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Optimisation des propriétés diélectriques de copolymeéres a base de PVDF :
étude de la formulation d’encres et optimisation de procédés d’impression

Résumé :

Les polyméres fluorés fortement polaires tels que le P(VDF-TrFE) sont des matériaux émer-
gents dans le domaine de I'électronique organique flexible en raison de leurs nombreuses appli-
cations en tant qu'actionneurs, capteurs ou récupérateurs d'énergie. En raison de la forte polarité
des liaisons C-F, une orientation dipolaire coopérative dans les domaines cristallins peut étre in-
duite et est principalement responsable des propriétés électroactives de ces polymeres. Le dép6t
de ces matériaux en films minces peut étre réalisé par impression ou déposition par voie liquide,
offrant une méthode de mise en ceuvre polyvalente et évolutive pour la production de couches
hautement fonctionnelles. Néanmoins, la mise en ceuvre de telles couches dans des dispositifs
pratiques est directement liée aux propriétés rhéologiques des encres électroactives qui déter-
minent les régimes d'impression conduisant a des couches électroactives stables et fonction-
nelles. Dans cette étude, nous avons évalué le comportement viscoélastique de solutions de
P(VDF-TrFE) et P(VDF-TrFE-CTFE) pour des solvants de polarité différente, allant du régime dilué
au régime concentré. A partir de ces mesures, nous avons extrait, en utilisant une approche basée
sur des lois d’échelles, plusieurs parameétres polymeére-solvant fortement dépendants de la com-
position du polymeére et de la polarité du solvant. Des mesures complémentaires de diffusion de
la lumiere ont également corrélé les changements de conformation du polymére avec I'affinité
polymeére-solvant extraite de I'analyse rhéologique. Enfin, nous avons examiné I'impact de la for-
mulation des encres sur la fabrication de dispositifs organiques a base de PVDF par la méthode
de sérigraphie afin d'établir une corrélation entre les parameétres rhéologiques de I'encre et la
résistance au claquage par court circuits pendant les cycles de polarisation. Ainsi, cette étude
fournit une compréhension approfondie de l'influence de la solvatation du polymeére sur les ré-

gimes d'impression afin d'obtenir des couches électroactives de haute performance.

Mots clés : polymeres, ferroélectricité, impression, viscosité



Optimizing the dielectric response of PVDF-Based Copolymer Films:
Insights from ink formulation and printing process optimization

Abstract:

Highly polar fluorinated polymers such as P(VDF-TrFE) are emerging materials in the field of flex-
ible organic electronics because of their numerous applications as actuators, sensors, or energy
harvesters. Due to the high polarity of C-F bonds, cooperative dipole orientation in crystalline
domains can be induced and are primarily responsible for the electroactive properties of these
polymers. The processing of these materials into thin films can be performed by solution printing
or casting, offering a versatile and scalable method for the production of highly functional layers.
Nevertheless, the implementation of such layers in practical devices is directly related to the rhe-
ological properties of the electroactive inks that determine the printability regimes leading to

stable and functional electroactive layers.

In this study, we evaluated the viscoelastic behavior of P(VDF-TrFE) and P(VDF-TrFE-CTFE) solu-
tions for solvents of different polarity, ranging from the dilute to the concentrated regime. From
these measurements, we extracted using a scaling approach several polymer-solvent parameters
that are highly dependent on the polymer composition and solvent polarity. Complementary light
scattering measurements further correlated the polymer conformational changes with the poly-
mer-solvent affinity extracted from the rheological analysis. Finally, we examined the impact of
the ink formulation on the fabrication of PVDF-based organic devices by the screen-printing
method in order to establish a correlation between the rheological parameters of the ink and the
resistance to breakdown during the polarization cycles. Therefore, this study provides a deeper
understanding on the influence of the polymer solvation on the printability regimes in order to

obtain high performance electroactive layers.

Keywords: polymers, ferroelectricity, printing, viscosity
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Chapter 1: General Introduction

1.1 State of the Art
1.1.1 Basic Concept of Ferroelectricity
1.1.1.A Brief History of Ferroelectricity

Talking about ferroelectricity is not possible without mentioning the detection of this phe-
nomenon by Prof. Joseph Vasalek who discovered the remanent polarization and reversible po-
larization of Rochelle salt.! Contrary to linear dielectric materials, under the application of an
electric field, the response of the material is non-linear and leads to a hysteresis of the polariza-
tion behavior (Figure 1). This peculiar response is due to the inner structuration of the material;
i.e., a particular crystalline structure. The symmetry and polarity of the crystal determine whether
the material is ferroelectric or not (see Figure 1c for the classification of the crystal classes de-
pending on their dielectric behaviors). More precisely, ferroelectric materials are a subcategory
of piezoelectric and pyroelectric materials that are non-centrosymmetric and whose spontaneous
polarization can be reversed.?

a P(10°Cm3?) b P(102Cm?
3 34
2 2
1 _EC 1 EC
-75_.-50—25 [0 25 50 75 -75 50 -25| |0 [25 50 75
-1 E(KVm) 4' EKVm™)
=D -2
3 —34

c
m
m

10 pyroelectric 10 non-pyroelectric

mm

Figure 1. Dependence of the polarization (P) as a function of the electric field (E) for (a) a linear
dielectric and (b) ferroelectric triglycine sulfate reproduced from Levanyuk et al.® The values of the
coercive field and spontaneous polarization are Ec= 15 KV m™ and P= 3.1x10? C m™, respectively.
(c) Classification of the different crystal classes reproduced from Costa et al.*
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1.1.1.B Theory of Ferroelectricity

There are two types of ferroelectric materials: “displacive” in which the polarization
switching is accomplished by shifting the position of ions in the unit cell, and “order/disorder” in
which the material exhibits a transition from non-oriented dipoles (the paraelectric phase) to ori-
ented dipoles (the ferroelectric phase). Indeed, the presence of opposite charges or the asym-
metry of the crystal can lead through the application of an external stimulus; i.e., mechanical

strain or electric field, to a polarization of the crystal (Figure 2a).
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Figure 2. (a) (1) Unstressed and (2, 3) stressed structures containing positive and negative ions,
under external stimuli. A separation of positive and negative charge centers is achieved in (2) but
notin (3), reproduced from Newhman et al.? (b) Schematic of the poling (dipole alignment) process
of ferro-piezoelectric ceramics reproduced from Pardo et al.>(c,d) Typical P=f(E) hysteresis loop
and schematics of dipolar domain configurations that correspond to the points (A—D) marked in
(c), to illustrate the “switching” process (reproduced from Pardo et al.”)



