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This study elucidates the complex morphology and the related spectroscopic response of poly(vinylidene
fluoride-co-trifluoroethylene) copolymer, with 80% molar VDF content, namely P(VDF-TrFE) (80/20). We
investigate the molecular structure, the morphology and the thermal behaviour of P(VDF-TrFE) samples
obtained as electrospun nanofibers; we discuss their thermal evolution crossing the Curie temperature
and the structure resulting after annealing, giving a comparison with P(VDF-TrFE) films. The new
experimental data here obtained, combined with previous spectroscopic studies carried out on
piezoelectric fluorinated polymers and copolymers, allow identifying spectroscopic markers sensitive to
the molecular structure, the molecular orientation, the conformational defects and the kind of crystalline
phase. We assign the vibrational modes localized on TrFE units by combining experimental observation
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set of diagnostic tools, which can be exploited for the assessment of structure/property relationships
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1. Introduction

Thanks to their ability to transduce mechanical work into
electrical energy and vice versa, piezoelectric materials have
generated a lot of interest in different fields such as energy
harvesting devices, sensors and actuators."” Typically, piezo-
electric ceramics - such as lead zirconate titanate (PZT), zinc
oxide (ZnO) and barium titanate (BaTiOz) - show excellent
piezoelectric properties but are intrinsically brittle and usually
require very high temperatures of processing (7 > 600 °C), thus
limiting their application.>*™° Electroactive polymers offer an
interesting alternative to these materials, overcoming their
mechanical and temperature limits. Polymer-based piezoelec-
trics are also open to a wide range of innovative solutions, such
as flexible electronic devices, biocompatible sensors and
others.*>

“Dipartimento di Chimica, Materiali e Ingegneria Chimica “Giulio Natta”, Politecnico
di Milano, Piazza Leonardo da Vinci 32, 20133 Milano, Italy. E-mail: chiara.
castiglioni@polimi.it

Center for Nano Science and Technology@PoliMi, Istituto Italiano di Tecnologia, Via
Pascoli 70/3, 20133 Milano, Italy

T Electronic supplementary information (ESI) available: SEM images of
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Among piezoelectric polymers, polyvinylidene fluoride
(PVDF) and its copolymers are the most studied and
applied.>**** Fluorine-based polymers possess piezoelectric
characteristics due to their peculiar molecular structure,
showing a net molecular dipole (perpendicular to the chain
axis) when the polymer chains assume the ¢rans-planar
conformation. A peculiar chain packing in the crystal may result
in polar crystallites, where polymer chains align with parallel
dipole moments.

PVDF is a semi-crystalline polymer showing four crystalline
phases: o (non-polar), B (polar), y (polar), and d (polar).**> For
the thermodynamic point of view, the o phase (with (TGTG'),
chain conformation) is the most stable phase. Therefore, the
polymer crystallizes from the melt preferentially in  phase. The
B phase has an all-trans planar-zigzag chain conformation (7), -
see sketch in Table 1 — with an orthorhombic unit cell, in which
the chains are aligned along the b axis.” This polymer confor-
mation is the one leading to highly polar crystals, with perma-
nent dipoles that can orient within macroscopic domains,
therefore it is the conformation of interest when piezoelectric
properties are desired.

To overcome the issues related with the poor control on
PVDF crystallization, poly(vinylidene fluoride-co-trifluoro-
ethylene) random copolymers with different co-monomer ratios
- denoted as P(VDF-TrFE) - have been developed and have
gained a lot of attention since the eighties.>*?® Based on
experimental evidence, it is believed that the copolymer has the
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Table1 Band assignment of PVDF and P(VDF-TrFE) spectra in the range 700-1500 cm ™, see Fig. 1. The assignment is based on DFT (PBEQ/pob-
TZVP) calculations for PVDF in the two B and o phases.?? The computed wavenumbers are scaled by the empirical factor 0.978, which allows
obtaining a good agreement between theoretical and experimental wavenumbers. Calculated IR absorption intensities (2" and 4" columns)
allow identifying strong and weak transitions (the latter are highlighted with a grey background). The experimental wavenumbers of the peaks of
PVDF and P(VDF-TrFE) are taken from spectrum c and a, respectively (see Fig. 1). The last three columns refer to the B phase and report the
phonon symmetry, the direction of the transition dipole, the band polarization (the parallel direction corresponds to the direction of the chain
axis of the polymer) and a description of the vibrational eigenvector based on group internal coordinates. The labels of the symmetry species for
the B crystal follow the choice of the Cartesian reference illustrated in the sketch
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tendency to preferentially form a crystalline phase similar to the
ferroelectric all-trans B phase of PVDF.”*?*° Remarkably, no
evidence of the formation of non-polar crystalline phases (e.g.,
o phase) has been reported so far for P(VDF-TrFE).*>*!

Compared to the homopolymer PVDF, the copolymer P(VDF-
TrFE) shows a reduced degree of crystallinity due to the intrinsic
presence of chemical defects - i.e., the TrFE units, randomly
distributed among PVDF sequences.””*"** However, the
enhanced stabilization of the B phase in the copolymers grants
a better stability of the piezoelectric phase, thus bypassing the
mechanical/electrical pre-treatments usually required in PVDF
to increase the B phase content. At difference from PVDF,
a Curie temperature has been identified in P(VDF-TrFE), which
corresponds to a change of the polymer morphology which
accompanies the transition between the ferroelectric (FE) and
the paraelectric phase (PE).>"?%33¢

PVDF and P(VDF-TrFE) membranes are often subjected to
uniaxial or biaxial stretching to (i) promote the macroscopic
orientation of polymers chains in the amorphous phase and of
the crystallites and (ii) enhance the degree of crystallinity thanks
to the stretching of the chains in the amorphous phase forming
new crystalline domains. The preferential orientation of the
polymer chains makes the material macroscopically anisotropic
and allows optimizing the piezoelectric response associated to
electrical or mechanical stimuli in a given direction.">*"%°

In this framework, vibrational spectroscopy - particularly IR
spectroscopy — is widely used to study molecular structure, crystal
phases and chains orientation.?>?%%344%-3¢ Several papers dealt
with the IR spectra of PVDF and P(VDF-TrFE) samples, some of
which concerning the identification of the marker bands of the
different crystalline phases, to evidence correlations between the
IR spectral pattern and the corresponding piezoelectric response
of samples treated in different conditions."??>7,30:33,34,39-50,52-54

At difference from IR, relatively few Raman studies of P(VDF-
TrFE) have been reported in the literature. For instance, J. S.
Green et al.>® presented a detailed analysis of the evolution of
the Raman spectra of a 60/40 random copolymer, aiming at the
description of chain conformation at 7., whereas K. Tashiro
et al.>® analysed the temperature dependence of the Raman
spectra of different P(VDF-TrFE) copolymers.

Despite the abundant literature dealing with structural
characterization of P(VDF-TrFE) copolymers, well established
criteria to obtain unique, reliable information regarding
complex, sample-dependent morphology are still required. A
case concerns electrospun piezoelectric polymers nanofibers,
where the analysis of the vibrational spectra of P(VDF-TTFE)
fibres is often carried out on the basis of correlative criteria,
which derive from spectra analysis of related materials prepared
with different methods. Most likely, this is the reason why the
conclusions concerning structure-property or structure-
treatment correlations are sometimes contradictory.

The main goal of the analysis here reported is to set up
a sound method for the structural analysis of the P(VDF-TrFE)
(80/20) copolymer, based on the joint use of IR and Raman
spectroscopies, and supported by results from theoretical
modelling. This work aims to highlight the spectroscopic
evidence related with the different phases/molecular structures

This journal is © The Royal Society of Chemistry 2020
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occurring in a given sample. The comparison between samples
prepared with different methods (i.e., polymer films and elec-
trospun nanofibers) allows identifying subtle but well-defined
spectroscopic markers associated to different chain structures
or crystalline domains. Therefore, we provide the reader with
a systematic analysis and summary of the available spectro-
scopic evidence on P(VDF-TrFE) copolymers, setting up grounds
for the interpretation of their relevant spectral features.

