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Enhanced Electrocaloric Response of Vinylidene
Fluoride—Based Polymers via One-Step Molecular Engineering

Florian Le Goupil, Konstantinos Kallitsis, Sylvie Tencé-Girault, Naser Pouriamanesh,
Cyril Brochon, Eric Cloutet, Thibaut Soulestin, Fabrice Domingue Dos Santos,

Natalie Stingelin, and Georges Hadziioannou*

Electrocaloric refrigeration is one of the most promising environmentally-friendly
technologies to replace current cooling platforms—if a notable electrocaloric
effect (ECE) is realized around room temperature where the highest need is.
Here, a straight-forward, one-pot chemical modification of P(VDF-ter-TrFE-ter-
CTFE) is reported through the controlled introduction of small fractions of double
bonds within the backbone that, very uniquely, decreases the lamellar crystalline
thickness while, simultaneously, enlarging the crystalline coherence along the
a-b plane. This increases the polarizability and polarization without affecting

the degree of crystallinity or amending the crystal unit cell—undesirable effects
observed with other approaches. Specifically, the permittivity increases by >35%,
from 52 to 71 at 1 kHz, and ECE improves by >60% at moderate electric fields.

At 40 °C, an adiabatic temperature change >2 K is realized at 60 MV m™'

(>5.5 K at 192 MV m™'), compared to =1.3 K for pristine P(VDF-ter-TrFE-ter-CTFE),
highlighting the promise of a simple, versatile approach that allows direct film
deposition without requiring any post-treatment such as mechanical stretching
or high-temperature annealing for achieving the desired performance.

cooling alternatives based on, for example,
solid-state cooling.

One particularly promising candidate
for solid-state cooling is electrocaloric
refrigeration. The electrocaloric effect
(ECE) refers to the adiabatic temperature
change of a polarizable material under an
applied external electric field. An applied
field induces a modification of the dipolar
states in the material, which results in
an entropy decrease (—ASgc). In turn, an
increase of the material's temperature,
ATy, is induced when kept in adiabatic
conditions.” This is reversible. The
temperature decreases when the field is
removed. This phenomenon can be used
to establish a cooling cycle, as schemati-
cally illustrated in Figure 1a. This cycle is
in concept very similar to the one used in
conventional vapor-compression refrigera-
tion technology, however, adiabatic polari-
zation/depolarization of a polar solid is

1. Introduction

The contribution of refrigeration technologies to Greenhouse
gases emissions is projected to reach up to 45% by 2050.1!
Moreover, in some western countries, refrigeration consumes
up to 25% of the electricity, often produced from non-sustain-
able sources.l!! The urgency for actions has forced world leaders
to agree on global emission targets; among other things, this
has driven efforts towards the development of energy-efficient

used in electrocaloric cooling instead of a compression/decom-
pression of a liquid/gas.

The performance of ECE coolers is directly related to both
the adiabatic temperature change ATy of the active material,
and its change in entropy, ASgc. They both are maximized near
structural phase transitions; in ferroelectrics, the Curie tem-
perature (T;).2! In order to achieve room temperature cooling,
where one of the highest demands in cooling resides,/®”
materials are required that display a T; and, hence, a maximum
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Figure 1. a) Schematic representation of a cooling cycle exploiting the electrocaloric effect. A comparison with a conventional vapor-compression
cooling cycle (pistons) is also provided, as well as phenomenological expressions for the electrocaloric entropy, ASgc and the electrocaloric temperature
change, ATgc. b) Possible chain conformations, that is, tg+tg-, tttg+tttg-, and all-trans['®'* and corresponding unit cell parameters for poly(vinylidene
difluoride) (PVDF). c) Possible monomer units sequence near a de-hydrochlorination site of P(VDF-ter-TrFE-ter-CTFE) upon treatment with triethyl-

amine leading to a small fraction of double bonds (DB).

ECE performance, around room temperature. Electroactive
polymers,B! such as poly(vinylidenefluoride-ter-triftuoroeth-
ylene-ter-chlorofluoroethylene) ~P(VDF-ter-TrFE-ter-CFE) and
poly(vinylidenefluoride-ter-trifluoroethylene-ter-chlorotrifluoro-
ethylene) P(VDF-ter-TrFE-ter-CTFE), feature transition temper-
atures near room temperature.®1®l They, thus, have attracted
increasing interest over the last ten years.

