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In this work, we prepare and characterize multiphasic thin films containing poly(e-caprolactone), PCL, poly
(butylene succinate), PBS, and a poly (butylene succinate-ran-e-caprolactone) (PBS-ran-PCL) random copo-
lyester. To that aim, thin films were prepared by sequential dipping of a silicon substrate into chloroform so-
lutions of the respective polymers. The preparation method resulted in films with varying compositions of PCL

Thin-fil

La;;r-bl;jayer dip-coating and PBS components depending on the initial concentration of the dipping solutions and the number of dipping
s-SNOM steps employed for the preparation of the samples. Atomic force microscopy (AFM), grazing incidence X-ray
nano-FTIR scattering at wide angle (GIWAXS) and scattering-type scanning near-field optical microscopy (s-SNOM) and

Fourier transform infrared nanospectroscopy (nano-FTIR) were employed to characterize the films obtained. As
chloroform can dissolve all components, the final composition of the film was always rich in the last deposited
layer component. The thin films obtained were semicrystalline with a complex axialitic or dendritic morphology
of the dominant component (that one deposited last) with traces of the other components, whose presence and
location was revealed by s-SNOM/nano-FTIR.

1. Introduction to improve the properties of the individual polymers. Regardless of the

preparation method used, PCL/PBS blends are immiscible, as evidenced

Poly(e-caprolactone) (PCL) and poly(butylene succinate) (PBS) are
fully biodegradable aliphatic polyesters. They have attracted a great
deal of attention for the development of biodegradable packaging and
biomedical applications, such as implant devices, tissue scaffolds and
wound dressings [1]. The blending of biodegradable polyesters is
considered one of the most promising ways to obtain sustainable ma-
terials with enhanced and tailored properties. PCL/PBS blends have
been prepared by melt blending or solution mixing methods attempting

by composition independent T,s and a biphasic melt, which leads to poor
interfacial adhesion and macrophase separation [2]. Nevertheless,
earlier reports on PBS/PCL blends have indicated that a noticeable
improvement in the mechanical properties of PBS/PCL blends could be
obtained. These results were explained by considering possible in-
teractions between the ester groups of the neat polymers through
hydrogen bonds [3]. Although bulk properties of these two polymers
and their blends have been extensively studied [4] [-] [7], not much
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information about the structure and morphology of their thin and ul-
trathin films has been reported.

Thin polymer films obtained from deposition of polymer blends in
solution has been widely reported in literature as a bottom up method to
produce patterned surfaces arising from different phenomena such as
dewetting and phase separation [8]. The preparation of thin polymer
films through sequential deposition of polymer aqueous solutions,
known as layer-by-layer (LbL) method has been widely investigated to
achieve nanostructured films and coatings through the incorporation of
successive polymer layers that interact with each other electrostatically,
H-bonded or covalently [9] [-] [11]. In contrast, the preparation of thin
polymer films through sequential deposition of different polymers in
organic solutions is less addressed in literature. Such method of prepa-
ration allows to deposit first a polymer layer on a substrate to have an
ordered structure followed by the deposition of a second layer of a
different polymer (or organic molecule) in order to minimize their
intermixing. Such approach has been employed mostly for the prepa-
ration of thin films applied as electronic devices and energy conversion
set-ups [12] [-] [14].

The morphology of polymer thin films deposited by spin-coating is
mostly driven by the composition of the polymer solution and post-
treatments such as thermal or solvent annealing are employed as a
mean to modulate their final morphology. During the annealing process,
surface segregation is induced by preferential wetting of one component
in polymer blends and block copolymer thin films [15]. This phenom-
enon known as surface wetting induced surface segregation results in
changes of the surface chemical composition of thin films and influences
crystallization for crystalline block copolymer thin films and blends [16]
[-]1 [19]. On the other hand, for thin films obtained by dip-coating, the
final film morphology depends to a high extent on the experimental
conditions, such as withdrawal speed, nature of the solvent, solution
concentration and geometry of the reservoir and it can be modulated
without the need of additional post annealing techniques [20-22].
Within this context, dip-coating constitutes one effective process for the
fabrication of thin polymer films, with extensive application in
small-scale fabrication for academic studies [23]. The method is based
on the deposition of thin films via precision immersion and withdrawal
of a substrate into a reservoir containing a polymer solution. Specif-
ically, dip-coating has been extensively reported to prepare PCL thin
films that can be employed as coatings for degradation prevention in
biodegradable magnesium alloys and blend coatings with PEG for their
application as biomaterials [24,25]. To the best of our knowledge, the
preparation and characterization of PCL/PBS thin polymer films have
not been described in the literature.