The study of the effect of thermal treatments on the IR and
Raman responses will provide an excellent test for the assess-
ment of the diagnostic tools here proposed. Moreover, it high-
lights a peculiar behaviour of fibres not observed so far and
different from findings in the case of films or powder samples.

The major steps followed in this paper are:

(1) We compare the experimental IR and Raman spectra of
P(VDF-TTFE) with those of PVDF, and we discuss the assign-
ment of the observed vibrational peaks. Among the first-
principles predictions available for PVDF,*”*® we will exploit
the careful vibrational assignment for the different crystalline
phases of PVDF of ref. 22, based on Density Functional Theory
(DFT) calculations.

(2) We carry out DFT calculations on selected molecular
models aimed at mimicking P(VDF-TrFE) segments, so to
thoroughly discuss the spectroscopic markers of the TrFE units.

(3) We analyze P(VDF-TrFE) electrospun nanofibers by IR
spectroscopy and we compare them with P(VDF-TrFE) films;
this allows introducing a reliable and simple method to assess
the molecular orientation in nanofibers.

(4) We highlight by IR and Raman spectroscopies the
changes in material morphology and chain orientation during
thermal treatments.

We would like to highlight two important aspects which
show the relevance of the detailed analysis herein reported. On
the one hand, P(VDF-TrFE) is a complex material formed by
different phases where the macromolecules experience
different intermolecular environments. It follows that IR and
Raman bands are often broad and structured, thus revealing the
presence of different contributions from differently arranged
materials. This peculiarity has to be carefully considered for
a sound interpretation and it is very informative, if properly
analysed. On the other hand, the IR and Raman spectra of
P(VDF-TrFE) are complementary under different respects. In
addition to the trivial advantage to collect data for the whole set
of vibrational transitions, we obtained evidence that the two
techniques have a different sensitivity to the different phases
present in the P(VDF-TrFE) samples. Hence IR and Raman
spectroscopies can provide unique information about phase
occurrence and evolution with sample treatments, based on the
changes observed in the intensity pattern/band shapes in the
two complementary spectra.

We also think that the approach presented here, in
conjunction with a characterization of the piezoelectric/
ferroelectric performance, may contribute to the knowledge of
the molecular mechanisms responsible for the piezoelectric/
ferroelectric behaviour of P(VDF-TrFE), a topic widely dis-
cussed in the literature, but still lacking of unambiguous
interpretation.  Finally, the setup of well-established
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experimental methods for monitoring structural properties -
e.g., degree of crystallinity, kind of crystalline phases, chain
conformations, and molecular orientation - could provide
powerful tools for the control over the processing required to
obtain optimized P(VDF-TrFE) materials for specific techno-
logical applications.

2. Materials and methods
2.1 Materials

Solution preparation. All the materials have been purchased
from Sigma Aldrich and used without further treatments. Sol-
vene® 200/P400, namely poly(vinylidene fluoride-trifluoro
ethylene) P(VDF-TrFE) (80/20) in powder form (M, =
400 000 g mol ), was dissolved in a (4 : 6) volume ratio of N,N-
dimethylformamide/acetone (DMF, anhydrous (99.8%)/acetone
(99.9%)) at a polymer/solvent concentration of 20% w/v. The
solution was mixed using a magnetic stirrer at room tempera-
ture for about 1 h until a uniform and clear solution was ob-
tained. The same conditions have been kept also for the
preparation of polyvinylidene fluoride (PVDF) solutions, start-
ing from PVDF in powder form with M,, = 534 000 ¢ mol .

Films. Films have been prepared by drop-casting, homoge-
neously spreading the solution (see above) on the substrate, and
evaporating completely the solvent by keeping the film 1 h
under dynamic vacuum condition. The same procedure was
followed for both P(VDF-TrFE) and PVDF, allowing for the direct
comparison between the corresponding spectra.

Nanofibers webs. P(VDF-TrFE) nanofibers webs were
prepared by electrospinning. We adopted a horizontal electro-
spinning setup, with voltage applied using a Spellman S1-150
High Voltage Power Supply. The prepared polymer solution
(see above) was loaded into a 1 ml glass syringe (Hamilton
Gastight, model 1002 TLL) with a stainless-steel needle (inner
diameter = 22 gauge). The syringe was mounted on a mobile
infusion pump (KDS Scientific, model series 200) which allowed
to set the flow rate. Randomly aligned nanofibers were collected
on a rectangular static collector, electrically grounded and
wrapped with aluminium foil. For the deposition of aligned
nanofibers, a cylindrical rotating collector was used. All the
samples were processed using the following parameters:
distance between the needle and the collector of 20 cm, applied
voltage of 17 kv, and solution flow rate of 0.05 mL h™".

Substrates. The nanofibers were deposited on glass slides for
preliminary optical inspection. For SEM analysis we used Si
substrates. For FI-IR characterization we used a ZnSe substrate
because it is transparent to IR radiation and compatible with the
temperature conditions selected for the thermal cycles. We used
sapphire substrates for the Raman spectroscopy of powders. During
the Raman experiments in the heating cell, we held the samples in
aluminium crucibles usually employed for DSC analysis.

2.2 Samples characterization

FT-IR. The IR absorption spectra were recorded using
a Thermo Nicolet NEXUS FT-IR spectrometer (4 cm™ ' resolu-
tion, 128 scans) equipped with a ThermokElectro Continupm FT-

37782 | RSC Adv, 2020, 10, 37779-37796

View Article Online

Paper

IR Microscope (4 cm™ ' resolution, 128 scans). The spectra were
recorded in transmission mode. For phase transition studies
the samples were mounted in a Linkam heating cell (FT-IR 600)
operated in nitrogen atmosphere. In this case, the FT-IR anal-
ysis was carried out in transmission mode using zinc selenide
(ZnSe) substrates. With the same FT-IR setup, we used a ZnSe
wire grid IR polarizer for the dichroism analysis of the aligned
nanofibers.

Raman. The Raman spectra of P(VDF-TrFE) powders and
nanofibers were recorded with a Jobin Yvon Labram HRS800
Raman spectrometer coupled to an Olympus BX41 microscope
using a 50x objective. The excitation line of a diode-pumped
solid-state laser (532 nm) was used with a power of 30 mW.
Each spectrum was obtained as the average of 3 acquisitions of
40 s. For phase transitions studies the Linkam heating cell (FT-
IR 600) was placed under the Raman microscope equipped with
a ULWD 50x objective.

Scanning electron microscopy. SEM images were taken by
means of a JEOL scanning electron microscope (mod. JSM-
6010LV), applying a potential of 3 kv. The measurement of
the fibres' diameters was carried out by processing the SEM
images with the software Image] (Rasband, W.S., Image], U. S.
National Institutes of Health, Bethesda, Maryland, USA, http://
imagej.nih.gov/ij/, 1997-2016). The statistical analysis of the
diameter distribution has been carried out with Origin software
(ver. 8) considering for each sample 100 independent
measurements of the fibre diameter. Random and aligned mats
are characterized by defect-free homogeneous fibres with
a mean diameter of 600 nm and 628 nm, respectively, with
narrow size distribution (see Fig. SI1-SI47).

2.3 Theoretical modelling

The assignment of the crystallinity bands of PVDF (Table 1) is
based on previous DFT calculations, carried out in a work* co-
authored by one of the authors (CC) of the present paper. Ref. 22
determines the structure and the vibrational properties of PVDF
in different crystal phases and it makes use of the CRYSTAL
code,* within periodic boundary conditions (full details about
the computational set-up adopted are thoroughly described in
ref. 22).

