x increase if compared to PHF and PBF. Using the retraction curves, we also calculated the
Young’s modulus for the PPeF thin films. The fast-cooled PPeF sample resulted in a Ey value
of 0.5 GPa. These nanomechanical properties of PPeF changed significantly after
nanostructure development also. The semicrystalline PPeF thin film presented a decreased in
the adhesion force. Now, the obtained values are similar to those found for the slow-cooled
PHF, around 3 nN. The calculated Ey showed an increase after nanostructure formation, with
values depending on the probed area. Then, nanostructure formation on PPeF by polymer

crystallization after aging, led to enhanced mechanical properties, closer to the ones found for
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PHF and PBF. Comparing to previous results, we cannot fail to highlight the obtained Young’s
modulus for fast-cooled PPeF is about 50 times higher than the one quantified by tensile test
measurements in the bulk [9]. However, the nanomechanical modulus value is close to the one
that could be expected for a mechanical alpha relaxation showing maximum losses (half of the
step) close to room temperature. We can support this idea by looking at recently reported
dielectric relaxation studies on fast cooled PPeF. In this case, at 25 °C, the dielectric alpha
relaxation showed its characteristic frequency between 1 Hz — 100 Hz [40], a process that it

linked to the mechanical relaxation of the material.

The nanomechanical properties of the presented furan-based thin films are fairly comparable
to those recently reported for bulk PTF using AFM-based force spectroscopy measurements
[26], suggesting thin film geometry does not compromise their good surface mechanical
response. We also stand out that the mechanical properties of the poly(alkylene 2,5-furanoate)
thin films are comparable to those found for terephthalic-based polymers. Recently, Rodriguez-
Beltran and Prada-Rodrigo reported the local mechanical properties of poly(ethylene
terephthalate) (PET) [48] and poly(trimethylene terephthalate) (PTT) [51], respectively, using
PF-QNM mapping. In particular, Rodriguez-Beltran et al., reported a value of Ey of 1.6 GPa,
an adhesion force of ~7 nN and a sample deformation of ~ 4 nm for PET, while Prada-Rodrigo
and collaborators determined a value of Ey = 3.0 GPa, an adhesion force of 24 nN and a sample
deformation of 2.1 nm for PTT. Comparing with our results, we notice that the poly(alkylene
2,5-furanoate) thin films showed similar Young’s modulus values but lower adhesion forces
and deformations, as expected considering the polymers under study contain longer and more
flexible glycol subunits. This comparison further proves that the furan-based polymers can be

valuable alternatives to terephthalic-based materials.
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4. Conclusions

In overall, our results represent an initial step into the possible use of poly(alkylene 2,5-
furanoate)s in confined and nanoscale geometries, as thin films. For all the studied polymers,
we were able to obtain continuous films, with thicknesses below 200 nm, showing no signs of
dewetting. In the specific case of PBF, we were able to obtain ultra-thin films by decreasing
the thickness down to 14 nm, without compromising the films’ integrity. The growth of
polymer crystals was studied for all films as a function of different thermal treatments. Samples
containing a C-even-numbered glycolic subunit (PHF and PBF) showed the formation of
different crystalline nanostructures depending on the thermal treatment. PPeF, being the only
polymer with a C-odd-numbered glycolic subunit, showed no formation of crystals in regular
laboratory times. However, after aging for several months, we were able to observe the growth
of crystalline nanostructures on the PPeF surface too. The nanomechanical properties of the
poly(alkylene 2,5-furanoate) thin films were studied combining PF-QNM and force
spectroscopy measurements. We determined that semicrystalline samples presented
nanomechanical contrast, as evidenced by PF-QNM maps. The quantitative mechanical
properties were extracted from the force spectroscopy analysis. In general, the studied samples
had Young’s moduli values on the order of the GPa, adhesion forces around 2-5 nN, and
indentation depths around 1.5 nm, with the exception of the amorphous PPeF thin film, where
a complex behavior was observed and discussed. The nanomechanical properties of our
materials were shown to be comparable to those found for macroscopic furan-based polymers,
and for PET and PTT. This pointed out that the preparation of poly(alkylene 2,5-furanoate)
thin films preserve the good mechanical properties of bulk materials and are comparable to

those shown by petrochemical polymers.
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