A ferroelectric material is first of all a dielectric material, which acts as a barrier for free
charges to flow when an electric field is applied. In a parallel plate capacitor geometry, when a

voltage V is applied, charges, ‘Q’, are stored at the surface with
Q =cCV, (1.7)
‘C’ is the capacitance that is defined as:
C = (cA))/d = (g¢&-A)/d, (1.2)

Where ‘e¢’ is the vacuum permittivity (8.854 1072 F m™), and ‘e is the relative dielectric permit-
tivity of the material. When an electric field is applied, the response of the materials depends on
the frequency of the field. Indeed, the dielectric permittivity, ‘e, is a function of the frequency of

the applied electric field and is defined as a complex function:
& = €, + i€, (1.3)

where g/’ represents the real part of the relative permittivity and is related to the energy stored
in the dielectric and &/’ represents the imaginary part of the relative permittivity and relates to
the energy loss in the material. The applied electric field E induces a spatial displacement of
charges:

D = goE+P. (1.4)
The macroscopic polarisation P isthe density of charges created at the surface, corresponding to

the total amount of charges per unit area (P = Q A?), and is defined as:
P = eoxE. (1.5)

At the macroscale, the polarization heads to the orientation and the relaxation of the di-
poles more or less uniformly (Figure 2b) resulting in the hysteresis response of the material fol-
lowing the well-known P=f(E) hysteresis loop (Figure 2c,d). From this polarization curve, remark-
able values can be extracted such as the remanent polarization (P;) value of P at zero field after
polarization, the coercive field (Ec) which represents the value of E in which the polarization re-
turns to zero (minimum energy needed allowing dipoles orientation), and the maximum value

polarization (Pm).



The energy storage efficiency of a dielectric material can be described by the energy den-

sity, a numerical quantity indicating the amount of energy stored. The volumetric energy density

can be written as:

U, = [ EdD, (1.6)

which represents the upper part of the outside area of the hysteresis loop. On the other hand,

the energy loss can be represented by the inside part of the hysteresis loop.

The response of a ferroelectric material is temperature-dependent. Above a critical tem-
perature, the so-called Curie Temperature, T, both remanent polarization and the polarization
hysteresis loop vanishes marking the transition from a ferroelectric (order) to a paraelectric (dis-
order) behavior. This transition is represented by a maximum value of permittivity (the measure
of the electric polarizability of a dielectric material; i.e., its ability to store energy under an applied

electric field) at which the maximum mobility for dipole orientation is reached.
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Figure 3. (a) Typical evolution of the permittivity as a function of the temperature for a ferroelec-

tric material, (b) recapitulative table of Curie temperature values for well-known inorganic ferro-
electrics reproduced from Ropp et al.®

1.1.1.C Relaxor Ferroelectricity

Relaxor ferroelectrics (RFE) are a particular category of ferroelectric materials. Contrary

to conventional FE materials, the temperature-dependent dielectric permittivity (&) exhibits a



broad and smeared maximum, which is known as a diffuse phase transition.” Contrary to FE, the
frequency-dependent peak of the real and imaginary parts of the permittivity shifts to higher
temperatures with increasing frequency (Figure 4a).2

This behavior has been explained by the nanometer size domains allowing an easier po-
larization but counterbalanced by a considerably weakened polarization state. This intrinsic prop-
erty of RFE can be described by a narrower hysteresis loop (low P;) with high recoverable energy

density and low energy loss (Figure 4b).
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Figure 4. (a) real part of the relative permittivity as a function of the temperature at different
frequencies for an RFE-like material adapted from Zhu et al.® (b) evolution of the P=f(E) loop ac-
cording to the nature of the ferroelectricity with dashed lines represents the energy storage den-
sity of the material reproduced from Xiaodong et al.*°

1.1.2 Polymers as Electroactive Materials

Organic materials have received considerable attention from the industry as a more af-
fordable and environmentally friendlier approach for the fabrication of functional systems.!=1°
This shift is driven by the ever-increasing costs associated with the production of functional de-
vices based on semiconductors and rare-earth elements. The extraction of these materials ex-
hausts the environment, being a source of pollution, and CO; emission, along with the associated
impacts on biodiversity and human communities. Despite the attractiveness of these functional

organic materials, several optimizations are still required, particularly concerning their physical

properties, processing methods, and integration in practical devices. The fabrication of thin films
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with tailored functionality is crucial for the advent of organic materials, pushing their integration
in sensors, actuators, transducers, or even in more complex systems, such as OPVS,®OLEDS,’

OFETs,'® energy-storage or harvesting,'® and cooling?® systems.

1.1.2.A The Case of PVDF

Poly (vinylidene fluoride)-based “P(VDF)” polymers are an example of these types of or-
ganic functional materials. These polymers have attractive electroactive properties (ferroelectric,
piezoelectric, pyroelectric)?2%22 that led to their implementation in a wide range of applications,
such as actuation, sensing, ferroelectric tunnel-junctions, energy storage, non-volatile memories,
among other examples that are not directly related to electronic applications, i.e. membranes?3
or binders?4,

The presence of the two highly electronegative fluorine atoms in opposition with the low
electronegativity of the carbon-hydrogen bond effectively creates a permanent dipolar moment.
The electroactive properties of these fluorinated polymers are tightly related to their crystalline
structure and chain conformation. In addition, these two properties have also been observed to
be highly dependent on the thin film fabrication conditions?>2627.28 which prompted extensive

studies on the crystalline structure of PVDF-based polymers.

1.1.2Aa The Crystalline Phases in PVDF-based Electroactive
Polymers
PVDF is a polymorph presenting different crystalline phases (o, B, y, 6, and €) that are
intimately related to the chain conformation (Figure 5):
e Chains crystallizing in the a phase present an antiparallel tg+tg- conformation leading to
a paraelectric behavior (the a phase is at ambient conditions the thermodynamically sta-
ble polymorph);
e The 6 phase is a parallel variant of the a phase and shows a weakly ferroelectric behavior
with non-zero net dipolar moment;
e They phase results from the chain crystallization in a parallel ttg+ttg- conformation yield-

ing a net dipole moment per unit cell;
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e The € phase is an antiparallel variant of the y phase, presenting no net dipolar moment
(paraelectric);

e and finally the B phase for which chains crystallize in an all-trans conformation resulting
in a net dipole moment per unit cell.