In this study, thin films of PCL, PBS and a random copolyester (PBS-
ran-PCL) were prepared by sequential dipping steps of a silicon substrate
into chloroform solutions of the respective polymers, previously syn-
thesized by some of us [26]. The use of poly (butylene succinate-r-
an-e-caprolactone) (PBS-ran-PCL) copolymer layers together with PCL
and/or PBS is expected to improve miscibility, interfacial adhesion and
the resultant mechanical properties of PCL/PBS blends as previously
reported [27]. A nearly symmetric copolymer was chosen for this study,
as this has a better chance of interacting with neat PCL and neat PBS,
hence it would have a better chance to promote adhesion between a
layer of neat PBS and a layer of neat PCL. Copolymer compositions
different to approximately 50/50 would be more compatible with either
PBS or PCL depending on the composition. The resulting morphology
was observed by atomic force microscopy (AFM), and it was related to
the thickness and composition of the films. The presence of PCL or PBS
crystals was explored by grazing incidence X-ray scattering at wide
angle (GIWAXS). Previous studies carried out on blend thin films pre-
pared by dip-coating have employed selective dissolution of one of the
polymers in order to be able to assign the polymer phases observed in
AFM images [22]. For the films under study here, it is not possible to
selectively eliminate one polymer as the three polymers dissolve in
common solvents. Therefore, scattering-type scanning near-field optical

Polymer 226 (2021) 123812

Table 1
Molecular characterization data®.
Polymer Composition (BS/CL mol/mol) M,, (g/mol) My/Mp
PBS (100/0) 21,470 2.9
PCL (0/100) 17,400 3.2
COPOL (51/49) 23,500 3.1
2 Data taken from Ref. [26].
Air Drying Air Drying
- (20 s) (20 s)
V
Si substrate
Si film
PBS copoL PCL
CHCI, (2 min) CHCI; (2 min) CHCI, (2 min)

A A 4

Scheme 1. Schematic representation of the method of preparation of the films.

microscopy (s-SNOM) and Fourier transform infrared nanospectroscopy
(nano-FTIR) were employed in selected samples to image the local dis-
tribution of the three polymers in the films under study. The information
obtained allows us to correlate the dip-coating processing employed for
the preparation of the samples to the structure and morphology
exhibited by PCL/PBS thin films.

2. Experimental part
2.1. Materials

Poly (butylene succinate) (PBS), poly (e-caprolactone) (PCL) and a
poly (butylene succinate-ran-e-caprolactone) random copolyester,
designated as COPOL, were synthesized according to a method reported
elsewhere [26]. Table 1 reports the average molecular weight and
composition for the polymers under study.

2.2. Thin films preparation

Solutions of PCL, PBS and COPOL were prepared by dissolving the
appropriate mass of polymer in CHCl;3 to obtain concentrations of 1 mg/
mL and 2 mg/mL. Thin films of PCL, PBS, and COPOL were prepared by
dip-coating silicon wafers (40 x 9 x 0.5 mm?®), previously washed out
from impurities with a piranha solution (60:40 H2SO4:H205), into the
corresponding CHCl; solutions during 2 min. The film drying time for
pristine thin films of PCL, PBS, and COPOL was determined by visuali-
zation of the height position of the drying line after withdrawing sample,
located by a sharp colour (see supplementary video). The evaporation
speed, calculated by considering that the solution height was main-
tained at 30 mm, was ~3 mm s~ ! in all cases. It is important to note that
concentrations of the polymers in the dipping solutions higher than 2
mg/mL led to the formation of stripes on the surface of the film,
perpendicularly to the withdrawal direction (see Figure S1, in the Sup-
plementary Information). This phenomenon, named “stick-slip motion”
has been observed and described for films prepared by dip-coating, and
it is the result of the deposition of high concentrations of the polymer in
the upper part of the meniscus giving rise to the formation of local
thickness heterogeneities [22].

For the preparation of films containing PBS, PCL, and COPOL, Si
wafers were sequentially immersed in CHCl3 solutions of PCL, COPOL,
and PBS at 1 and 2 mg/mL (series I and II, respectively). A schematic
representation of the process employed for the preparation of the



M.I Penas et al.

samples is shown in Scheme 1. The immersion time was 2 min with an
air-drying step of 20 s in between dipping steps.