P(VDF-ter-TtFE-ter-CFE) and  P(VDF-ter-TrFE-ter-CTFE)
are ter-polymers derived from the common homo-polymer
poly(vinylidene fluoride), PVDF. PVDF is known to exhibit sev-
eral polymorphs depending whether a tg+g- (o~phase), all-trans
(B-phase), or tttg+ttg- (}phase) chain conformation is adopted,
where t stands for trans and g for gauche® (Figure 1b).
The non-polar orphase is thermodynamically stable at room



temperature, but several approaches exist to stabilize the more
sought-after B-phase, which displays a high net dipole moment.
Among these approaches, copolymerization of vinylidene fluo-
ride with trifluoroethylene is a commonly used pathway that
leads to the random copolymer poly(vinylidene fluoride-co-tri-
fluoroethylene) P(VDF-co-TrFE). These materials readily crys-
tallize in a ferroelectric phase with a T, between =50 °C and
the material's melting temperature, T,,. The precise position of
the transition can be manipulated because relevant transition
temperatures, including T;,, depend on the TrFE content of the
polymer.[2¥]

The introduction of a bulkier third co-monomer, such as
chlorofluoroethylene (CFE) or chlorotrifluoroethylene (CTFE),
is an additional tool to manipulate T.. Importantly, this ena-
bles to shift this transition temperature (where the ECE is the
highest), closer to room temperature,*!! by increasing the crystal
cell parameters. It also induces a more diffuse, relaxor-like phase
transition, broadening the temperature regime over which high
ECEs are observed. This beneficial effect has been attributed
to the breaking up of the long-range ferroelectric domains into
polar, short-range-ordered nanodomains.'®21-23] However, while
the relaxor properties are desirable to establish an efficient
cooling cycle over a broad temperature range, the diffuse nature
of the depolarization process in such ter-polymers generally also
leads to a lower ECE. Therefore, most of the reported ECE per-
formances at low- to mid-scale electric fields (<100 MV m™) have
so far remained too low for commercial applications (<5 K).

In this paper, we demonstrate a very simple strategy for
ECE enhancement in VDF-based ter-polymers through the
introduction of a small fraction of double bonds (DB) in their
backbones, achieved via a simple de-hydrochlorination step
of P(VDF-ter-TrFE-ter-CTFE) that leads to an increase of the
polarization at low field and an increase in their polarizability.
De-hydrochlorination of fluorinated polymers has been used
before, to enable crosslinking and facilitate uniaxial stretching,
however, relatively high amounts of double-bond defects were
generally introduced often leading to a drastic reduction in
crystallinity.?*?/ In contrast, we introduced double bonds into
the polymer backbones (up to 5.8%) to extend the coherence
of the molecular order along the a-b planes of the material’s
crystalline moieties (i.e., along the polar direction)??®?’! via, for
example, favorable 7—r interactions between macromolecular
segments that can nucleate ordering and packing. This should
increase the net dipole of the crystalline regions. The introduc-
tion of DBs also should stabilize the more polar conforma-
tions in the material. As a consequence of both these changes,
the maximum polarization P should increase. Considering
that ASEC=*%I3PZ for T > T, where f is a materials specific
constant,B%3! AS; is thus expected to be enhanced and, in
turn, ATgc.

A high ASgc is, however, not sufficient to produce an energy-
efficient cooling cycle, as already alluded to above. A high ASgc
is only useful if it can be achieved at sufficiently low electric
fields. Therefore, a high change in polarization with field
(dP/dE)—that is, a high polarizability—needs to be realized in
materials used for electrocaloric cooling. Since the introduction
of double bonds introduces “defects” along the polymer back-
bone (in addition to those produced via co-polymerization), it
may further decrease parameters such as the lamellar crystal

thickness.[3?l This has been reported to lower the energy barrier

for dipole flipping to occur (see, e.g., ref. [15]), thus, increasing
the material’s polarizability.

2. Results and Discussion

In order to produce P(VDF-ter-TrFE-ter-CTFE) polymers with a
controlled, minute fraction of double bonds, the materials were
treated with a weak base, namely triethylamine, following the reac-
tion shown in Figure 1c. A de-hydrochlorination occurs through
a nucleophilic attack of triethylamine on a VDF-CTFE sequence,
leading to the formation of DBs as detailed in Scheme S1 (Sup-
porting Information). Changing the base equivalent, reaction time
and temperature of this simple modification allowed a good con-
trol of the DB content (Table S1, Supporting Information), as evi-
denced by the '"H NMR of the DB-modified ter-polymers.