This last polymorph is of particular importance for ferroelectric applications, as the mono-

meric dipolar moments are aligned creating a non-zero net polarization, with the highest val-

ues among all the electroactive phases. Inducing the crystallization of PVDF into the B phase

is arduous as the polymer tends to crystallize in more energetically favorable phases (a or y)

that present very little to almost no net polarization.
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Figure 5. (a) Representation of the possible PVDF chain conformations and (b) crystalline lattices
reproduced from Ll et al.!

1.1.2.Ab Tuning of the Electroactive Crystalline Phases in PVDF

i Post Processing Methods

To crystallize PVDF chains into the more polar B phase, different techniques have been
proposed such as thermal annealing, film stretching, or the application of very high electric fields
(poling).?%3% Mechanical stretching results in the extension of the polymeric chains from the cen-
ter of the spherulites, which transforms the a-phase spherulites into a B-phase crystal (Figure 6).
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Nevertheless, the stretching of a nanometer to micrometer thick film is a hazardous task to im-

plement at a large scale with a very high reproducibility.

d

a-phase

Figure 6. Process of transformation of an a-phase crystal to a B-phase crystal by uniaxial drawing
reproduced from Li et al.3°

ii. Macromolecular Engineering to Induce all-trans
Conformation

III

Polymerization of the PVDF homopolymer is mainly “isoregical” meaning that linear chains

are produced following a head-to-tail insertion mechanism during the polymerization process

(Figure 7).31

Tail to Tail (TT) Head to Head (HH)
Figure 7. PVDF homopolymer chain sequencing induced by (a) isoregical head-to-tail (HT) polymer-
ization and (b) head-to-head (HH) and tail-to-tail (TT) defects.

Nevertheless, regio-defects inevitably appear with head-to-head (HH) and tail-to-tail (TT)
insertions.32 These defects are usually in a minor proportion (6 mol.%) but this value can increase
(up to 23.5 mol.%) via, for instance, the copolymerization of VDF with either 1-chloro-2,2-difluo-
roethylene or 1-bromo-2,2-difluoroethylene, followed by reductive dechlorination or debromin-
ation with tribu-tyltin hydride.33 Interestingly, it has been shown experimentally and then theo-

retically that these defects have a strong influence on the PVDF chain conformation.3* Indeed, the
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stabilization of an all-trans conformation instead of a tg+tg- is dictated by its potential energy. By
the mean of theoretical calculations, the all-trans conformation is shown to be more energetically

stable for a percentage of defects above 11 mol.% (see Figure 8).
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Figure 8. (a) Evolution of the energy of the chain conformation as a function of percentage of
defects (mol.%). The red line at 11 mol.% represents the critical point in which both conformations
have the same energy (adapted from Farmer et al.?*) (b) Conformations of the PVDF chain
(adapted from Lovinger3?). Each color corresponds to the region of the most stable chain confor-
mation.

1.1.2.B P(VDF-TrFE) as a Native Ferroelectric Polymer

Despite its prime appeal, the electroactive properties of PVDF are capped by its internal
structure and the difficulty to induce the crystallization in the B-phase. One of the main advances
in the field of fluorinated electroactive polymers has been to incorporate another monomeric
unit known as trifluoroethylene (TrFE) to increase the electroactive performance of the material.
Numerous applications, previously constrained by limitations imposed by the thermally stable a-

phase of PVDF, could now be overcome. Over the past few years, there has been an exponential
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increase in the utilization of this material, attributed to its electroactive and chemically inert prop-

erties, as shown in Figure 9 by the number of scientific reports dealing with P(VDF-TrFE).
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Figure 9. Evolution of the number of publications and citations of work related to P(VDF-TrFE)
extracted from Web of Science (September 2023).3°

It is now well established that the addition of the TrFE monomeric units into the polymer
chain modifies its internal structure. The direct consequence of this addition is observable in the
thermodynamic transitions of the material: the Curie and melting transitions. Through the use of
complementary techniques, such as X-ray scattering and dielectric spectroscopy, studies from
Lovinger et al.3” and Furukawa et al.38 evidenced the effects of the percentage of TrFE within the
polymeric chain on the melting temperature (Tm) and more critically on the Curie temperature
(T¢). As shown in Figure 10, the increase of VDF content steadily decreases the Tr, from 200 °C to

140 °C. On the other hand, T. undergoes a sharp increase in temperature from 50 mol.% to 80

mol.% of VDF.
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Figure 10. Evolution of the melting and Curie temperatures as a function of the VDF content within
the polymer sequence (a) extracted from Lovinger 3’ and (b) Furukawa (1997).38

This modification of the material intrinsic properties by adding TrFE units in the chain se-
guence can be attributed to two contributions. The first one is due to the chemistry used during
the fabrication of these copolymers that introduces chain defects while inserting TrFE units. The
second one is linked to the modification of the tacticity/conformation of the chains while adding

TrFE.3

The addition of TrFE units in the chain sequence also introduces regio-defects which, in
turn, modifies the more energetically stable conformation. Nevertheless, the presence of a third
fluorine atom has a greater impact on chain conformation due to its steric hindrance.®® The larger
size of the fluorine atoms (versus the hydrogen atoms) induces the stabilization of the all-trans
conformation (syndiotactic all-trans) in comparison to the tg+tg- one (isotactic helix) (Figure 11d).
As a result, the introduction of the TrFE units considerably increases the proportion of all-trans
chain segments and consequently the formation of B-phase crystals.*° This growth of the all-trans
conformation leading to the appearance of the Curie temperature at the critical composition of

20 mol %.
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Besides, the presence of a third fluorine atom has an influence on the chain tacticity with
a strong impact of the TrFE content on the isotacticity as shown in Figure 11.%! The energy of all-
trans (syndiotactic trans) conformation for the VDF-TrFE segment is lowered by adding TrFE units
(Figure 11b). At low TrFE content, the TrFE-TrFE segment also preferably adopts the all-trans con-
formation (Figure 11c). However, at higher TrFE contents (i.e., below a critical VDF proportion of
49 mol.%), the trans conformation is no longer the most energetically stable and leads to the
formation of an isotactic helix conformation. This value of 49 mol.% is known as the morphotropic
phase boundary (MPB), at which the composition dictates the conformation and the dielectric

properties of the material.
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Figure 11. (a) Schematic representation of the chain tacticity for syndiotactic VDF-TrFE, syndiotac-
tic TrFE-TrFE, and isotactic TrFE-TrFE. Calculated energy difference AE between various phases
with different tacticities and the syndiotactic trans-planar phase in the (b) VDF-TrFE and (c) TrFE-
TrFE segment (adapted from Liu et al.**).