The marker bands of the P(VDF-TrFE) copolymer have been
investigated in this work by means of DFT calculations suitably
carried out, considering a molecular model composed by one
TrFE unit surrounded by four VDF units on one side and five
VDF units on the other side. The two ends of this oligomer are
terminated by one CH; and one CF; unit (see ESIT). In this
model, the conformational degrees of freedom were con-
strained as to obtain the all-trans conformation expected in the
crystal phase of the copolymer. To carry out the B3LYP/6-
31G(d,p) DFT calculations on such model we used the
Gaussian software.®

3. Infrared spectra of P(VDF-TrFE)

A thorough interpretation of the vibrational spectra of a semi-
crystalline polymer requires the knowledge of its molecular

This journal is © The Royal Society of Chemistry 2020
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structure and, possibly, of the crystal structure. We analyse here
a P(VDF-TTFE) (80/20) random copolymer. The relatively small
hindrance of the fluorine atoms may allow the accommodation
of isolated TrFE units in crystalline domains, while longer
sequences of TrFE units are supposed to segregate in the
amorphous phase. For these reasons, as a starting point for the
analysis of the spectra of P(VDF-TrFE), we will refer to the
previous vibrational assignment done for PVDF.>?

In the next sections, we will discuss in detail the IR spectra of
different samples of P(VDF-TrFE), namely films cast from
solutions at room temperature and after thermal treatments,
and we will compare such spectra with those of PVDF films.

3.1 P(VDF-TrFE) films at room temperature

We begin the assignment of the observed IR transitions, by
considering film samples of both the homopolymer and the
copolymer at room temperature. The close correlation between
the structures of P(VDF-TrFE) and PVDF is corroborated by the
direct comparison (Fig. 1) of the IR spectrum of P(VDF-TrFE)
(Fig. 1(a)) with the spectra of two different thin films of PVDF,
characterized by a different relative amount of f and o phases
(Fig. 1(b and c)). Fig. 1 clearly shows that some characteristic IR
bands of PVDF nicely correspond to IR bands of the copolymer.

In Table 1 we report the wavenumbers of the I' point
phonons computed by DFT (ref. 22) for the o and B phases of
PVDF (B phase markers are typed in blue, and « phase markers
are typed in red). We also report in Table 1 the wavenumbers of
the main peaks of spectrum c of PVDF, which show a good
match with the computed wavenumbers of transitions with
non-negligible IR intensity. The rows of Table 1 that correspond
to bands with very small IR intensities are highlighted with
a grey background. Because of the very weak intensities, such
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Fig. 1 IR spectra of a P(VDF-TrFE) film (a) and of two different PVDF

films (b and c). The grey background highlights the B phase markers.
The a phase markers are indicated in spectrum c. The vertical dashed
lines mark strong infrared absorptions scarcely affected by the kind of
crystalline phase. The black triangle indicates the marker band of TrFE
units. The IR spectra of melt PVDF and P(VDF-TrFE) at 170 °C, are
plotted as dashed curves superimposed to the corresponding solid-
state spectra. The IR spectra have been normalized with respect to the
1183 cm™! peaks.
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computed transitions can be hardly recognized among the
experimental features present in the IR spectra.

Both the B and a phase contribute to the spectrum c, where
several markers appear, namely:

- B phase: 840, 1073 and 1277 cm ™ *

- o phase: 762, 976 and 1207 cm ™!

Remarkably, in the spectrum b of PVDF the o phase markers
practically disappear, which indicates that this sample mainly
contains the B phase. Other strong features of spectra b and ¢
can be put in correspondence with wavenumbers computed for
both o and B phase PVDF crystals. Indeed, DFT calculations
predict that some strong IR transitions are close in frequency
(within 20 cm™') for the two crystal polymorphs: the data
associated to such bands are listed in Table 1 in the same row
and are typed in black. We conclude that the corresponding
experimental features, namely the bands at 880, 1183 and
1406 cm ™' in the spectrum c - only slightly shifted in the
spectrum b - are scarcely sensitive to chain conformation, and
both the o and B phase concur to the total intensity of such
features. Furthermore, to such three bands are expected to
contribute also the IR absorptions from the amorphous phase
(i.e., loosely packed chains with disordered conformations) and
the IR absorptions from defective chains belonging to crystal-
line domains (or lying on lamellae surfaces). Thus, their
observed peak wavenumber is determined by the convolution of
several contributions, slightly shifted in wavenumber.

Considering now the spectrum of the copolymer (spectrum
a), we notice that several strong absorptions can be put in
correspondence with those assigned to the  form of PVDF. In
particular, we identify the two markers of the B phase at 845 and
1076 cm ™', which display a little shift with respect to the cor-
responding bands of PVDF. A more pronounced upshift
(~20 em™ ") is found for the band of the copolymer at
1289 em ™', which may be correlated to the third marker of B-
PVDF (1277 cm ™).

Furthermore, the three strong transitions peaked at 883,
1183 and 1402 cm™ ' in the spectrum of the copolymer find
a nice correspondence with the main bands at 880/883, 1183/
1178 and 1406/1402 cm™ ' of PVDF (spectra c/b).

Despite that P(VDF-TrFE) is known to crystallize only in the
same B phase of PVDF, its main “crystallinity” bands are char-
acterized by large FWHM (full width at half maximum), ranging
from 40 and 20 cm ™' (Table SI1f). This is suggestive that
avariety of crystalline domains, with different size and degree of
perfection, contribute to the IR transitions.}

Among the main absorption peaks of P(VDF-TrFE) in the
analysed spectral range, only the band at 1124 cm ™" (marked
with a triangle in Fig. 1) could not find any correspondence in
the spectra of PVDF. This strongly suggests that this band is

} In particular, several factors can in principle affect the vibrational frequency and
transition dipole, namely: (i) the length of the ¢rans-planar P(VDF-TIFE)
sequences; (ii) the length of the VDF sequences spanning between TrFE defects;
(iii) electrostatic inter-chain interactions in highly polar crystals, which can be
modulated while approaching the surface of the crystal domain. For such
reasons one can correlate the observed changes in band shapes, and the
wavenumber shifts, to different material morphologies.
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related to vibrational modes localized on the TrFE units.
Therefore, the 1124 ecm™" band can be useful to diagnose the
copolymer composition.

Moreover, we clearly detect two weak features (1333,
1345 em™ ") in the spectrum of P(VDF-TrFE), which correspond
to the broad and weak band of PVDF (1333 cm '), and which
cannot be related to any transition of PVDF crystals computed
by DFT. We also observe in the absorption spectrum of P(VDF-
TrFE) a broad feature centred at about 950 cm ™', at the same
wavenumber of the crystallinity band of the o phase of PVDF.
According to ref. 41 the PVDF feature at 1333 cm ™' is a crystal-
linity band of B; symmetry, tentatively assigned to a combina-
tion transition involving the excitation of one B, and one A,
phonon; the 1345 cm™' component, characteristic of the
copolymer, could be ascribed to a local mode on TrFE units.

All the spectra reported in Fig. 1 show weak absorptions in
the range of 1220-1250 cm ' and an asymmetric tail on the
high-wavenumber side of the ~880 cm™" peak. We ascribe such
features to contributions from disordered domains, as
described in the literature®** and confirmed here by the thermal
evolution of the spectra (see below).

3.2 DFT models of the markers of the TrFE units

We illustrate here some results from DFT calculations (B3LYP/6-
31G(d,p)) of the vibrational spectra of two simplified molecular
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models, describing a sequence of P(VDF-TrFE) units in the
characteristic trans-planar conformation of the  phase. Such
models are sketched in Fig. SI6.1 The model 10VDF is an olig-
omer containing 10 VDF repeating units; the model 9VDF-TrFE
is the derivative of 10VDF with the central VDF unit replaced by
the TrFE monomer. The IR spectra simulated from the results of
DFT calculations are compared with the experimental spectra in
Fig. S17,1 to support the identification of vibrational modes and
related IR markers characteristic of the presence of dilute TrFE
units (i.e., CFHCF,) in P(VDF-TTFE).