Films corresponding to series I were 3-layer films prepared from
CHCl3 solutions of PCL, COPOL, and PBS at 1 mg/mL. The difference
among them was the order employed for the deposition of the polymers.
For the film designated as 3-layer (PBS)_1, the last deposited layer was
PBS (i.e., the layers were deposited in the following order: PCL, COPOL
and PBS), and for the film designated as 3-layer (PCL)_1, the last
deposited layer was PCL (i.e., the layers were deposited in the following
order: PBS, COPOL and PCL).

Films corresponding to series II were prepared from CHCl3 solutions
of PCL, COPOL, and PBS at 2 mg/mL. Two films were prepared with
different number of layers (3 and 13) in order to determine the effect of
the number of layers on the morphology of the resulting films. In both
cases, the last deposited layer was PBS. The 3-layer film was designated
as 3-layer (PBS)_2, whereas the 13-layer film was designated as 13-layer
(PBS)_2.

2.3. Nuclear magnetic resonance (NMR)

Thin polymer films were dissolved in 1 mL of deuterated chloroform
and 'H NMR spectra were taken in a Varian System 500 MHz NMR
equipment.

2.4. Atomic force microscopy (AFM)

The morphology and thickness of the layers were observed by AFM
(Multimode Scanning Probe Microscope, Veeco/Bruker), employing a di
NanoScope IVa Controller with the conventional height mode (tapping
mode, normal AFM) at a nominal force constant of 42 N/m and 320 kHz
resonant frequency. The AFM samples (9 x 9 x 0.5 mm>) were cut from
the previously prepared films on silicon wafer substrates. Film thick-
nesses were measured by AFM by the scratch method and the results
were compared to those obtained from the analysis of the AFM height
profiles. WSxM5.0 software was employed for the visualization and
analysis of the AFM images.

2.5. X-ray scattering

Grazing incidence X-ray scattering at wide angle (GIWAXS) was
measured using synchrotron radiation at the NCD-SWEET beamline at
the ALBA Synchrotron (Cerdanyola del Valles, Barcelona, Spain). The
sample was inclined to achieve different incidence angles, ranging from
0.1° to 0.3° between the sample surface and the X-ray beam. The X-ray
wavelength used was 1 A. The scattering intensity was collected by a
Rayonix detector of 960 x 2880 pixels (pixel size 88.54 pm), placed at
145.6 mm from the sample. Patterns acquired with an exposition time of
5 s were corrected for background scattering and analyzed by the Fit2D
software [28].

2.6. Scattering-type scanning near-field optical microscopy (s-SNOM)
and fourier transform infrared nanospectroscopy (nano-FTIR)

s-SNOM, based on the AFM technique, is carried out with a metal-
lized tip which is illuminated with a monochromatic infrared laser ra-
diation concentrated at the vertex of the tip, acting as an antenna. s-
SNOM yields infrared amplitude and phase infrared images at nanoscale
resolution and allows to obtain maps of the chemical properties of the
surface of the sample. Nano-FTIR is based on s-SNOM, where the tip is
illuminated with a broadband infrared radiation. The tip-scattered light
is recorded with an asymmetric Fourier transform spectrometer at a
fixed sample position, yielding amplitude- and phase-resolved infrared
spectra [29] [-] [31].

A commercial s-SNOM/nano-FTIR setup (NeaSNOM, Neaspec
GmbH, Germany) was employed for measuring s-SNOM phase images
and nano-FTIR phase spectra using gold-coated commercial Si tips
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Fig. 1. 'H NMR spectra in the 4.00-4.20 ppm region of films corresponding to
series I, 3-layer (PBS)_1 and 3-layer (PCL)_1, and series II, 3-layer (PBS)_2 and
13-layer (PBS)_2. For comparison, the spectra corresponding to neat PBS, PCL
and COPOL are also included in the figure.