1.1.2.C P(VDF-TrFE-CTFE) as a Native Relaxor Ferroelectic Polymer

Recently, PVDF-based terpolymers containing chlorofluoroethylene (CFE) and chlorotriflu-
oroethylene (CTFE) monomers were demonstrated to present relaxor-ferroelectric properties. In
this class of materials, the phase transition that typically takes place at the Curie transition tem-
perature (for a ferroelectric material) is much broader. This enables further opportunities in en-
ergy and temperature-management-related applications, as relaxor-ferroelectric materials have

a much narrower hysteresis loop with low remanent polarization, greatly decreasing dielectric
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loss during polarization cycles. Recently, major advances in the area of solid refrigeration with the
use of the electrocaloric effect brought more interest to this material.?43
As well as the steric hindrance effect of the third fluorine atom in the TrFE unit, the addition of a

bulkier monomer containing a chlorine atom will have the same effect.
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Figure 12. Temperature versus mol.% CTFE phase diagram of annealed poly(VDF-TrFE-CTFE) ter-
polymers, where X represents the crystal ratio (x;), ¢ the melting temperature (Twver), A and
the temperature at maximum permittivity (T at emax) during heating and cooling respectively.
Adapted from Bargain et al.*

As shown in Figure 12, the introduction of CTFE has the direct consequence in decreasing
the Tmeit and also the T at emax of the material. This evolution is readily explainable by a modifica-
tion of the crystalline lattice from a more to less cohesive crystal. As a result, the material crystals

shift from FE to DFE to RFE crystalline structure.

Under an electric field, the pinning induced by the CTFE unit, restrict the rotation of the
TrFE and VDF neighboring sites creating local defects.*> Moreover, studies showed that the CTFE
units are excluded from the crystalline unit cell and considered to be included in the material as

kinks inducing y-to-PE transition in a P(VDF-CTFE) copolymer.*
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1.2 Deciphering Relationship Between Structure and
Electroactive Properties

1.2.1 Multiscale Analysis of PVDF-Based Electroactive Materials:
Some Case Studies

As discussed previously, the composition affects chain conformation and, consequently,
material crystallinity and dielectric response. Progress in synthetic methods leads to the produc-
tion of P(VDF-TrFE) with on-demand compositions. As shown in Figure 13a, Liu et al.*! demon-
strated that P(VDF-TrFE) with VDF content from 45 mol.% to 80 mol.% could be synthesized and
the determination of the composition was performed by *H NMR. More precisely, with the help
of the signals in the 6 ppm to 5 ppm (chemical shift) region (Figure 13a), a precise determination
of the TrFE molar content of the copolymer can be performed. More specifically, as the VDF mol.%
increases, the integration of the signal between 6 and 5 ppm corresponding to the proton on the
TrFE unit increases with respect to the integration of the signal between 3 and 2 ppm that corre-

spond to the protons in a two consecutive VDF units.
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Figure 13. (a) 'H NMR spectra of P(VDF-TrFE) copolymers with different VDF mol.% content with
the assignation of the different signals, (b) °F NMR spectra of three different compositions, evo-
lution of the tacticity as a function of the VDF content for the (c) VDF-TrFE and (d) TrFE-TrFE seg-
ments (adapted from Liu et al.**).
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Interestingly, the use of °F NMR made it possible to determine quantitatively the number
of defects within the chain, by using ratios of the integrals of the respective triad peaks of the -
CHF- resonance (Figure 13b). For the VDF-TrFE segment, the syndiotactic (rr), heterotactic
(mr+rm), and isotactic (mm) triad peaks are centered at -199.9, -200.8, and -198.3 ppm, respec-
tively. For the TrFE-TrFE segment, the syndiotactic (rr), heterotactic (mr+rm), and isotactic (mm)
triad peaks centers are located at -208.7, -210.5, and -212.4 ppm, respectively.*! The composition
has a direct impact on the value of the number of defects. From the three samples with different
compositions presented in Figure 13b, the 1°F NMR measurements exhibit distinct signals mean-
ing that the three different compositions differ from each other in their tacticity/defects. The
signal ratios emphasize a progression in the number of defects with the increase of TrFE as shown
in Figure 13c,d. These measurements underline the evolution of the tacticity with the mol.% of
VDF and more importantly from a syndiotactic to an isotactic conformation for the TrFE-TrFE unit
at 49 mol.% of VDF. This is in accordance with the appearance of the so-called morphotropic

phase boundary (MPB) located at a composition of around 50 mol.% of VDF.

The evolution of compositions and tacticity has a strong impact on the crystallization be-
havior as seen in Figure 14a. The formation of a specific phase (a, B, y, 6, and €) is the direct
consequence of the conformation of the chain. Accordingly, the evaluation of the material crys-

tallinity is representative of the chain conformation.

Counts (a. u.)

Figure 14. WAXS measurements for P(VDF-TrFE) copolymer with different VDF mol. % content re-
produced from Liu et al.**
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The PE phase is based on a hexagonal unit cell which differs from the FE and RFE phases
with pseudo-hexagonal/orthorhombic and orthorhombic unit cells, respectively.?24® As these
phases have different crystalline lattices, it is then possible to deconvolute the WAXS signals to
obtain a quantitative polycrystalline composition of the material. From Figure 14, WAXS meas-
urements were performed on a wide range of compositions of P(VDF-TrFE), the differences in the
diffractograms are noteworthy. The first significant change results in the progressive shifting of
the main peak signal to lower 260 values when the amount of VDF decreases. If we link this infor-
mation to the lattice spacing, this progression enlightens the transition to a less dense crystalline
lattice. When reaching 55 mol.% of VDF, a second peak appears, drawing attention to the appear-
ance of a second major crystalline population within the material. As shown in Figure 14, the
material progressively shifts from a majority of FE crystalline domains to a combination of less

densely packed FE domains with a combination of RFE domains.