Regardless of the possible predictive limitations of gas-phase
molecular models applied to experiments in the condensed
phase, focusing on normal modes localized on the chemical
defect it is possible to establish a correlation between calcula-
tions and experiment, supported by the analysis of the vibra-
tional eigenvectors. In particular, the band observed at
1124 cm ™", previously assigned to markers of the TrFE units,
finds a nice correspondence with some localized modes of
9VDF-TrFE, whose computed wavenumbers after scaling are
1102 em " and 1113 em ™ *. Such modes originate vibrational
absorptions that are absent in the simulated spectrum of
10VDF. The corresponding normal modes show a large content
of CF stretching vibrations localized on the CHF group of the
central TrFE unit (see nuclear displacements in Fig. SI9T).

nanofibers
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Fig. 2 Panel A: IR spectra of a P(VDF-TrFE) film at increasing temperatures. Panel B: IR spectra of P(VDF-TrFE) nanofibers at increasing
temperatures. Dashed lines indicate shoulders growing with heating. Markers of the crystalline B phase are highlighted in grey. Panel C: Peak
height ratio between the two infrared bands at 1402 cm™ and 883 cm™: evolution with temperature for a P(VDF-TrFE) film (green line) and
a fibres sample (orange line). All spectra are normalized on the central 1183 cm ™! peaks.
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Based on experimental evidence, we guessed to find contri-
butions from modes related to the TrFE unit also in the 1300-
1350 cm™ " region. No strong new absorption of 9VDF-TrFE
shows-up in this region; however, a careful analysis of the
normal modes allows identifying two modes at 1341 and
1366 cm™ ', which involve large contributions from CH bending
vibrations mainly localized on the CHF unit (Fig. SI9t). Such
modes can be related to the observed 1345 cm™ " feature. DFT
calculations on models of P(VDF-TrFE) described as 1-D crystal
confirm such assignments (see ref. 61).

3.3 P(VDF-TrFE) and PVDF after melting

Fig. 1 also illustrates the effect of the melting on the spectra of
PVDF and P(VDF-TrFE). The spectra of the two melts (dashed
curves) show three main bands at 881/883, 1196/1193, and 1397/
1397 cm ™!, which are found at about the same wavenumber for
PVDF and P(VDF-TrFE) respectively. Such features are very close
to the strong bands of solid PVDF and P(VDF-TrFE) (observed at
880/883, 1183/1178 and 1406/1402 cm '), which are scarcely
sensitive to the kind of crystal phase. However, on such three
absorption features the melting induces remarkable broad-
ening and wavenumber shift.

In the melt, the two bands of P(VDF-TrFE) at 883 cm ' and
1193 cm™ " show the appearance of pronounced shoulders in
their higher wavenumber side. Such behaviour - also observed
in PVDF - confirms that these are markers of conformational
disorder. This is proven by the remarkable monotonic increase
of their intensity with increasing temperature, clearly shown in
Fig. 2.

Remarkably, the feature at 1235 cm™* (the shoulder of the
main peak at 1195 cm ') is clearly detected also in solid
samples at room temperature: on such basis, it is considered
a marker of conformational disorder in solid semi-crystalline
samples.

The three B phase markers disappear after melting, which
provides further validation of their assignment. Notably, the
P(VDF-TrFE) band at 1289 cm ™, so far assigned to the B phase
by exclusion (see Section 3.1), shows the behaviour expected
upon melting for a “crystallinity” band.

The characteristic peak of P(VDF-TTFE) at 1124 cm ™" origi-
nates upon melting a broader absorption band. It is the only
feature that allows to discriminate between PVDF and P(VDF-
TrFE) at high temperature, thus confirming that it is associ-
ated with the presence of the TrFE units.

3.4 Structural changes of P(VDF-TrFE) film at 7. and
annealing

We have followed by IR spectroscopy the heating of a P(VDF-
TrFE) film (Fig. 2, panel A). The two spectra at 120 °C and
130 °C correspond to temperature conditions which are
approximately 5 °C below and 5 °C above the Curie temperature.
Passing through this phase transition, we observe a remarkable
broadening and shift of the “crystallinity” bands of the B phase
(highlighted in grey in Fig. 2(A)). According to previous
works,?**3-3%¢ the disappearance of such bands proves that the
polymer chains assume a different packing motif, with a drastic
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reduction of the ¢rans-planar conformational order. Because of
the thermal expansion of the lattice, intense rotational/
torsional motions of the chains are expected to take place.
Based on XRD experiments at T, the structure of the lattice
corresponds to the hexagonal packing of the chains,?***¢
which gives rise to non-polar para-electric domains; some
authors®** describe this phase as the analogue of the a phase of
PVDF, with chains adopting a regular GTG'T conformation.
Looking at Fig. 2(A), we observe that, while approaching T,
there is a clear, continuous evolution of the two shoulders at
about 1235 cm ™' and 905 cm ™!, which reach their maximum
intensity in the melt. Accordingly, we conclude that conforma-
tional defects (gauche defects) are promoted by thermal energy
supply. However, from spectra analysis, we do not find evidence
of the formation of the a-like phase: the characteristic
conformation-sensitive a-markers of PVDF (762, 976 and
1207 em ') do not show up as new absorption features above
the Curie temperature (Fig. 2(A)). Such observation agrees with
ref. 30, 55 and 56.

The inexact interpretation of the transition of P(VDF-TrFE) to
the o phase at T,, sometimes reported in the literature,**** can
be justified by considering that the only one conformational
defect (kink) that can be easily hosted in a crystal made of fully
trans-planar chains is indeed the GTG' sequence, which does
not alter the overall direction of the polymer chain. Indeed, the
same sequence of torsional angles occurs in PVDF chains
belonging to the a crystals, which show a regular conformation
made by the repetition of the (TGTG'), sequence. Indeed,
normal modes localized on GTG' defects embedded in a fully
trans chain can occur close to some vibrational frequencies of
the o crystal. However, crystallinity bands associated with
collective phonons of the a form, cannot show-up in the pres-
ence of randomly distributed GTG' defects that are expected in
P(VDF-TTFE) at T... Remarkably, the presence of a hexagonal pre-
melting phase was observed several years ago in n-alkanes® and
was widely investigated by means of vibrational spectroscopy.®*
Also in such circumstances, GTG' defects can develop inside the
crystal, which under this respect show intriguing analogies with
the transition at T, of P(VDF-TrFE).?**35%6

We compare in Fig. 3(a) the spectrum of a P(VDF-TTFE) film
annealed above T, with its spectrum before the thermal treat-
ment. Interestingly, the features at 1235 cm™ ' and 905 cm ™"
weaken after annealing, suggesting that such thermal stimulus
allows chain rearrangements with a decrease of the conforma-
tion defects. This phenomenon should increase the amount of
all-trans sequences, fostering molecular packing in new (or less
defective) B domains. This is supported by the intensification of
the crystallinity bands at 845, 1076 and 1289 cm™'. Moreover,
some absorption features become less broad, particularly in the
1000-1150 ¢cm™ ' region. For instance, the FWHM of the
1183 cm~ ' band reduces from 74 ¢cm™' to 58 cm ™' upon
annealing (see also Table SI1t).

In Fig. 3(a) a further experimental observation deserves
a comment: upon annealing the strong absorption at 1402 cm ™"
significantly intensifies. As it will be better clarified later (dis-
cussing the IR spectra of electrospun nanofibers), this band is
a sensitive probe of the orientation of polymer chains.
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Fig.3 (a) IR spectra of a P(VDF-TrFE) film at room temperature, before

(light green line) and after annealing at T = 135 °C (deep green line). (b)
IR spectra of electrospun P(VDF-TrFE) nanofibers at room tempera-
ture, before (orange line) and after annealing at T = 125 °C (red line),
and of the same sample cooled at room temperature after melting
(dashed line). Spectra normalized on 883 cm™* peaks.