(Nanosensors, PPP-NCSTAu) with a mechanical resonance frequency
~135 kHz for tapping mode atomic force microscope (AFM). s-SNOM
imaging was collected directly on thin film samples prepared in silicon
wafers by means of a microscope equipped with a MIRcat laser (MIRcat
Mid-IR laser, Daylight Solutions, USA), at a laser power of 3 mW, and a
tapping amplitude of 50 nm. The acquisition time of one s-SNOM image
was 11 min. For nano-FTIR, a broadband infrared laser continuum was
employed with an average output power of ~600 pW covering a spectral
range from 2200 to 650 cm ™. All nano-FTIR spectra were recorded with
a spectral resolution of 17 cm™! and a tapping amplitude of 80 nm.
Reported nano-FTIR spectra are averages of 10 full spectra.

3. Results and discussion
3.1. Determination of the composition of the films

The process of sequential dip coating employed for producing the
films takes place through sequential immersion of a silicon substrate
onto chloroform solutions of each of the polymers as shown in Scheme 1.
Given the fact that chloroform is a solvent for PCL, PBS and COPOL, as a
first step, we set to determine the (BS/CL) ratio for all the samples under
study. For comparison, the spectra corresponding to neat PBS, PCL and
COPOL (see chemical structures in Figure S2, in the Supplementary In-
formation) are also included in Fig. 1 and the peaks are assigned ac-
cording to literature [26]. The triplet signal centered at 4.06 ppm can be
assigned to the methylene proton resonance of CHy (7) in PCL and the
multiplet signal centered at 4.12 ppm corresponds to the proton reso-
nances of CH; (1,4) in PBS. For COPOL, it was not possible to obtain
separate signals corresponding to PBS and PCL sequences within this
ppm region. In the films, the presence of a resonance peak at 4.08 ppm
that can be assigned to COPOL (marked with an arrow in Fig. 1) is
observed, most notably for films corresponding to series II, which con-
firms the presence of the three components for all the samples under
study. Nevertheless, a quantitative determination is not possible due to
the overlapping of the NMR signals of the COPOL with those corre-
sponding to the pristine polymers, PBS and PCL.
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Fig. 2. Tapping mode AFM height images of a) PBS films, b) PCL films c) 3-layer (PBS)_1 and d) 3-layer (PCL)_1 prepared by dip-coating from CHCl; solutions at 1
mg/mL. Black arrows mark the straight boundaries observed between superstructural structures (spherulites, axialites or dendrites) which are caused by the
impinging of these structures as they grow radially. The black square in Fig. 2c marks the occurrence of new crystalline morphologies as explained in the text.

Table 2
Nomenclature employed for all the samples under study.

Sample C (mg/mL)" Number of layers Last deposited layer
Series I

3-layer (PBS)_1 1 3 PBS

3-layer (PCL)_1 1 3 PCL
Series II

3-layer (PBS)_2 2 3 PBS

13-layer (PBS)_2 2 13 PBS

@ Concentration of the dipping solutions.

3.2. Study of the morphology and crystallinity

Fig. 2 shows AFM height images for pristine films obtained from
CHCl3 solutions of PBS and PCL and films corresponding to series I
prepared at polymer concentrations of 1 mg/mL, 3-layer (PBS)_1 and 3-
layer (PCL)_1. All the samples under study are ultrathin films with
thicknesses below 10 nm as determined by AFM by the scratch method.
The results were shown to match the depth profile analyzed for each of
the samples, both analysis are shown in the supplementary information
(Figure S3, in the Supplementary Information).

The morphology of PCL in ultra-thin films has been reported in the
literature [32,33], however, to the best of our knowledge, there are no
studies regarding the morphology of PBS in ultra-thin films. Films ob-
tained from CHCl3 solutions of PBS at 1 mg/mL (Fig. 2a) exhibit a
semi-crystalline morphology rich in edge-on lamellae radiating from
central nuclei that resemble spherulitic/axialitic superstructures,
whereas the morphology exhibited by PCL thin films is dendritic
(Fig. 2b). In all cases, the relatively straight boundaries between su-
perstructural structures (spherulites, axialites or dendrites), which are
caused by the impinging of these structures as they grow radially, can be
clearly observed in Fig. 2. The morphology observed in Fig. 2b for PCL

(thickness~8 nm) is consistent with that reported for spin-coated PCL
films from PCL-toluene solution for which dense-branching morphology
(DBM) and dendrites were observed when t < 2Rg (at thicknesses below
12 nm), related to the diffusion-limited aggregation (DLA) process [32].
The morphology corresponding to the COPOL sample consists of
PBS-rich phase spherulitic/axialitic crystals (see Figure S4, in the Sup-
plementary Information). Extensive previous studies by WAXS and DSC
have shown that in this isodimorphic copolymer sample, only the
PBS-rich phase can crystallize [25].