The crystallinity as mentioned above, is a direct consequence of the chain conformation.
Besides, conformational changes are known to modify the vibrational fingerprint of the material
under radiation. FTIR measurements are of particular interest as they can be performed with ease
on samples in both the solid and liquid states. Accordingly, FTIR has been widely used to charac-
terize PVDF-based copolymers to access their crystalline composition. By attributing the various
signals to the corresponding vibrational modes, the different chain conformations (and thus, crys-
talline phases) can be determined as shown in Figure 15a.*%*7°0 The a phase associated with the
(tg+tg-), and the electroactive (EA) B and y phases with all-trans and tttg chain conformations

respectively, have been attributed to specific vibrational modes within the FTIR spectra.

_ o (tgtg): 1430, 1382,1209, 975, 854, 795, 762, 613, 532, 488 cm'!
- B (all-trans): 1275, 841,510 cm™
-y (tttg): 1234, 812, 431 cm'?

Using this assignment, Xiaomei et al. developed an effective method to quantify the elec-
troactive fraction, as well as the § and y contents using the intensity ratios of specific bands (Fig-
ure 15c¢).*’ This technique is thus another tool to identify the influence of the VDF molar content

on the chain conformation and the presence of a MPB.*
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Figure 15. (a) FTIR spectra with the signal peak attribution of PVDF films with different crystallin-
ities according to the vibration of the respective chain conformations reproduced from Cai et al.*’
(b) Flow diagram for the identification of a, B, and y phases; 840 cm™ and 510 cm™ represent
bands in the range of 837—-841 and 508-512 cm™, respectively; 776 cm™ and 833 cm™ reflects
possible variations based on specific processes.*” (c) Set of equations for the determination of the
fraction of electroactive “Fea”, beta “F(S)” and gamma “F(y)” phases, where Iea represents the
intensity of the peak at 840 cm™, AHg, and AH,, are the height differences (absorbance differ-
ences) between the peak around 1275 cm™ and the nearest valley around at 1260 cm™, and the
peak around at 1234 cm™ and the nearest valley around at 1225 cm™, respectively*’ (d) Evolution
of the FTIR signal of copolymers with different VDF mol % compositions reproduced from Liu et
al.*

For various P(VDF-TrFE) compositions, an examination of the intensities (Figure 14c) of the
all-trans band conformation at approximately 1290 cm?, tg+tg- conformation at around 614 cm"

1 and (tg+)s or (tg-)s conformation at about 507 cm™ reveals a clear trend. It is evident that the
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content of all-trans chain conformations increases proportionally with the VDF mol.% content. At
lower VDF mol.% content, the majority of all-trans conformation switches to a 3/1 helix-type

structure further confirming the MPB transitional regime.
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Figure 16. (a) schematic representation of a 3D lamellar structure with L. representing the crystal
lamellae length and L, the long period of the structure reproduced from le Goupil et al.>* (b) DSC
thermograms of P(VDF-TrFE) copolymers of different compositions reproduced from Pipertzis et
al.>?

Complementary to the WAXS, Differential Scanning Calorimetry (DSC) measurements of-
fer a way to access crystal features such as cohesiveness and quality of the crystal. In Figure 16b,
the thermograms exhibit a clear signature with respect to the amount of VDF. The melting tem-
perature represented by the endotherm at high temperatures remains essentially unchanged
while the temperature at which the second endotherm (at lower temperatures) progressively de-
creases. This second endotherm is representative of the Curie transition. This decrease is related
to the impact of TrFE on the crystalline structure: as the VDF content decreases, the number of
defects increases, and the crystalline arrangement is less dense with a higher characteristic spac-
ing.>! The observation of a well-defined endotherm for the Curie transition allows its description

as a first-order transition where changes occur abruptly and do not have any prior fluctuations.
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The “de-densification” is due to the evolution of crystallinity with a transition from FE to an RFE
phase. This phase is less cohesive, as seen by a decrease of the 26 peak in WAXS measure-
ments3%41>2 (Figure 14), thus the energy needed to transition from the electroactive phase to the
paraelectric phase is considerably reduced which is transcribed by a temperature shift of the Curie
transition. The order-to-disorder transition experienced during the Curie transition is easier to
achieve for a less dense system as the movement of the dipoles is less constrained. The enthalpy
also relates to this behavior. The transition from an FE phase to a DFE or RFE phase (less cohesive)
reduces chain packing.3%38485354 Consequently, it then reduces the energy needed to reversibly

transform the system at the Curie temperature.
10 v Ll L v Ll

Cyor ]
— 65 mol%
— 50 mol%

45 mol%

Polarization (uC cm2)
o

LA
o

100 -50 0 50 100
Electric field (MV m-)

Figure 17. Polarization versus electric field of (a) P(VDF-TrFE) of different VDF mol.% composition
reproduced from Liu et al.**

The material dielectric response is also heavily correlated to the composition of the copol-
ymer (Figure 17). At high VDF content (above 50 mol.%), strong cooperative behavior is observa-
ble under an electric field. The switching of the dipoles induced by the high ordering results in the
wide hysteresis loop (Figure 17). Due to the strong dipolar cohesion ordering, the orientation
persists upon removal of the electric field resulting in a non-zero polarization at zero electric field
reflecting the commonly so-called FE phase. Due to their strong FE behavior, P(VDF-TrFE) copoly-
mers are mostly used for piezoelectric and pyroelectric applications. Those applications take ad-

vantage of the order present in the material and the possible reversibility from order to disorder.
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The characteristics of the polarization loop such as the remanent polarization, the saturation po-
larization, the coercive field but also the energy loss and recovery energy density — directly reflect

the quality of the crystal order.