We selected five different DB-modified P(VDF-ter-TrFE-ter-
CTFE) with DB contents ranging from 0.6% to 5.8% (evaluated
from the 'H NMR data, using the equation given in Figure S1,
Supporting Information) in order to have a comprehensive
series to elucidate how the introduction of DBs affects the ECE.

Promisingly, a gradual increase of the maximum of permittivity
at 1 kHz, &, is observed with increasing DB content, reaching
a maximum value of &,,, = 71 for the material with 5% DB con-
tent, compared with &,,, = 52 for the pristine polymer (Figure 2a).
This corresponds to an increase in permittivity of more than 35%.
Note, however, that when the DB-content was increased to 5.8%,
the maximum permittivity started to decrease. We attribute this
behavior to an increased dielectric loss at higher DB content (see
Figure 2a, inset), likely because of the creation of conjugated, or
partially conjugated, chain segments. We observe indeed that mate-
rials comprising 5.8% DB have a yellowish appearance typical for
species featuring short, conjugated segments. In addition, a weak,
broad vibrational feature between 1525 and 1650 cm™ is recorded
via Raman spectroscopy, characteristic for conjugated double bonds
(isolated DB display vibrations a 1720 cm™%; Figure S2, Supporting
Information). This highlights the need for a high control of the
double bond content introduced by the modification. By tuning the
reaction conditions to be sufficiently mild, only small amounts of
double bonds are introduced, leading to dielectric properties supe-
rior to the highest reported values for de-hydrochlorinated mate-
rials of high DB content,””) while eliminating the need for addi-
tional processing steps, such as high-temperature crosslinking or
uniaxial stretching. The need for extra processing steps drastically
reduces, among other things, the manufacturing flexibility with
respect to the type of architectures the materials can be applied in.

Further evidence of the increased polarizability that can be
achieved by the introduction of a rather minute amounts of
double bonds can be inferred from the lowering of the elec-
tric field, E¢, needed to induce maximum cooperative forces
between dipoles. In DB-modified ter-polymers, we identified Ec
from the peak currents indicated in Figure 2c with dotted lines.
Since the highest permittivity was measured for 5% DB, we
focused on ter-polymers with this specific DB content and com-
pared their behavior with pristine P(VDF-ter-TrFE-ter-CTFE).
A notable decrease of E, from 47 MV m™ for the pristine
polymer, to 35 MV m™ for the modified materials (5% DB) is
observed, illustrating the significant and positive effect that the
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Figure 2. a) Real part of the permittivity versus temperature measured on the pristine ter-polymer and modified P(VDF-ter-TrFE-ter-CTFE) materials of different
DB content. The inset shows the temperature dependence of the dielectric loss. b) Electrocaloric adiabatic temperature change versus temperature at 60 MV m™
obtained for both the pristine P(VDF-ter-TrFE-ter-CTFE) and its 5%-DB-modified counterpart from direct calorimetry measurements. The corresponding real part
of the permittivity measured at 1 kHz is also given (dotted lines). The inset shows the electrocaloric adiabatic temperature change versus applied electric field
measured at 40 °C, using fields of up to 192 MV m™. c) Current versus electric field measured at RT and 10 Hz for both the pristine P(VDF-ter-TrFE-ter-CTFE) and
its 5%-DB-modified counterpart. d) Polarization versus electric field (P-E loop) for both the pristine P(VDF-ter-TrFE-ter-CTFE) and its 5%-DB-modified counter-
part measured at 10 Hz, with a maximum field of 150 MV m™. The inset shows the temperature evolution of the maximum polarization measured at 60 MV m~.

introduction of this rather small fraction of DB can have on the
materials properties.

Beneficially, not only the polarizability of the modified
polymers increased, we also found a higher polarization, P, in
materials comprising DBs. This can be deduced from the polar-
ization versus electric field dependencies, commonly referred to
as P-E loop, shown in Figure 2d for materials with 5% DB and
the pristine polymer, measured at room temperature. The polar-
ization, P, at a moderate electric field of 60 MV m™, increases
from 2.6 uC cm™ for the pristine polymer, to 3.2 uC cm2 for
the material comprising 5% DB. Furthermore, the polarization
of the DB-modified polymer is enhanced over the entire tem-
perature range studied (Figure 2d, inset).