Both films of series I (3-layer films described in Table 2) have
thicknesses that are comparable within the experimental error and are
also similar to those of neat components single layer films, ~7.5 nm for
the films of series I and 5.7 and 8.5 nm for neat PBS and PCL respectively
(at 1 mg/mL). This is as a result of the partial dissolution of the films in
CHCl3 during the consecutive deposition steps, since chloroform dis-
solves both PCL and PBS. Still, the presence of the three polymers could
be ascertained through 'H NMR as shown in Fig. 1. In general terms, the
morphology observed by AFM on the film surfaces is determined by the
last deposited polymer layer which confirms the sequential deposition of
the polymers onto the silicon substrate. Therefore, films that were
coated with PBS as last layer show a similar spherulitic/axialitic
morphology to that exhibited by neat PBS films (single layer) dip-coated
from chloroform solution. Correspondingly, those in which the last
applied layer was PCL display the dendritic morphology observed in
neat PCL films (single layer). The morphology observed for the 3-layer
(PCL)_1 sample is analogous to that reported for PS/PCL blend films
with film thickness of about 15 nm, for which the crystallization of PCL
leads to the formation of PCL dendritic crystals [19]. It is important to
note that Fig. 2c shows the development of a new crystalline
morphology with respect to the morphology observed for pristine PBS
films (Fig. 2a). On top of the spherulitic structure, we observe curved
structures (highlighted with a square in Fig. 2c). These curved crystals
have been previously reported for PLLA ultrathin films and related to
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Fig. 3. Intensity as a function of the scattering vector q as calculated from the
corresponding GIWAXS patterns (shown in the Supplementary Information,
Figure S5). a) PCL 1 mg/mL, b) PBS 1 mg/mL, ¢) PBS 2 mg/mL, d) 3-layer
(PCL)_1, e) 3-layer (PBS)_1.

edge-on lamellae [34,35], in very thin films (thicknesses around and
below 10 nm). A study of the crystal unit cell parameters and chain
orientation of thin films of linear aliphatic polyesters revealed that
lamellar crystal edge-on morphology seems to be the preferred config-
uration for aliphatic polyesters. This is related to the establishment of a
molecular interaction of the carbonyl groups of the polyesters, lying on
the bc face parallel to the substrate plane, with the outer silicon oxide
layer of the substrate that controls the chain fixation to the substrate
[36].

Polymer 226 (2021) 123812

The crystallization of the films was further investigated by Grazing
Incidence X Ray Diffraction analysis and the diffractograms obtained
using GIXRD at 0.1° incidence angle are shown in Fig. 3. For the pristine
PCL film (1 mg/mL), with thickness as low as 8.5 nm, the characteristic
diffractions of (110), (111) and (200) planes are clearly distinguished in
Fig. 3a, [37]. For the pristine PBS film (1 mg/mL), the GIWAXS dif-
fractogram in Fig. 3b showed no diffraction peaks even though a semi-
crystalline morphology was observed for this film in AFM images
(Fig. 2a). In contrast, a broad peak at 15.5 nm ! is observed for the PBS
film prepared from chloroform solutions of PBS at 2 mg/mL (Fig. 3c),
which is attributed to the diffraction of the (021) plane. Note that the
peak corresponding to the diffraction of the (110) plane at 16.0 nm ™%, is
also included within this broad peak [38,39].

Regarding the results obtained for blend thin films, only the 3-layer
(PCL)_1 sample showed the characteristic diffraction peaks of PCL,
placed as the outermost layer for this sample (Fig. 3d). For this sample,
the diffraction peaks are shifted to the left with respect to the diffraction
peaks observed for the pristine PCL film (Fig. 3a). This might be a result
of the different spreading of crystallites on the illuminated area [40]. As
shown in Fig. 2, the distribution of crystals appears to be more homo-
geneous in the case of the PCL film (Fig. 2b) compared to the distribution
of crystals observed for sample 3-layer PCL (Fig. 2d). This might result in
contributions in different positions of the diffraction centers which
causes a shifting to the left of the diffraction peaks corresponding to the
sample 3-layer PCL (Fig. 3d) with respect to the sample PCL (Fig. 3a). In
contrast, neither the sample 3-layer (PBS)_1 (Fig. 3e) nor the samples
corresponding to series II, for which the outermost layer was PBS,
showed diffraction peaks in GIWAXS experiments (results not shown).
This is an apparent inconsistency with the AFM results shown in Fig. 2
that clearly show an spherulitic/axialitic structure for pristine PBS films
as well as for films whose last layer is PBS. In order to explain these
results it is important to take into account the process of preparation of
the samples through dip-coating. For this process, the evaporation rate
of the solvent plays an important role on the crystallization of the
polymers. Spherulite/axialite growth is the consequence of the

b)