We have seen previously that the composition affects the number of defects in the poly-
mer chain; and the potential energy of the different possible chain conformations. By comparing
the loops established for a copolymer with a VDF content of 65 mol.% with the one of a copolymer
with a VDF content of 45 mol.%, the transition from a typical FE loop to an RFE/DFE loop is easily
distinguishable since the main differentiating parameter is the amount of recoverable energy
density. The recoverable energy density is higher for an RFE/DFE-like material with lower cohe-

siveness than for a FE material.
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Figure 18. (a) Dynamic permittivity measurements at 100 kHz as a function of the temperature
for P(VDF-TrFE) copolymers with different VDF mol.%: PVDF homopolymer in black, 80 mol.% in
red, 75 mol.% in green, 65 mol.% in blue, 50 mol.% in orange and PTrFE in magenta (reproduced
from Pipertzis et al.?) (b) Maximum permittivity value obtained by dielectric measurements per-
formed at room temperature at 1 kHz as a function of the VDF mol.% (reproduced from Liu et al.*)

Another feature is also important while examining the material dielectric properties and
efficiency. Values such as relative permittivity (¢‘) and the loss angle (tand) dictate the “perfor-
mance” of the material. A higher €’ means that the response of the material under an electric

field will be higher. It is of first importance since an optimal material should exhibit high permit-
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tivity values while maintaining the losses (reflected by the values of tand) at their minimum. Nev-
ertheless, these features are frequency and temperature-dependent and must be characterized
to use the material at maximum efficiency. Dielectric spectroscopy (DS) or impedance spectros-
copy, is frequently used to study the response of a sample subjected to an applied electric field

at fixed or variable frequency and/or temperature.

As shown in Figure 18a, the permittivity value is dependent on the VDF mol.% composi-
tion. The temperature at which the maximum permittivity is reached and the actual values of €’
depend on the composition. This feature is representative of the Curie transition, i.e., a system
undergoing an order-to-disorder transition. According to Figure 18a, this temperature decreases
while decreasing the VDF content, meaning that higher mobility is achieved at lower tempera-
tures. This assessment gives another clue that the composition affects the crystallization of the
material and its transformation from an FE to a more RFE behavior. The Curie transition region
also widens for lower VDF content illustrating the modification of the material structure and rep-
resentative of the RFE phase. The glass transition temperature, Tg, is also observable as the mo-
bility of the dipoles drastically increases at the time of the glassy-to-rubbery transition. In the
melting temperature region, the material is fully disordered which induces a considerable drop in
the permittivity. From measurements performed at room temperature on annealed samples (see
Figure 18b), the permittivity reaches a maximum for a composition of 50 mol.% in VDF. This tran-
sition further corroborates the presence of an MPB at a critical VDF content and the modification
of the dielectric behavior from an FE material to an RFE with the decrease of the VDF content.
Accordingly, it is of first importance, to establish precisely the composition of the material to ac-

cess the desired properties.
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1.2.2 Tailoring Electroactive Properties with Bulky Monomers
Inducing the Relaxor-Ferroelectric Behaviour

P(VDF-TrFE) copolymers presented excellent ferroelectric properties that are directly re-
lated to their crystallization behavior. These copolymers naturally crystallize in the B-phase (all-
trans chain conformation) due to the steric hindrance and “defects” introduced by the TrFE re-
peating units. Additional research led to the development of PVDF-based terpolymers with the
inclusion of CTFE or CFE units which further increased steric hindrance. The presence of CFE/CTFE
units along the polymer chain disrupts long-range ordering during the crystallization process, re-
sulting in the formation of crystalline nanodomains and/or defects that have been attributed to
the observed relaxor-ferroelectric behavior. Nevertheless, high amounts of CFE/CTFE units in the
polymer sequence also decrease the overall crystallinity of the polymer, generating a trade-off

between crystallinity and the magnitude of relaxor-ferroelectric behavior.
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Figure 19. (a) WAXS diffraction data for several P(VDF-TrFE-CTFE) compositions. (b) Evolution of
the lattice spacing “d” as a function of the CTFE content reproduced from Han et al.>>

In comparison to WAXS measurements conducted on copolymers, the diffraction angle of
the principal signal in the terpolymer is not only shifted to lower 20 values but is also dependent
on composition. As the CTFE content increases, the 20 values of the main signal consistently de-
crease. This observation is supported by the d spacing values, which steadily increase from a

length characteristic of an FE phase to an RFE phase. This evidence strongly indicates that the
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incorporation of the bulkier CTFE monomer diminishes the material cohesiveness, ultimately re-

sulting in an RFE structuration of the material.
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Figure 20. (a) FTIR spectra of P(VDF-TrFE-CTFE) terpolymers dotted lines correspond to character-
istic absorption bands of all-trans (1280 cm™) and 3/1 helix (510 cm™) adapted from Han et al.>>
(b) First heating DSC experiments on various CTFE terpolymer composition reproduced from Bar-
gain et al.*

The introduction of CTFE units into the copolymer chain shows also a huge composition-
structure dependence observable through FTIR. Typical vibrational modes correspond to all-trans
conformations and the 3/1 helix shows a drastic change with the composition. At zero CTFE con-
tent, the P(VDF-TrFE) (here 65/35 mol.%) disposes of the typical vibrational bands representative
of the all-trans conformation at 1280 cm™ and the 3/1 helix conformation around 510 cm™ as
seen and commented in the previous section. Increasing CTFE content massively impacts the FTIR
spectra by progressively decreasing the all-trans vibrational intensity contrasted by the increase

of the 3/1 helix intensity confirming the shift to an RFE-like structuration.

In the DSC traces, the addition of CTFE to P(VDF-TrFE) diminishes the temperature of the
two endotherms but also their enthalpy values. The well-defined endotherms describing the melt-
ing and the Curie transition of the copolymer are massively impacted by the CTFE incorporation.
While adding the CTFE unit, the Curie transition is no longer considered as a first-order transition

as the order to disorder is now taking place progressively and is almost undetectable through
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DSC. Also, the melting temperature relates to a less dense structure compared to the neat copol-
ymer as the shifting of the endotherms to lower values can be transcribed to a lower crystal la-
mella length (Lc).>! This feature evokes the evolution of a less dense crystal structure from FE to

DFE/RFE structure and the dielectric properties associated.
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Figure 21. (a) Polarization versus electric field of different terpolymer compositions, (b) broadband
dielectric spectroscopy of a 7.6 mol.% CTFE terpolymer as a function of the temperature and fre-
quency reproduced from Han et al.>>

Finally, the dielectric properties are as well representative of the previous conclusions
concerning the structuration of the terpolymer. From Figure 21a, the dielectric measurement
leads to the belief that the initial FE copolymer progressively transforms to an RFE-like material
as the PE loops exhibit lower P; and a higher energy storage density, that both combined result in
a thinner hysteresis loop. To corroborate this RFE-like behavior, dielectric spectroscopy was used
and established the frequency dependence of a well-defined RFE-like terpolymer (7.6 mol.%
CTFE), one of the criteria for assessing an RFE material nature. More precisely, the shift in tem-

perature of the maximum dielectric constant is a typical behaviour of a RFE material (Figure 21b).
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1.3 Methods to Increase the Formation of the Electroactive Phase