Therefore, such intensity change observed for the band at
1402 cm ' can be ascribed to a modification of the film
morphology upon annealing, accompanied by a preferential
orientation of the crystal lamellae with respect to the plane of
the slide onto which the film is deposited.

In the hypothesis that the annealing-induced changes in the
spectrum are mainly due to a crystallinity increase (i.e., p phase
increase), we inferred the spectrum of the pure B phase by
spectra subtraction. We subtract from the spectrum after
annealing (Ann) - which is more abundant in B phase - the
spectrum obtained before annealing (i.e., the spectrum of the
pristine film, Pr) (Fig. 4, panel A). As expected, the difference of
the spectra, Ann — Pr, shows a different intensity pattern with
respect to the spectrum before subtraction, with a clear change
of the intensity ratios among the marker bands of the B phase
and the three bands independent from chain conformation,
whose intensity is affected by contributions from the amor-
phous phase in the spectrum before subtraction (Ann). We
report in panel A of Fig. 4 also the difference of the spectra Pr —
Ann, which is representative of the disordered material that
undergoes structural rearrangement upon annealing. It shows
features similar to those of the melt, but it also displays inter-
esting differences. The main peaks, and in particular the strong
band at about 1195 cm ™', are shifted. As expected, the bands
assigned to conformational defects (905 and 1235 cm™ ') are
present both in the difference spectrum (Pr — Ann) and in the
spectrum of the melt. Moreover, close to the markers of the
B phase, the difference of the spectra Pr — Ann shows also some
absorptions (840 and 1275 cm ") that are completely absent for
the melt. Such features might be ascribed to trans-planar
sequences in a different environment from that of the bulk
B phase. For instance, this could happen for very short trans-
planar polymer sequences, for trans-planar sequences not
arranged in a crystalline domain, or for chains belonging to very
defective crystals, or belonging to crystal surfaces.
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Fig. 4 Panel A: P(VDF-TrFE) film, (a) spectrum obtained as the
difference between the IR spectrum after annealing (annealed, ¢) and
that of the same sample before annealing (pristine, b); (d) difference
between the IR spectrum before annealing (pristine, b) and that of the
sample after annealing (annealed, c). On spectrum (d) is also reported
in grey the spectrum of the melt. Panel B: same difference spectra (a),
(d) for P(VDF-TrFE) nanofibers. Spectra of the samples at room
temperature, pristine (b) and annealed (c) and of the melt (d, grey) are
reported for sake of comparison. Spectra normalized on 883 cm™
peaks.

Interestingly, the two features at 1333 and 1345 c¢cm ',

previously mentioned as characteristic absorptions of P(VDF-
TrFE), are clearly evident in the spectrum inferred for the
pure B phase (Ann — Pr), while just the component at 1345 cm ™"
survives in the spectrum (Pr — Ann) that represents the disor-
dered component. This is a further indication that the band at
1333 cm ™ is typical of the B phase, whereas the component at
1345 cm™ ' is a local mode of the TrFE unit. In a similar way, the
marker band at 1124 cm ™" - assigned to vibrations localized on
TrFE units — shows contributions in both difference spectra, as
expected for a defect mode scarcely sensitive to the morphology
of the environment.

The analysis discussed above is compared with the results
obtained by the principal component analysis (PCA) of the IR
spectra,® from which the authors inferred the reference spectra
ascribed to the crystalline and to the amorphous phase of

This journal is © The Royal Society of Chemistry 2020
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a VDF-TTFE (75/25) copolymer. Such PCA-derived spectra® show
a very impressive similarity with those empirically obtained in
this work, even to some minor details.

In conclusion, the analysis of the IR spectra of P(VDF-TTFE)
in comparison with the spectra of PVDF films, and the results
of DFT calculations allow stating that:

(1) The crystalline phase of P(VDF-TrFE) is similar to the
B phase of PVDF, with marker bands at 845, 1076, and
1289 cm ™. Such markers are sensitive to the chain conforma-
tion and prove that the chains in the crystalline domains are
trans-planar. The difference spectra between samples that are
more crystalline (annealed P(VDF-TrFE) film) and more disor-
dered (pristine P(VDF-TrFE) film), suggest that fully trans
sequences can be found both in crystal domains and in disor-
dered environments. Indeed, the crystallinity bands shadow
non-negligible contributions (slightly displaced at lower wave-
numbers) from trans-planar sequences not fully packed in
a crystal.

(2) The band at 1124 cm™' and the weak features at
1345 cm ™" are markers of TrFE units.

(3) The weak band at 1333 cm ™" behaves with temperature as
a “crystallinity band”: for this reason, it should be assigned to
the crystalline domains. Being absent in DFT calculations
within the harmonic approximation, such band could be
tentatively ascribed to a second-order transition, in analogy
with the assignment proposed for the corresponding feature of
PVDF.*

(4) The features at 1235 cm™
shoulder of the 883 cm ' band observed at 905 cm™
markers of conformational defects; these are already present in
the solid phase (amorphous component) and their contribution
increases with temperature.

1

and the high-frequency

1 are

3.5 P(VDF-TrFE) nanofibers: structural characterization
from IR spectra

Electrospinning not only represents an effective method to
improve the B phase content in fluorinated polymers and
copolymers, but it also opens to a wide range of nanostructure-
based devices. PVDF*7> and P(VDF-TrFE)%!?43773952,53,73-78
nanofibers also offer the advantages of electrospinning to
develop materials with a macroscopic orientation of the poly-
mer chains.

Here, the rationale coming from the spectroscopic evidence
on P(VDF-TrFE) obtained before allows for the interpretation of
the peculiar structural properties of P(VDF-TTFE) electrospun
nanofibers. Before assessing the effect of thermal treatments on
the nanofibers, it is necessary to compare the IR spectra of
nanofibers and films. In Fig. 5 we compare the IR spectra of
three samples: a P(VDF-TrFE) film, a mat obtained by deposi-
tion of electrospun nanofibers and a sample of macroscopically
aligned electrospun nanofibers, analysed in polarized light
(Fig. 5(b)). We can make several observations:

(i) The main peaks of the films coincide with those of the
fibres: notably, the B phase markers are present in both
samples, which proves that the electrospinning does not
prevent the formation of B phase crystals;
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Fig. 5 (a) Comparison between the IR spectrum of a P(VDF-TrFE) film

at room temperature (green line) and that of an electrospun nanofibers
random mat (orange line). Spectra normalized on 883 cm ™! peaks. (b)
IR spectra of a nanofibers sample showing macroscopic orientation of
the fibre axes. The spectra are recorded in polarized light in the
direction parallel (deep blue line) and perpendicular (light blue line) to
the fibres" axis.

(ii) The bands at 1183 and 1402 cm ™' show a non-negligible
peak shift towards higher and lower wavenumbers, respectively.
Because these bands shadow the contribution of domains
characterized by different morphologies (see discussion,
Section 3.1), this behaviour indicates that contribution from the
pure B phase and from the disordered phases are different in
fibres and film samples (see Section 3.1);

(iii) For the fibres mat, a remarkable intensity increase is
observed for the two B; bands at 1402 cm ™! and 1076 cm™;

(iv) The weak band at 1333 em™" is more pronounced for
fibres;

(v) The feature ascribed to conformational defects at 905 and
1235 cm ™' are slightly stronger for fibres;

(vi) The intensity ratio between the crystallinity band at
845 cm ! and the band at 883 cm™ " slightly decreases in the
case of fibres;

(vii) Aligned nanofibers (Fig. 5(b)) show a clear parallel
polarization of the B; bands, while A; and B, bands have
perpendicular polarization. Remarkably, the weak band at
1333 cm ! exhibits parallel polarization.