Absorption, Norm. nano-FTIR phase

1 L | s | L |

1367 cm™]
1174 cm™

1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900

Frecuency w (cm™)

Fig. 4. Nano-FTIR spectra of pristine films of a) PBS, b) COPOL and c¢) PCL.
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1740 cm!

0° me m 35°

Fig. 5. a) AFM height image (left) and mechanical phase image (right) corresponding to sample 3-layer (PBS)_2 and near-field phase (i.e. absorption) images at b)
1335 cm ™! and ¢) 1740 cm™ L. The red square in Fig. 5a marks the region employed to carry out the analysis through nano-FTIR spectroscopy (shown in Fig. 6). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

macromolecules diffusion towards the crystal interface. Capillary flow
occurring during the dip-coating process brings about a constant supply
of polymer solution that contains the polymer that can crystallize [41].
In the case of the films under study here, as the evaporation rate is high
(chloroform is a solvent with a high vapor pressure [42] and hence,
capillary flow is high, the rapid polymer diffusion gives rise to complete
spherulites/axialites due to a constant polymer supply. Still, the degree
of crystallization of the PBS on the thin films under study is too low to be
detected through GIWAXS experiments. Such low degree of crystallinity
could be attributed to slow crystallization kinetics of PBS films casted
from diluted chloroform solutions. PBS films under study here present
thicknesses below 10 nm. As it has been reported in literature, polymer
chains in ultrathin films usually crystallize slowly in proximity of in-
terfaces [35].

3.3. Nanoscale chemical characterization by s-SNOM and nano-FTIR
techniques

The technique of infrared near-field microscopy (IR s-SNOM) and
nanospectroscopy (nano-FTIR) allows for infrared imaging and spec-
troscopy with nanoscale spatial resolution [43,44]. It has recently been
employed to investigate submicrometer chemical distribution and
crystallization of polymer blend films, as an example casted from
PCL/PEG blends in THF [45]. In order to shed further light onto the
chemical distribution of the three polymers, PBS, PCL and COPOL, onto
the thin films prepared through sequential dip-coating, s-SNOM phase
images and nano-FTIR phase spectra were recorded for samples

corresponding to series II, 3-layer (PBS)_2 and 13_layer (PBS) 2. The
probing depth of the nano-FTIR technique is up to 100 nm [46,47],
which is related to the oscillation amplitude of the cantilever at a fixed
point on the sample. Taking into account that the films under study
present thicknesses in the range from 10 to 25 nm, the nano-FTIR results
provide information about the whole sample. By using this technique, it
is possible to obtain IR absorption spectra that correlate to bulk trans-
mission infrared spectroscopy (e.g., FT-IR) as both techniques measure
the amount of absorbed light [48].

As a first step, the main FTIR bands corresponding to the individual
polymers were identified from nano-FTIR spectra of pristine thin films of
PCL, PBS and COPOL. Fig. 4 shows representative spectra in the 1900-
900 cm ! range, in which it is possible to observe a large number of
absorption bands and band overlaps (see the chemical structures in
Figure S2 in the Supplementary Information). All three spectra show a
C=O0 stretching band (at 1734 em™!) and a C-0-C stretching band (at
1174 cm ™! for PBS and COPOL and at 1190 cm ™! for PCL). However, the
band at 1335 cm™! band, assigned to the C-H asymmetric angular
deformation, is strong in the PBS spectrum and absent in the PCL
spectrum. In addition, the 1241 cm™! band, assigned to the asymmetric
stretching vibration of C-O-C group is very strong in the PCL spectrum
and absent in the PBS spectrum. Additional FTIR bands located at 1295
and 1367 cm ™! are clearly visible in the FTIR spectrum corresponding to
PCL which can be assigned to C-O and C-C stretching and C=0
stretching in the crystalline phase, respectively [49,50]. PBS thin films
under study present a low crystallinity as demonstrated through
GIWAXS results, this was further demonstrated through analysis of the
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Fig. 6. a) AFM height image and b) absorption image at 1335 cm ™ corresponding to sample 3-layer (PBS)_2 and ¢) Nano-FTIR spectra obtained by averaging spectra
recorded at the positions marked by corresponding blue, red and black colors in panel b. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