The lack of thermodynamic stability of the B phase within the crystalline PVDF material
leads to the development of methodologies to increase the total amount of crystallinity and the
electroactive fraction. Indeed, the chemical method previously described involving adding co-
monomers has limitations in increasing crystallinity. Accordingly, several processing methods
were established to finely tune the structural characteristics of PVDF-based electroactive materi-
als. Thermal annealing?>%6:38>4 solvents casting®®™>?, solvent annealing®®®!, stretching®%*, pol-

ing?%:6>66 precipitations®”:%8, blending®7° (with organic and inorganic materials), and chemical

modifications®"’%’2 are some of the methods described to enhance the electroactive properties.
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Figure 22. (a) and (b) Polarization loops and remanent polarization values according to the an-
nealing temperature of a P(VDF-TrFE) copolymer reproduced from Spampinato’3, (c) and (d) DSC
thermograms and evolution of the Curie transition temperature (Tc) and the melting point (mp)
reproduced from Tanaka et al.>*



Thermal annealing is the most used process to increase the electroactive B phase. In Fig-
ure 22a,b, we can see that the polarization loops and the remanent polarization values are differ-
ent according to the annealing temperature of the copolymer. Higher values of remanent polari-
zation could be achieved for an optimal temperature that also depends on the copolymer com-
position. It is then important to optimize the annealing temperature depending on the composi-
tion. The work of Tanaka et al.>* describes this effect by annealing copolymer samples at different
temperatures. As shown in Figure 22c,d, the Curie temperature (Tc) and the melting point (mp)
depend on the temperature of annealing. The increase to higher temperature values is consistent
with the densification of the crystalline structure to a higher FE crystal quality as the annealing

brings enough mobility to the material to allow crystal growth.
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Figure 23. (a) Schematic summary of crystallization and interconversions of the polymorphic
phases of PVDF reproduced from Lovinger et al.”* (b) AFM images of the P(VDF-TrFE) layers using
various polar solvents; scale bar: 1 um. The inset images are the magnified views; scale bar: 100
nm. Reproduced from Sekine et al.”® (c) Relationship between PVDF crystalline phases and solvent
evaporation rate. Form |, I, Il corresponds to the B, a and y crystalline phases, respectively.
Reproduced from Oribe et al.”®
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Performing the depositions of PVDF from the melt or solution has an impact on the crys-
talline structure and has already been commented in literature as seen in Figure 23a and Figure
23b. From the melt, a, B, and y are easily accessible by playing with the temperature and/or the
pressure. The post processes mentioned above enable an interplay between the phase distribu-

tion, which is particularly significant when targeting specific dielectric properties.

Solution casting is also available and demonstrated to favor a crystalline phase according
to the solvent nature. In Figure 23a, cyclohexanone (1.8D) which has a low dipolar moment in-
creases the B and a content whereas DMF (3.9D) and DMSO (3.7D) with a higher dipolar moment
induce y content. Figure 23b. corroborates the fact that the nature of the solvent affects the crys-
talline structure. Films deposited with different solvent displaying different dipolar moments
show a drastic change in film topography. This change was attributed to the fact that solvents
with high dipole moments form rougher surfaces because of a slow solvent evaporation. Comple-
mentary, the evaporation rate of the solvent after deposition can have major consequences on
the film. In the example highlighted in Figure 23c, the evaporation rate of hexamethylphospho-
ramide (HMPA) solvent has an effect on the crystal structure of the PVDF films. PVDF (B) was
obtained when the solvent evaporation rate was inferior to 0.0001 g.min%, PVDF (o) was obtained
when the solvent evaporation rate superior to 0.2 g.min’l, and PVDF (y) was obtained when the

solvent evaporation rate was between 0.00058 g.min'! and 0.03 g.min2.
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14 Application Prospects

The astonishing electroactive properties of P(VDF) based materials give new possibilities
in terms of applications (see Table 1). As highlighted in some review papers, PVDF-based copoly-
mers are widely adopted for applications as sensors or actuators.’%77-81

Table 1. Piezoelectric and mechanical properties of various piezoelectric materials adapted from
Muralidharan et al.”® and Stadlober et al.®*

d (102 C/N 33 (103 mV/N
. .( / .) s .( / ) o Young‘s Modulus
Materials piezoelectric piezoelectric Tc (°C) (GPa)
strain constant stress constant
dss =-30
PVDF dos = 20-30 335 80 2
P(VDF-TrFE) d33 =30-35 60-130 5
Lead Zirconate Titan-
ate (PZT-4) ds3 =289 26.1 380 11
Barium Titanate
(BaTiOs) ds3 =149 14.1 120 120
Quartz di1=-2.0 50.3 573 31

Their overall physical-chemical properties such as chemical resistance, thermally and at-
mospheric stability, and high durability associated with their piezoelectric, pyroelectric, or ferro-
electric properties make this class of materials a great choice for researchers. Figure 24 shows a
mapping of the different stimuli that can be detected with ferroelectric polymers. Responses to
mechanical stimuli are straightforward in their operating mode. Applying a bending, strain, force,
pressure or vibrations will induce macro/micro deformations of the material. On the polarized
ferroelectric material, the dipoles ordered and aligned will change their orientation subsequently
creating a variation of surface charge density inducing a voltage. The exposure to temperature
and IR radiation will increase also the mobility and displace the orientation of the dipoles creating

a variation in charge density.
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Figure 24. Physical parameters that can be detected with ferroelectric polymers reproduced from
Stadlober et al 8

The electrostrictive properties and electrocaloric effect are also raising interest as these
materials could respond to actual environmental concerns.#2438283 Future works in this field will
be to scale up and increase the processability efficiency of these materials via novel ways such as

the generation of fully printed devices.?