Observations (ii), (v), (vi) suggest that the B phase amount in
the fibres mat is lower than in the film, because of the quick
solidification induced by rapid solvent evaporation occurring
during electrospinning.’>**

Observation (iii) and (iv) can be rationalized considering
anisotropy in molecular orientation induced by electro-
spinning. Because of the B; symmetry of the associated
phonons, the two bands at 1183 and 1402 cm ™' exhibit a dipole
moment vector variation directed along the polymer chain axis.
The parallel polarization behaviour of such two bands in
aligned nanofibers (point vii, see Fig. 5(b)) indicates that in
nanofibers the polymer chains are mainly directed parallel to
the fibre axis. Based on this evidence, the behaviour of the IR
intensity of the fibres mat (point iii) can be easily rationalized,
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considering that the long axis of the fibres runs parallel to the
substrate surface as shown by SEM images (Fig. SI1 and SI3t). A
detailed discussion of the intensity pattern of the IR spectrum
of fibres, based on symmetry analysis,” is reported in ESI.{ The
relevant result is that the intensity behaviour observed for the
fibres mat can be definitely taken as the proof that the polymer
chain axes are mostly oriented along the fibre axis, while drop
cast films can be described as made by an isotropic distribution
of crystallites.

Furthermore, based on the above discussion of the anneal-
ing of a P(VDF-TrFE) film, we explain the observed intensifica-
tion of B, absorptions of the P(VDF-TrFE) film after annealing as
the evidence of some re-arrangement of the crystallites with
their ¢ axis parallel to the substrate. Remarkably, the existence
of preferential chains orientation in P(VDF-TrFE) films has been
already pointed out in the literature.”***

3.6 Thermal treatment of electrospun P(VDF-TtFE)
nanofibers

Thermal treatments of fluorinated piezoelectric polymers and
copolymers are often carried out to optimize their
morphology.>*3'345»33828 1 particular, in the case of electro-
spun nanofibers, an increased piezoelectricity is expected after
annealing above the Curie temperature, which can promote the
epitaxial growth of new crystalline lamellae with polymer chains
aligned to the pre-existing fibre core formed by stretch oriented,
extended polymer chains. Indeed, chains belonging to the
amorphous phase are already partially aligned after electro-
spinning, but a sudden loss of mobility due to fast evaporation
of the solvent during the process may partially prevent crystal-
lization. Moreover, the secondary crystallization occurring after
annealing should guarantee the alignment of the new crystal-
lites of the fibre core, possibly easing dipole orientation
mechanisms.***

In Fig. 3(b) we show the result of the annealing at 125 °C of
a sample made by nanofibers (the temperature was set on the
basis of DSC thermograms - see Fig. SI5t).

The comparison with the spectra obtained after annealing of
the film shows that the thermal treatment induces similar
modifications in samples with different morphology,
promoting in both cases the reduction of conformational
defects and a general increase of crystallinity. Moreover, the
crystallinity bands sharpen. This is proved by the FWHM of the
1183 cm™ ' band, which upon annealing reduces from 74 cm ™"
to 58 cm™ . Interestingly, the annealing process, which exploits
the increased mobility of the chains at high temperature,
probably reinforces the original polymer chain orientation,
mainly directed along the fibres. This is proven by the intensity
pattern after annealing, which shows intensification of bands
assigned to B; phonons. Similar observations were done in ref.
50, considering the behaviour in polarized light of stretch
oriented samples heated above T..

The above conclusion is further supported by the observed
evolution of the IR spectra during thermal treatment of a fibres
sample (Fig. 2, panel B). The changes of the IR pattern parallel
what is observed in the case of the film, showing the loss of the
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B phase markers at the Curie transition, and a monotonic
increase with the temperature of the bands associated to gauche
defects. The trend of the absorption intensity of the B; band at
1402 cm™* (Fig. 2, panel C) is very interesting. For increasing
temperatures below T, the peak height ratio R of the 1402 cm ™"
band to the 883 cm ™" band increases, in a parallel way, for both
the film and the fibres. After melting the value of R tends to
a common value. The trend of R from room temperature to T,
can be mainly ascribed to a remarkable broadening of the
883 cm ™' band. However, in fibres samples, the preferential
molecular orientation with the polymer axis oriented along the
fibre axis is kept up to T., as shown by the high R value, always
larger than the R-value of the film by a factor of about 1.6.

By heating the sample up to melting and then cooling it
back, crystallinity slightly increases, but chains are no more
parallel to the substrate plane, as demonstrated by the weak-
ening of the 1076 cm ™" and 1402 cm™* peaks, giving rise to an
intensity pattern very close to that of the cast film (Fig. 3(b),
dashed line).

In conclusion, the annealing of a fibres mat at T, < T < Ty,
allows to increase the crystallinity (B phase), with no loss of the
planar orientation of the polymer chains, whereas heating at 7>
Tm followed by a slow cooling allows improving the crystal
morphology, but results in an isotropic material.

Finally, we report in Fig. 4 (panel B) the spectra obtained as
difference between the spectra of the fibres sample before and
after annealing. Interestingly, the spectrum of the crystal phase
(Ann — Pr) obtained for fibres shows a pattern very similar to
that of the subtraction spectrum obtained for the film, with the
notable exception of the intensity ratios between B, and A; (or
B,) bands. In other words, the difference spectra coincide,
except for the intensity behaviour of the B; bands, which has
been already rationalized as due to orientation phenomena that
are pronounced for fibres.

Instead, the spectra (Pr — Ann), which were attributed to the
disordered material which undergoes transformation upon
annealing, are different in the two cases:

(i) The remarkably higher intensity shown by the fibres
sample in the region 1100-1300 cm™ ' indicates that before
annealing the degree of crystallinity is lower in the fibres
sample;

(ii) The relatively high intensity of the band at about
1400 cm™ ! tells us that in the case of fibres the polymer
segments lie in the substrate plane, although they do not belong
to the crystalline phase;

(iii) The maximum of the band at about 1180 cm ™" is slightly
displaced in the two samples, thus suggesting that the disor-
dered phase of the film and of the fibres samples consists of
a mixture of polymer chains with different structural charac-
teristics, which are present in different amounts in the two
samples.

4. Raman spectra of P(VDF-TrFE)

4.1 Vibrational assignment

We report in Table 2 the assignment of the Raman bands of
P(VDF-TTFE) (crystalline B phase), as obtained by theoretical
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calculations on PVDF.*” Due to the C,, symmetry, the IR-active
normal modes are also Raman-active. Moreover, also the IR-
inactive A, modes are expected to show up in the Raman
spectrum. In Table 2, we highlight with bold-italics characters
the wavenumbers of the B phase markers, which were obtained
through the analysis of the Raman spectrum of PVDF.*”

The strongest Raman transitions observed in Fig. 6 find
a nice counterpart in the Raman data predicted by DFT (ref. 22)
(Table 2). The experimental Raman spectrum of the B phase rich
sample (Fig. 6(b)) is dominated by the sharp peak at 841 cm ™,
which is assigned to the symmetric CF stretching “crystallinity”
band of A; symmetry. This line presents an intriguing behav-
iour: at difference from other Raman lines that show a good
correspondence in position with their IR counterparts, the
841 cm™ ' Raman line is shifted by about 5 cm™* with respect to
the IR band observed at 845 cm™'. This finding confirms
a peculiarity already derived from IR experiments, through the
analysis of difference spectra. Indeed, the vibrational bands of
P(VDF-TrFE) usually considered as B phase markers, should be
viewed as the convolution of several contributions, arising from
a variety of crystalline domains with chains in fully trans
conformation, and possibly from trans-planar polymer
segments not fully packed in the crystal. Accordingly, the
different position of the 845/840 cm ™' band in IR and Raman
spectrum can be rationalized by considering that Raman and IR
intensities are affected in different ways by the environmental
effects felt by the trans-planar polymer chains (i.e., surround-
ings characterized by different polarity and crystal morphol-
ogies). This kind of phenomenology closely resembles the non-
coincidence effect observed in polar liquids for Raman active
bands corresponding to intense infrared absorptions.***

Interestingly, the A, band computed by DFT at 1188 cm ™" for
the B phase of PVDF shows a discrepancy with the experimental
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spectrum. Despite the sizeable computed Raman intensity,
such A, transition does not find any clear correspondence in the
experimental Raman spectrum, which however shows several
very broad and weak bands in the region 1100-1250 cm™*. This
feature is a characteristic of the experimental spectrum of
P(VDF-TTFE) copolymers, which parallels a similar behaviour of
the B phase of PVDF. Instead of one only strong collective
phonon of A, symmetry, DFT calculations on models of a PTFE
polymer containing chemical defects (i.e., TrFE units),** display
the appearance of several transitions involving CH, twisting
vibrations of the PVDF sequences variously coupled with
vibrational displacements of the TrFE units (Fig. SI8t). This
observation suggests that the presence of structural and/or
chemical defects could result in the activation of several
g # 0 phonons characterized by different wavenumbers, as it
happens for phonons belonging to rather steep dispersion
branches, which span a wide wavenumbers range.