carbonyl region in the nano-FTIR spectra shown in the Supplementary
Information, Figure S6. According to literature, the peak in the carbonyl
region in FTIR can be deconvoluted to three absorption bands that can
be assigned to the stretching mode of C=0 groups in the crystalline
phase (1714 cm’l), in the rigid amorphous fraction (1720 cm’l) and in
the free amorphous fraction (1736 cm™1) [51]. The nano-FTIR spectrum
corresponding to PBS film showed a broad peak in the carbonyl region
with the highest intensity located at 1730 cm ™!, which supports the low
degree of crystallinity of the PBS film under study.

The absorption bands observed for COPOL are overlapped to those
observed in neat PBS and neat PCL. However, the intensity ratio of the
bands at 1335 cm ™! and 1241 cm™! increases from ~2 in the spectra
corresponding to COPOL to ~8 in the spectra corresponding to PBS, a
result that reflects the presence of BS and CL sequences within the
COPOL sample.

AFM height and mechanical phase images corresponding to sample
3-layer (PBS)_2 are shown in Fig. 5a. As can be observed, PBS crystalline
superstructures (resembling spherulites or axialites) composed of PBS
edge-on lamellar crystals growing from central nuclei are seen. The
polygonal boundaries between these superstructures (produced by their
impinging as they grow radially) are very clear in Fig. 5a. We assume
that the lamellae observed are PBS, as PBS was the last material to be
deposited in the film. This was confirmed by the strong contrast
observed for the absorption images at 1335 cm™! (Fig. 5b) and at 1740
cm-1 (Fig. 5¢), which are characteristic infrared absorption bands for

PBS (see Fig. 4). A compositional map corresponding to the sample 3-
layer (PBS)_2 is shown in Figure S7 as supporting information. The
image shows mainly blue areas where absorption is highest at 1740
em™! corresponding to the carbonyl region for the three polymers, PBS,
PCL and COPOL and pink areas where absorption is highest at 1335
cm ™!, which has been identified as a characteristic infrared absorption
band for PBS. From this image, it is not possible to ascertain the presence
of PCL within the sample. Hence, to further investigate the polymers’
chemical distribution, several nano-FTIR spectra were recorded at
determined positions within the region marked by the red square in the
AFM height image in Fig. 5a. An enlargement of this region is shown in
Fig. 6a, and the corresponding absorption image at 1335 cm ™! (Fig. 6b).
Several nano-FTIR spectra were recorded at different positions marked
with red, black, and blue circles. The recorded individual nano-FTIR
spectra show high quality and reproducibility (results not shown).

The black circles correspond to spots that showed high absorption at
1335 cm™}, and the red circles correspond to positions that showed high
absorption at 1740 cm™! (see Fig. 5¢). The blue circles correspond to
positions with relatively low absorption at both IR frequencies. The
corresponding average nano-FTIR spectra depicted in Fig. 6¢ show the
characteristic C-O stretching band at 1734 cm™! and the C-O-C
stretching band at 1174 em ™! that is overlapped for PBS, PCL, and
COPOL. In addition, the three spectra show a band located at ~1335
cm ! characteristic of PBS, as shown in Fig. 4. A broad band centered at
~1268 cm ™ is also observed for the three samples. The intensity ratios
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Fig. 7. a) AFM height image (left) and mechanical phase image (right) corresponding to sample 13-layer (PBS)_2, absorption images at b) 1335 cm ™ and ¢) 1733
em™?), and d) Nano-FTIR spectra obtained by averaging spectra recorded at the positions marked by corresponding black, red and blue colors in panel b. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

between the peak at 1268 cm ™' and the peak at 1335 cm ™! reveal dif-
ferences in the infrared absorption in different positions of the 3-layer
(PBS)_2 sample and thus in the chemical distribution within the sam-
ple. The I;335/I1268 is ~5 for the average spectrum corresponding to
positions marked with black, whereas I;335/1126g for the average spectra

obtained from positions marked with blue and red colour decreases to
~2 for both cases, which reveals regions with higher relative content of
CL sequences.