This significant increase in polarization combined with the
increase in polarizability leads to a significant ECE enhance-
ment in DB-modified materials. Figure 2b shows, for instance,
the adiabatic temperature change, ATy, that we recorded at
60 MV m™! for both the pristine P(VDF-ter-TrFE-ter-CTFE) and
its 5%-DB-modified counterpart over a broad temperature range
using an in-house modified differential scanning calorimeter
(DSC) that allows a direct measurement of ATyl At a mod-
erate field of 60 MV m™, the maximum adiabatic temperature

change ATy for the DB-modified polymer is 2.1 K. At the same
electric field and temperature, the pristine P(VDF-ter-TrFE-ter-
CTFE) displays a ATgc of only 1.3 K. This corresponds to an
ECE enhancement of more than 60%. (NB: The corresponding
real part of the dielectric permittivity versus temperature meas-
ured at 1 kHz is given with dotted lines to indicate the transi-
tion temperature). The ECE enhancement is maintained over
the whole range of electric fields studied, leading at 40 °C to a
ATgc of 5.7 K at a field of 192 MV m™ (Figure 2b, inset).

Most reassuringly, the observed ECE enhancements between
pristine and modified polymers agree well with predictions based
on the Landau phenomenological approach (Figure 1; see for
more details Notes S1, Supporting Information), preferred to the
more controversial Maxwell approach,l”) employing experimentally
obtained data extracted from Figure 2d; that is, a maximum polari-
zation, Py, at 60 MV m™ of 2.5 uC cm for the pristine polymer
and 3 uC cm for the modified polymer with 5% DB. Using
p = 1800 kg m~ and ¢, = 1400 ] kg™* K™ from literature,?*** an
increase of ECE from ATy of 1.5 K for the pristine polymer to ATgc
of 2.2 K for modified materials comprising 5% DB at 60 MV m~is
calculated, in close agreement with our experimentally established
values, supporting the validity of our direct DSC measurements.



The ECE enhancement is also in good agreement with the
observed decrease of the width of the permittivity peak, given
by the difference between the temperature of maximum per-
mittivity and the temperature at which the permittivity is
decreased by 10% upon heating,*® commonly referred to as
ATy, and indicated in Figure 2a. ATy, decreases in DB-modified
materials: from 17 K for the untreated material to 13 K for the
modified polymer (5% DB), both measured at 1 kHz. According
to the Maxwell-equation-derived expression of the ECE given in
Figure la, ATgc varies with (dP/dT)g . With P= g - & - E and,
thus, (dP/dT)g = &, - E (d&/dT)g, a sharper phase transition
should result in a higher ECE, as we observe.

The notable enhancement of the ECE effect found in the
treated polymers comprising a small fraction of DBs in their
backbones can be directly correlated with changes in important
structural features crossing multiple lengths scales. Thereby,
commonly used parameters such as “crystallinity” and/or
“crystal size” are not sufficient to establish clear structural
dependencies.['>36:%7]
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The observed enhancement in the materials’ polarizability,
illustrated by the increased permittivity and the decreased E,
results from a unique combination, not achieved so far with
other approaches, >3¢5 of crystal thinning along the polymer
backbone direction, and an increase in the coherence of the
lateral crystalline order (i.e., the coherence within the a-b
planes of the crystalline moieties), without decreasing the
overall degree of crystallinity. The crystal thinning lowers the
energy barrier for dipole flipping because the coherence length
along the chain directions is shortened. The extended correla-
tion length of the crystalline lamellae in the lateral directions
increases the number of dipoles that can be oriented in the
polar direction, also contributing to easier dipole flipping; it
also is beneficial for achieving a high polarization, especially as
the degree of crystallinity is not affected by our modification.

Evidence for crystal thinning in the chain direction is
obtained from the small-angle X-ray scattering (SAXS) data
presented in Figure 3a, showing a correlation peak character-
izing the period organization of the crystalline lamellae. The
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Figure 3. a) Lorentz-corrected SAXS spectra, q* |(q), measured for the pristine P(VDF-ter-TrFE-ter-CTFE) polymer. Its correlation function K(z) is shown in the
inset. b) Evolution as function of DB content of the crystalline lamellae thickness, Lc, extracted from SAXS, and melting temperature, T, extracted from dif-
ferential scanning calorimetry (DSC). ¢) DSC thermograms (first heating) measured for the pristine ter-polymer and modified P(VDF-ter-TrFE-ter-CTFE) mate-
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correlation function K(z) calculated from this SAXS spectrum
is shown in the inset. We used K(z) to deduce the thickness
of the crystalline lamellae, L (illustrated schematically in
Figure 4a), from the intersection between the two tangents
shown in the inset of Figure 3a (see for more details Notes S2,
Supporting Information). We find that L- gradually decreases
with increasing DB content, from 95 A for the pristine polymer,
to 90 A for materials comprising 5% and 5.8% DB (Table 1).
This is in agreement with the gradual change in melting tem-
perature that we observe in differential scanning calorimetry
(DSC), from =127 °C down to 121 °C (Figure 3b,c). [NB: T, is
directly correlated to L via the Gibbs-Thomson equation.[3®3%]
The long period, Lp, which provides information on the peri-
odic arrangement of the crystalline lamellae and amorphous
regions (Figure 4a), in contrast, is essentially unaffected by the
DB modification (Figure S5d, Supporting Information).
Wide-angle X-ray scattering (WAXS) provided us with
insights on the lateral coherence of the crystalline moieties in
pristine and DB-modified polymers (Figure 3d). We thereby
focused on the Bragg peak resulting from the juxtaposition
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Figure 4. Schematic illustration of the evolution of a) the crystalline
lamellae and b) the chain conformation when introducing double-bond
defects in the backbone of P(VDF-ter-TrFE-ter-CTFE). The site of the de-
hydrochlorination is highlighted in blue; the net dipole is given in purple.