Other Raman features cannot be related to the transitions of
an ideal B crystal, namely:

(i) The two weak features at 1345 and 1363 cm ™. The band at
lower wavenumber possibly corresponds to the broad weak IR
absorption at 1345 cm™ ', assigned to modes involving (TrFE)
units (see above); the higher wavenumber component does not
find any corresponding feature in the IR spectrum, possibly
because it is hidden by the strong and wide IR band at
1402 cm™;

(ii) A peak at 939 cm ™", which shows a possible counterpart

in the weak broad IR feature observed at 950 cm™;

(iii) A strong broad band at 805 cm™;
(iv) The broad bands at 601 and 642 cm ™', and a pair of weak
features at 364 and 308 cm ™ ;

(v) The peak at 482 cm ™.

Table 2 Raman transitions of PVDF and P(VDF-TrFE) in the range 250-1500 cm™ (see Fig. 6). The assignment is based on DFT calculations of
PVDF in B phase.?? Calculated wavenumbers are scaled by the empirical factor 0.978, which allows obtaining a good agreement between
theoretical and experimental wavenumbers. Data relative to the markers of the B phase are typed in bold-italics. Calculated Raman intensities (3¢
column) allow identifying strong and weak transitions. The calculated IR intensities are also reported (2" column). The wavenumbers of the
experimental peaks of P(VDF-TrFE) are taken from the Raman spectrum of a powder sample (Fig. 6(d)) and are compared with the wavenumbers
associated to the same phonons, as obtained from the experimental IR spectrum. The last column reports the phonon symmetry species

P(VDF-TtFE) P(VDF-TIFE)
B-Theory 80-20 exp 80-20 exp
Wavenumbers IR intensity Relative Raman IR-wavenumbers Raman-wavenumbers
[em™] [km mol ] intensity [em™] [em™] Symmetry species
81 9 0 B,
251 11 264 A,
434 33 15 417 B,
437 8 7 B,
496 14 31 510 Ay
840 56 100 845 841 Ay
883 70 23 883 882 B,
1063 34 30 1076 1075 B,
1158 268 18 1183 1170 B,
1188 65 ~1200 (broad, vw) A,
1280 195 26 1289 1286 Ay
1408 139 0 1402 — B,
1443 11 88 1431 1433 Ay
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Fig. 6 (a) and (b) Raman spectra of PVDF samples with different
amounts of & and B phases (the (b) sample is richer in B phase than the
(a) sample), (c) Raman spectra of P(VDF-TrFE) nanofibers (orange line),
(d) P(VDF-TrFE) powder (green line); the dashed lines indicate funda-
mental transitions of the crystalline B phase; the black circles indicate
extra-features, which can be ascribed to conformational or chemical
defects. The Raman spectra have been normalized with respect to the
1433 cm™! peaks.

Features (iii) and (iv) can be tentatively assigned to disor-
dered phases, containing gauche (G) defects; they are indeed
rather close to features typical of the o phase of PVDF, which is
characterized by the presence of G dihedral angles. This
educated guess will be confirmed later based on the evolution of
the spectra during heating. DFT calculations suggest that the
features at 482 cm ™' and 1345 cm ™' are associated to modes
involving the chemical defect (TrFE). See also ESI (Fig. SI8, SI9
and Table SI27).

4.2 Effect of the annealing

In Fig. 7, we report the Raman spectra of a nanofibers mat (a)
and of a powder sample (b), before and after annealing above

Raman Intensity [a.u.]

nanofibers

a

T T T T T T T T T T T T T
1500 1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Wavenumbers [cm™]

Fig. 7 (a) Raman spectra of P(VDF-TrFE) nanofibers sample before
(orange line) and after (red line) annealing at T = 130 °C; (b) Raman
spectra of P(VDF-TrFE) powder sample before (light green line) and
after (deep green line) annealing at T = 132 °C. Raman spectra have
been normalized on 1433 cm™~* peaks.
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their Curie temperature (T, < Tann < Trn)- The comparison of the
Raman spectra before and after annealing shows small shifts of
the main peaks, accompanied by a clear weakening of the most
important features we ascribed to a disordered phase, namely
the signal at 805 cm ™.

By a closer look at the strong features in the 900-800 cm™
region, and by the analysis of difference Raman spectra (Fig. 8,
panel B) we highlight some interesting phenomena:

(i) The peak position and the band shape of the “crystal-
linity” band at about 841 cm™" is modulated by the thermal
history of the sample, proving that such band is a convolution of
contributions from matter showing a different spectroscopic
response. In particular, a lower wavenumber component
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Fig. 8 IR and Raman spectra of P(VDF-TrFE) samples in the 920-

750 cm ™! region. Panel A: (a) Spectra obtained as subtraction of the IR
spectrum at room temperature of a P(VDF-TrFE) film before annealing
(pristine) from that obtained after annealing (annealed) (blue line) and
vice versa (orange line); (b) IR spectra of P(VDF-TrFE) film at room
temperature before (light green line) and after (deep green line)
annealing. Panel B: (a) Spectra obtained as subtraction of Raman
spectra at room temperature of the P(VDF-TrFE) powder before
annealing (pristine) from that obtained after annealing (annealed) (blue
line) and vice versa (orange line). (b) Raman spectra at room temper-
ature of P(VDF-TrFE) powder before (light green line) and after (deep
green line) annealing.
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dominates in the spectrum of more disordered matter, which
undergoes modification upon annealing (see the difference
spectrum (Pr — Ann) drawn in blue). The spectrum of the more
ordered phase (see the difference spectrum (Ann — Pr) drawn in
orange) shows instead an impressive displacement of the
“crystallinity” band at 845 cm ', which is indeed the peak
frequency observed in the IR;

(ii) As expected, the difference spectrum associated to the
more ordered phase (Ann — Pr) does not show the broad
features ascribed to conformational disorder;

(iii) Also, the band at 880 cm ' shows a slightly different
peak wavenumber in the two difference spectra.

Consistently, the IR “crystallinity” band at 845 cm ™' is the
convolution of at least two different contributions with
maximum at 845 and 841 cm ™' (see Fig. 8, panel A). Before any
subtraction, in the IR spectra, this peak is very close to that of
the higher wavenumber component, whereas in the Raman it is
the opposite and the lower wavenumber component dominates
in the spectra of the pristine material. Therefore, we can argue
that the polymer segments organized in well-packed polar
B crystals exhibit remarkably larger dipole derivatives - and
consequently stronger IR intensities — than the all-trans chains
belonging to a more disordered phase; however, the effect of
a polar environment is not so remarkable for the Raman
polarizability tensors. Such interpretation is nicely supported by
DFT calculations of the spectra of PVDF crystals and isolated
chains.”*®* This interesting spectroscopic behaviour certainly
deserves further studies to unravel how the intermolecular
interactions between polar bonds of CH,CF, units in different
relative geometries may affect the electron density and the
spectroscopic response.®

4.3 Temperature dependence of the Raman spectra

Fig. 9 illustrates the temperature dependence of the Raman
spectra of the powder (panel A) and of the fibres (panel B). For
the powder, the crystallinity markers of the B phase broaden or
practically disappear above the Curie temperature. As expected,
after the Curie transition, we observe a remarkable intensity
increase of the Raman features at 805 and 601 cm ™" ascribed to
structural disorder (G defects). At T, the 805 cm™ ' band domi-
nates the spectrum and it further grows during melting.