We now turn our attention to the results obtained for the 13-layer
(PBS)_2 sample for which the total number of layers was increased
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from 3 to 13. The morphology observed for this sample (Fig. 7a) is
similar to the one described for sample 3-layer (PBS)_2, see Fig. 5a. That
is, the number of dipping steps employed for the preparation of the
sample does not seem to have an influence on the obtained morphology.

The presence of small holes on the 13-layer (PBS)_2 sample can be
attributed to the rapid evaporation of chloroform during film prepara-
tion by dip-coating. As it is well known, when the solvent is rapidly
evaporating, the solvent-rich films do not have enough time to level and
heal surface roughness created by Marangoni instabilities. This effect
and the resulting morphology could be tuned through the control of the
evaporation rate during film preparation [42]. As in the case of the
3-layer (PBS)_2 sample, the absorption images taken at 1335 em ™! and
1733 cm™! (Fig. 7b and c, respectively) showed high contrast, which is
more clearly observed for the image taken at 1335 cm™!. This is
consistent with the fact that the crystalline morphology can be attrib-
uted to the last deposited polymer, that is, to PBS.

The polymer distribution was further analyzed by recording several
nano-FTIR spectra at different positions marked by coloured circles in
the AFM height image (Fig. 7a, left) and the absoption image taken at
1335 cm ! (Fig. 7b). Red circles correspond to locations outside the
holes and black circles correspond to locations within the holes, as seen
in the AFM topography image. Both red and black spectra shown in
Fig. 7c fit nicely to the reference spectrum of PBS in agreement with the
fact that the morphology observed is mostly due to PBS. In both cases,
I1335/11268 is ~3, which indicates a similar chemical composition
regarding BS/CL sequences. A close examination of the average nano-
FTIR spectra obtained from regions marked with blue dots, which cor-
responds to positions with relatively low absorption at the IR frequency
of 1335 em ™}, allows to clearly distinguish a noticeable increase in the
intensity of the band located at 1268 cm™! with respect to the band
located at 1335 cm_l, which is much more evident in the case of the
average spectrum obtained from regions marked with blue circles. For
these regions, the band located at 1365 cm’l, characteristic of PCL, is
also clearly visible.

The results show that the increase in the number of deposited layers
give rise to almost isolated PCL nanodomains within a matrix predom-
inantly constituted of PBS. Thus it points to more segregation between
BS and CL sequences for the 13-layer (PBS)_2 sample as compared to the
3-layer (PBS)_2 sample. The final morphology obtained for these thin
films could be compared to that of an immiscible blend of PCL/PBS as
previously reported in literature. This could be attributed to the fact that
the repetitive dipping steps employed to prepare the sample leads to the
deposition of mixed solutions of the three polymers due to the partial
dissolution of the films during the dipping procedure.

4. Conclusions

In this study, sequential dip-coating of silicon substrates in chloro-
form solutions of PCL, PBS, and a poly (butylene succinate-ran-e-cap-
rolactone) (PBS-ran-PCL) copolymer has been employed to obtain thin
polymer films with a varying number of layers (3 and 13). The thickness
obtained for the films was, in all cases, in the range 10-25 nm regardless
of the number of layers employed for their preparation, which points to
partial dissolution of the films occurring during the process of prepa-
ration. The crystalline morphology observed corresponds to that of the
last deposited polymer, as revealed by AFM microscopy. In the case of
films for which the last deposited layer was PCL, diffraction peaks cor-
responding to the semicrystalline structure of PCL were detected by
GIWAXS experiments. On the other hand, for films whose final layer was
PBS, even if spherulitic/axialitic formation could be observed by AFM,
no diffraction peaks were obtained in GIWAXS.

For films whose final layer was PBS, nano-FTIR spectroscopy pro-
vided the main evidences to determine the nanoscale organization of BS
and CL sequences on 3-layer films and 13-layer films. The results showed
that both samples present a heterogeneously mixed chemical composi-
tion with nanodomain regions of varying PBS and PCL content.

Polymer 226 (2021) 123812

However, in the case of 13-layer films, the analysis of the average
spectra corresponding to different regions of the sample films revealed
the presence of almost segregated PCL nanodomains within a PBS ma-
trix. The results could be attributed to the fact that the partial dissolution
of the film occurring during the sequential dipping steps might give rise
to the deposition of a mixed solution of the three polymers resulting in a
morphology that is reminiscent of that exhibited by immiscible blends.
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