of the two diffraction lines resulting from the (200) and
(110) planes, (shaded in orange in Figure 3d), which can be
associated with the inter-planar distance, d,yo/di1o, of the
orthorhombic pseudo-hexagonal phase, often referred to as
RFE (Relaxor FerroElectric) structure, as described in a pre-
vious work.2l

Some observations can be made: the width-at-half maximum,
A26500/110, of this Bragg peak gradually decreases from 0.83° to
~0.60° when going from the pristine polymer to the modified
materials with 5% and 5.8% DB (Figure 3e). In contrast, the
inter-planar distance dyy/dy is essentially unaffected by the
introduction of low DB contents (<3%) with dy/dyo = 4.84 A
for all low-DB-content materials; however, d,yo/dio abruptly
decreases to =4.81 A in polymers comprising higher DB con-
tents (5% and 5.8%; see Table 1). Since the A26,09119, is more
correlated with the DB fraction than the inter-planar distance
dy00/dh1o (Figure S5, Supporting Information), we conclude that
the decrease in A26,09/119 is not because of an evolution of the
cell parameters but, rather, resulting from a lateral extension
of the crystalline moieties in the material (i.e., an extension of
the coherence length of the crystalline order perpendicular to
the polymer backbone, &o/110, indicated in Figure 4a), likely
because of the favorable influence of 7—r interactions that
nucleate order perpendicular to the backbone direction. If
A26,00/110 were reduced because of cell parameters evolution, as
found, for instance, during a phase transition, a clear correla-
tion between A26509/110 and dygo/dio would be observed.!*!

Similar to the polarizability, the high maximum polarization
that can be achieved with DB-modified polymers seems to have
two structural origins as well. On the molecular level, the ratio
of polar/apolar conformations, as inferred from Fourier-trans-
form infrared (FT-IR) spectroscopy (bands at 811, 845, 1244, and
1283 cm™ for polar all-trans and ttig+tttg-conformations, and
867 cm™ for the apolar tg+tg-conformation) increases systemati-
cally with increasing DB content (Figure 3f). The reason is that
with increasing DB content, introduced via the de-hydrochlorin-
ation reaction, the amount of CTFE moieties, which often lead
to apolar gauche conformations in their vicinity, is decreased.
We can follow this reduction of CTFE content by tracing the
741 cm™ band in FT-IR spectroscopy, which is characteristic for
the presence of C—Cl bonds. Since most probably the reaction
proceeds via an E2 pathway (Scheme S1, Supporting Informa-
tion), exclusively double bonds in the trans configuration are
formed, further stabilizing all-trans and tttg+ttg-conformations
of P(VDF-ter-TrFE-ter-CTFE), thus, enhancing the net dipole
moment of the materials and, in turn, further increasing the
maximum polarization that can be obtained with DB-modified
polymers. The replacement of —CCIF—CH,— (CFE) with a flu-
orine bearing DB unit, that is, with —CF=CH—, which has a
dipole moment that is even higher than that of the VDF-moiety
(>2.1 D) due to the alignment in the polar direction of the C—F
and C—H bonds around the DB, thereby, additionally contrib-
utes to the already increased net dipole moment (the dipole
moment of CFE is 1.8 D). This enhancement in net dipole
moment in materials after de-hydrochlorination is highlighted
in Figure 4b in purple; the site responsible for the conforma-
tion change (—CFE) is given in blue.