15 Printing methods of PVDF-based polymers

From the point of view of cost reduction and process efficiency, the printing technology
applied to electroactive polymers could be a considerable advantage. The already well-developed
printing industry based on optimized ink formulations is foreseen to trigger the development of
electroactive devices, for instance for wearable®3768 or medical applications®®’. Nevertheless,

the complexity of the VDF-based polymers is an obstacle to the direct implementation of these
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materials in such technologies. So far, ink systems containing organic and inorganic compounds
for electronic applications demonstrated the necessity to answer specific issues encountered
such as homogeneity, roughness, and printability during the deposition process.® Indeed, each
printing technique has its specific ink requirements for good deposition and, consequently, relia-
ble devices. Applied science is needed to understand and evaluate printability and the underlying
mechanisms for all currently known printing technologies (Figure 25), such as roll-to-roll8°1,
screen-printing®?=>, blade coating®®=%°, and inkjet printing®®-1%>, Examples of printed PVDF-based
devices have already been presented, showing a real advantage in terms of processing costs and

device efficiency.1>106-111
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Figure 26. (a) Printability region of an ink by inkjet printing according to the Reynolds and Weber
numbers shown in the inset with v the velocity of the droplet (m.s), a the nozzle diameter (m), p
the ink density (kg.m=3), n the ink viscosity (Pa.s) and y the surface tension (N.m) adapted from
Du et al.1% (b) Viscosity as function of the shear for a P(VDF-TrFE) ink and the profile of a droplet
ejection with high-speed imaging camera during the ejection of the droplet. (c) Relative permittiv-
ity and dielectric loss of the devices printed by inkjet printing. (d) DSC trace and (e) polarization
profile of the devices. (f) AFM image of the P(VDF-TrFE) depositions. (b-f) reproduced from Sekine
etal.’®

The ink requirements are specific to the technique used to perform the deposition. As an
example, in the case of a deposition performed through inkjet printing (Figure 26), the viscosity
of the polymer solution should be Newtonian to comply with proper ink ejection without un-

wanted satellite droplets interfering with the deposition quality. Reynolds and Weber numbers
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related to the droplet velocity, solution viscosity surface tension, and density are used to evaluate
the printability of the solution. Figure 26a shows the printability region as a combination of Reyn-
olds and Weber numbers. Efficient devices can be printed with this technique allowing good rel-

ative permittivity, crystallinity, and remanant polarization.

Other techniques mentioned above can be accurately used to obtain piezoelectric devices.
Each printing technique needs proper ink rheological parameters and imposes a specific stress on
the solution. For example, elongation and shearing are imposed on the inks with inkjet and screen
printing, respectively. An easy way to tune the rheological properties to fit the requirements is to
accurately tune the polymer concentration (Figure 27). In most cases, a diluted solution will show
Newtonian behavior and low viscosity, while more concentrated solutions will display higher vis-

cosity and in some cases reach a shear-thinning behavior.
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Figure 27. (a) Shear versus viscosity of P(VDF-TrFE) on a wide range of concentrations in (0) DMF
and (e) DMPU. (b) and (c) SEM images of P(VDF-TrFE) obtained by spay-printing and screen-print-
ing respectively. (d) Dielectric constant for different depositions methods and concentrations. (e)
Evolution of the crystallinity and (f) the absolute value of the piezoelectric coefficient |dss/ for the
different depositions methods. (a-f) reproduced from Gongalves et al.**°
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These differences in the process can consequently modify the structure of the material
according to the deposition technique used. Figure 27 shows an example of the notable differ-
ences that can be obtained in the depositions by using different printing techniques and param-
eters. The morphologies of the depositions between spray and screen printing are different from
spherulitic to rod-like structures. The relative permittivity is also impacted with increased values
from 4 to 8. No major differences were attributed to the overall crystallinity but the piezoelectric
response evaluated by the ds3 parameter increased from DR blade to screen printing with differ-
ent concentrations. In this study, the differences were only attributed to different morphological
features among the various samples.

Accordingly, it is essential to formulate PVDF-based inks in order to optimize the dielectric re-

sponse of printed devices according to the printing techniques.
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1.6 Context and objectives of this Ph.D. thesis.

This introductory chapter provides an overview of the relationship between the structural
characteristics of P(VDF)-based materials, their electroactive properties and potential high-end
applications. It highlights that tuning the dielectric response of these materials can be achieved
through various methods such as functionalization, structural modification, or blending. How-
ever, the practical application of these functional materials in devices requires adapted pro-
cessing techniques to meet criteria in terms of geometry, scalability, toxicity, and properties,

among other parameters.

This Ph.D. thesis is conducted within the framework of an industrial chair between the
LCPO and four industrial partners - ARKEMA, ISORG, SURYS, and VALEO — aiming at the develop-
ment of P(VDF)-based materials in the emerging field of printed ferrotronics. The SMILE chair
(SMILE: Smart Polymer Ferrotronic Materials for Environmental Monitoring and Energy Conver-
sion) aims to address pressing trends and requirements in areas such as autonomous sensing,
environmental monitoring, and smart actuation. In particular, it seeks to provide innovative solu-

tions through the use of printing technologies and organic materials.

Accordingly, the main objective of this Ph.D. is to understand the formulation of electro-
active inks by studying the solvation of P(VDF)-based materials, chain conformation in solution,

ink rheological behaviors, and the resulting properties of deposited layers.

Chapter 2 focuses on the solvation behaviors of P(VDF-TrFE) with different TrFE contents
using the Hansen approach. The chapter investigates the conformational state of P(VDF-TrFE)
through a scaling approach based on viscosity in different concentration regimes, establishing the
fingerprint of the copolymers and demonstrating the relationship between TrFE content and

chain conformation.

In chapter 3, we then study a particular P(VDF-TrFE) composition (i.e., 80% VDF - 20%
TrFE), and studied its solution behavior in various solvents via viscosimetry and light scattering. It
was demonstrated that the choice of a solvent can drastically modify and modulate the viscosity

of solution with a high copolymer content. We also applied the aforementioned scaling approach
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based on viscosity measurements to decipher the change of P(VDF-TrFE) chain conformation as

function of the solvent quality and concentration regime.

Chapter 4 focuses on fabricating printed devices using this particular copolymer composi-
tion via the screen-printing technique. We first settled down the basics of this technique by
benchmarking this process modifying only one parameter known as the meshing geometry of the
screens used. It has been possible to link the stability of the device under the application of an
electric field with the printing process and the ink formulation. An optimization has consequently

been proposed to increase the stability of the devices.

Finally, in chapter 5, we extend these previous approaches to P(VDF-TrFE-CTFE) terpoly-
mers and studied in particular the deposition of P(VDF-TrFE-CTFE) layers by Blade Coating, em-

phasising the role of the shear rate on the final material properties.
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