Consistently with IR, the Raman spectrum above T indicates
that the Curie transition gives rise to a disordered crystalline
phase, where several G defects are present; there is no evidence
of the existence of conformationally ordered chains as those
belonging to the a phase of PVDF. Indeed, the several Raman
markers of the o phase are absent. For this reason, the
appearance of a strong line at 805 cm ' cannot be taken as
a crystallinity marker, even if a maker of the a phase of PVDF
has nearly the same frequency.

In the case of fibres, we find a peculiar behaviour at 132 °C,
a temperature slightly above T.: in this case, the crystallinity
bands of the B form weaken, but are still clearly recognizable. In
particular, the strong peak of the B phase at 840 cm™' domi-
nates the spectrum. Indeed, this spectrum can be described as
due to the superposition of the spectrum of several trans-planar
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Fig. 9 Panel A: Raman spectra of P(VDF-TrFE) powder at different
temperatures. Panel B: Raman spectra of P(VDF-TrFE) fibres at
different temperatures. Raman spectra have been normalized on
1433 cm™! peaks.

chains with the spectrum of domains that undergo the Curie
transition, giving rise to the so-called gauche, paraelectric
phase. Kobayashi* describes a similar behaviour for copoly-
mers with high TrFE content. This is the first time that this
behaviour is observed for a given morphology, i.e., for nano-
fibers. Interestingly, this phenomenon is not evidenced by the
temperature dependent IR spectra of the same samples. We
propose a possible explanation of the different behaviours of
films and fibres with temperature by considering that electro-
spun fibres often exhibit a core formed by fully extended chains,
produced by the high elongational stress occurring during
electrospinning. The formation of gauche defects at T.. could be
partially hindered in bundles of fully extended chains, because of
their peculiar morphology. The formation of GTG' sequences
above the Curie transition, causes a shortening of the chain
segments belonging to the crystal, with a consequent decrease
of the lamellar thickness. This change of the crystal shape can
be easily accommodated by thin lamellae embedded in the
amorphous phase, but in a long, highly oriented, fibre domain
it could require additional energy supply.
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The 1364 cm ™" line is still present at T, and in the melt, so it
can be confidently considered a marker of TrFE units. Other
weaker features possibly associated with TrFE are buried under
an increasingly strong and broad background. Interestingly, the
feature at 601 cm ' continuously grows while increasing
temperature and evolves in a broad, strong band at the melting
temperature.

We finally mention that the working hypothesis that the
Raman intensity of trans-planar chains not well packed in the
B crystal is intrinsically high, nicely explains why at T the fibres
sample clearly shows the persistence of a fraction of chains in
all-trans conformation. On the opposite, since the IR response
of these chains should be rather low compared to that of chains
well packed in the polar B crystals, such persistence is not
observed through IR experiments above T, where the 841 cm™*
band practically disappears.

5. Conclusions

The study of the IR and Raman spectra of a variety of samples of
a P(VDF-TTFE) copolymer (80% VDF molar content), allows for
the detailed description of the changes in polymer structure
and morphology based on (i) sample preparation procedure
(film casting and electrospinning); (ii) heating up to melting,
and (iii) annealing treatments. The analysis presented explicitly
takes into account the complex structure of these materials,
where different phases can coexist, resulting in a complex
morphology consisting of a variable relative amount of amor-
phous phases made by chains showing more or less ordered
conformations, and of crystalline domains (with different
degree of perfection and size). The relevant achievements are
the following:

(1) We clearly identified IR and Raman “crystallinity” marker
bands of the piezoelectric B phase through the comparison of
the IR spectra of a P(VDF-TrFE) film with the spectra simulated
by DFT** and the spectra of PVDF films characterized by
different B phase contents; the proposed vibrational assign-
ment validates previous vibrational analyses.?***¢

(2) Three strong and structured IR bands (883, 1183 and
1402 cm™ ') are ascribed to the contributions from different
phases in the polymer samples. We clearly show here for the
first time that the effect of the relative abundance of different
crystalline phases (for PVDF) and the amount of conformational
disorder/amorphous phases (for PVDF and P(VDF-TFE))
determine intensity and band shape of such bands and minor
shifts of their main peaks.

(3) DFT calculations carried out in this work on suitable
model molecules, unveil the spectroscopic markers of the TrFE
units. They are observed in the IR (1124 cm ', and the weak
feature at 1345 cm ') and in the Raman spectrum (1345-
1364 cm™"). The observed persistence of such peaks in the
vibrational spectra of the melt further validates this
assignment.

(4) The availability of samples in the form of fibres mats,
allowed to observe that the IR active B; bands are remarkably
stronger that in the spectra of the films. We have demonstrated
that this finding is evidence of the orientation of the polymer
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chains along the fibre axis; moreover, it confirms that we
deposited fibres mats where the fibres mostly run along the
plane of the substrate.

We studied the changes of the polymer morphology with
temperature, by simultaneously monitoring the IR and Raman
spectra of samples in the form of films, fibres and powders. Not
only this comparative analysis allows to validate previous
results or to settle contradictory conclusions reached by
different authors****> but also highlights unprecedented
phenomena (points iii and iv below):

(i) The temperature dependence of the IR and Raman spectra
allows identifying the bands associated with the conforma-
tional defects, which are already present in the room tempera-
ture phase.

(ii) Both the IR and the Raman spectra confirmed that the
crystalline phase at T. can be described as a disordered crys-
talline phase, where the polymer chains host G defects (gauche
phase). Remarkably, statistically distributed GTG' sequences,
surrounded by all-trans segments are conformational defects
easily hosted in the crystal because they do not modify the chain
axis direction. This fact also explains why the polymer chain
orientation in nanofibers is not lost after annealing at
a temperature T, < T < Ty,. In such temperature conditions, we
do not observe spectroscopic markers testifying a phase tran-
sition toward a crystalline phase similar to the o phase of PVDF.

(iii) Difference spectra obtained by subtraction of the spectra
of annealed and pristine samples of P(VDF-TrFE) unveil the
spectroscopic pattern of the crystalline f phase and that of the
disordered phase, which undergoes structural rearrangement
upon annealing. Interestingly, this analysis put into light the
presence in P(VDF-TrFE) of “isolated” all-trans polymer
segments and/or trans-planar chains packed in a structure
different from that of the regular 3D crystal domains.

(iv) For the first time, we obtained experimental evidence of
the occurrence of a peculiar phase in the case of nanofibers.
Indeed, the thermal evolution of the Raman spectra just above
T. clearly shows the existence, presumably within the fibre core,
of domains made by fully extended ¢rans-planar chains not
packed in B crystal lamellae. They do not show the conforma-
tional change expected at 7. (i.e., the transition to the disor-
dered gauche phase), which instead is complete in the case of
powder sample or films.

The body of evidence here summarized provides the frame-
work for the interpretation of the spectral response of several
piezoelectric fluorinated polymers, for their thorough structural
diagnosis. A detailed description of the material structure is
useful toward the development of procedures aimed at the
optimization of the piezoelectric performance (e.g., copolymers
formulation, sample preparation, mechanical and thermal
treatments, poling). We have shown that also small variations in
the vibrational spectra can be correlated to morphological
changes of the sample. This is of utmost importance in the
development of structure/property and process/structure rela-
tionships for this kind of polymeric materials.

This journal is © The Royal Society of Chemistry 2020
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