On a larger length scale, the polarization in DB-modified
polymers is increased through densification of the crystalline
phase, leading to a higher dipole moment per volume in these



Table 1. Parameters extracted from the SAXS and WAXS analysis for the pristine polymer and a set of materials with different double-bond content.
Given are: the inter-planar distances, dyo/dno, the width-at-half maxima of the Bragg peak, A26,0m0, and the degree of crystallinity, ., as deduced
from WAXS; and the long periods, Lp, the thicknesses of the crystalline lamellae, L, as well as the invariants, obtained from SAXS.

daoo/do [A] A2600/m0 [°] Xc Lp[A] Lc[A] Invariant [a.u.]
P(VDF-ter-TrFE-ter-CTFE) 4.84 0.83 0.24 474 95 0.37
0.6% DB 4.84 0.77 0.22 484 95 0.39
1.9% DB 4.85 0.67 0.22 492 93 0.40
2.2% DB 4.84 0.70 0.24 473 92 0.37
5.0% DB 4.82 0.60 0.24 462 90 0.45
5.8% DB 4.81 0.61 0.26 475 90 0.48

regions. We infer the increase in crystalline density from the
integration of the Lorentz-corrected SAXS spectra, ¢* I (q), of
the pristine polymer and the DB-modified materials, which
gives us the invariant of these systems (Table 1, and Figure S5b,
Supporting Information). The invariant, which increases signif-
icantly for higher DB contents, depends on the contrast given
by the square of the density difference between crystalline and
amorphous phases (p, — p,)? An increase of the invariant is a
clear indication of a densification of the crystalline phase and,
thus, the crystalline quality, in DB-modified polymers of a DB
content of 5% and 5.8%. This view is supported by the fact that
we also observed a decrease in interplanar distance d,y/d; at a
DB content 5% (Figure S5c, Supporting Information).

Finally, we would like to stress that the chemical modifi-
cation does not negatively affect the overall degree of crystal-
linity, y., of DB-modified ter-polymers compared to the pristine
material, in contrast to previous approaches introducing larger
fractions of double bonds enabling crosslinking and mechan-
ical stretching.**?) We qualitatively deduced this from the
differential scanning calorimetry thermograms displayed in
Figure 3c, where we record very similar enthalpies of fusion,
AH,, for the different materials, with AH,, generally being
directly linked with y.. More quantitatively, y. were extracted
from the WAXS data in Figure S4 (Supporting Information) as
shown in Figure S5a (Supporting Information). For all mate-
rials, we find that the materials comprise 24% + 2% crystalline
fractions (Table 1), independent on the DB content. This is in
contrast to many approaches where modification of VDF-based
materials leads to a reduction of the degree of crystallinity.
One of the few exceptions, where the degree of crystallinity
seems to be increased, exploits polymer confinement in nano-
porous aluminum oxide.™ While very elegant for fundamental
studies, this method requires tedious sample manipulation—in
stark contrast to our simple chemical modification that can be
achieved, on large scale, via a one-pot synthesis procedure.

3. Conclusion

In summary, we have used a straight-forward chemical modifi-
cation that allows to produce P(VDF-ter-TrFE-ter-CTFE) deriva-
tives of a high polarization and high polarizability, and thus,
enhanced ECE, without incorporation of further bulky substitu-
ents (which often detrimentally affect the overall degree of crys-
tallinity/molecular packing within the crystalline domains), or

use of complex processing methodologies, such as confinement
in nano-porous oxides. Indeed, our approach of incorporating
a sufficiently small fraction of double bonds in the material’s
backbones allows us to introduce a desirable amount of polar
configurations that lead to an increase in both the local dipole
and the general maximum polarization that can be achieved.
The polarizability is also enhanced because of a decrease in
the crystalline dimensions along the polymer backbone direc-
tion, lowering the energy barrier for dipole flipping, while the
crystal dimensions parallel to the polarization direction are
extended at the same time. The degree of crystallinity stays
thereby essentially unchanged; however, the density of crys-
talline regions increases, indicating an improvement in the
crystalline quality—in strong contrast to previous de-hydrochlo-
rination approaches where relatively large numbers of double
bonds were introduced to enable mechanical stretching and
crosslinking, generally lowering the overall crystallinity.2+%"]
Further progress seems possible, especially if formation of con-
jugated double bonds units can be prevented. Clear is that our
approach is widely applicable, as high-performing structures
can be obtained as-cast (i.e., without the need for post-treat-
ment), providing new promise for PVDF derivatives for low-
temperature electrocaloric cooling.
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