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Polyvinyl fluoride: Predicting polarization in a complex soft matter system
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We use first-principle density functional theory (DFT) to predict properties for semicrystalline polyvinyl
fluoride (PVF) and compare with polyvinylidiene fluoride. We note that the crystalline regions of PVF are
complex in the sense that we lack a complete experimental characterization of the detailed atomic organization.
We therefore turn to DFT to predict both the structure and associated materials properties, illustrating a possible
work flow for complex soft-matter modeling. We rely on the nonempirical consistent-exchange van der Waals
density functional version [K. Berland and P. Hyldgaard, Phys. Rev. B 89, 035412 (2014)] and identify plausible
ground-state and excited-state motifs. From there we predict the elastic response of the crystalline motifs, and
an upper limit estimate of the PVF polarization at room temperature.

DOI: 10.1103/PhysRevMaterials.8.115603

I. INTRODUCTION

Fluorinated polymers have gained significant attention
due to their unique structural, reactive, and dielectric prop-
erties [1-3]. Partially fluorinated polymers can have a
considerable polarization response when in a semicrystalline
form. This holds, for example, for the orthorhombic 8 phase
of polyvinylidene fluoride (PVDF) [4-6]. There is also exper-
imental evidence that orthorhombic polyvinyl fluoride (PVF)
has a nonzero polar response [7,8]. PVF and PVDF are syn-
thesized from vinyl fluoride (CH, = CHF) and vinylidene
fluoride (CH, = CF;) monomers, respectively. In compar-
ison to polyethylene (PE), one substitutes either one (in
PVF) or two (in PVDF) hydrogen atoms per repeat unit by
fluorine atoms [9-12]. The well-explored PVDF [13] and less-
explored PVF are not as chemically stable as fully fluorinated
teflon, but may both work well for fuel cells (permeable mem-
branes), capacitors (dielectric), and electromechanical sensing
devices (hearing aids) [14—16]. They are expected to have an
enhanced thermal [2] and mechanical [3] stability relative to
PE, although we are not aware of any quantitative compar-
isons.

A key observation is that the asymmetric inclusion of
fluorine atoms into a PE-type structure (forming PVF or
B-PVDF), Fig. 1, can produce a considerable spontaneous
polarizability P. This is well established for the metastable
B-PVDF [4-6,13,17-19]. For fluorinated polymers like PVDF
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and PVF, the P value (of a perfectly annealed monocrys-
talline sample) depends on details of the atomic structure of
the crystalline ground state (GS). In practice, the measured
polarizability may also depend on the P values arising from
metastable PVF/PVDF variants, provided they are close in
per-unit-cell binding energy and structurally compatible to the
GS structure. If the systems are also annealed to approach a
thermal equilibrium, such motif inclusions would only survive
if the interface energies can be ignored, i.e., if the inclusions
have some size.

However, PVF is a soft-matter example of so-called
complex matter, i.e., problems where materials-theory pre-
dictions are needed to sort out the nature of the system
before we discuss the potential for a desired function,
for example, as in Refs. [20,21]. Polymers exemplify the
complex-matter challenge, as they typically exist at best in a
semicrystalline state [22,23], where highly ordered crystalline
regions are intertwined with disordered amorphous regions
[22,24-26]. There is a consensus that PVF exhibits a rela-
tively high crystallinity (40-60%) [7,8,27,28] and a planar
zig-zag conformation [7,29], but the orthorhombic form and
the tacticity are still under debate [8,27-32]. Meanwhile,
conventional experimental investigation and exploration of
functionality in semicrystalline polymers is challenging. If
there is a polarization, then one would need annealed and
carefully prepared semicrystalline samples of PVF to use
it. But even in semicrystalline forms, different subregions
need not have a would-be polarization pointing in the same
direction [27,29]. With that comes the complication of the
amorphous regions. PVDF has a glass transition temperature,
T, ~ —35°C, whereas PVF exhibits several transitions with
the lower T, occuring at —15 to —20 °C and an upper 7, in the
40-50 °C range [26]. Amorphous regions will, generally, link
crystalline blocks, significantly altering the overall response,
making the macrolevel sample exhibit rubber or glass-state
behaviors [33-35]. In spite of successful synthesis, existing

Published by the American Physical Society
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FIG. 1. Atomic structure, orthorhombic unit cells, and unit-cell vectors of the GS PE crystal (left), of the here-identified GS PVF motif
(middle), and of the GS B-PVDF crystal (right). The GS PVF motif (GS 8-PVDF) resembles GS PE, except that F atoms (green balls) replace
one (two) of the H atoms (white balls) on every other carbon atom in the PE structure.

measurements alone do not suffice to assert whether PVF has
any potential as a would-be flexible piezoelectrics.

Nonempirical (parameter-free) density functional theory
(DFT) can check whether a material has potential for ap-
plications, i.e., help to tackle the complex matter challenge.
DFT is the standard workhorse of ab initio material model-
ing at the atomic scale [36,37], because it offers a fast and
efficient approach to predict properties, in principle, even be-
fore actual synthesis. This holds also for the weakly binding
polymer systems thanks to the present-day (computationally
efficient) inclusion of van der Waals (vdW) forces. For our
soft-matter problems, we can either use a correction to semilo-
cal DFT [38-49] or use the framework of the vdW density
functional (vdW-DF) method [50-65] that keeps all interac-
tions on the same electron-density foundation [66—70]. The
use of such vdW-inclusive DFT allows us to not only resolve
the PVF structure problem, but also predict polarization (and
plastic [71-73]) properties. We can do that ahead of access to
a fully controlled polymer-crystal sample.

Here we use the consistent-exchange vdW-DF-cx func-
tional [68,74,75] (henceforth abbreviated "CX") to (1) deter-
mine the atomic and unit-cell structures as well as binding
energies of a set of PVF crystalline conformers and (2) pre-
dict a set of properties for a plausible candidate for the PVF
GS crystal, as well as for a limited set of excited-state (ES)
conformers. We contrast the PVF predictions with those for
the B-PVDF system [6,76]. CX is a strictly parameter-free
version of the nonempirical vdW-DF method and, as such,
a motivated choice for the present PVF focus, where we
have insufficient data against which to optimize the choice
of an empirical or semiempirical exchange-correlation (XC)
functional [36,37]. The CX functional has proven to be an
accurate tool for studying polymers in multiple crystalline
phases, including response properties of nonpolar PE and
polar PVDF [4-6,71,77].

In the present paper, we focus on communicating the wider
potential of accurate, nonempirical (and transferable) theory
in facing complex soft matter: We need such DFT to first
aid in the structure-search stage and then to extract a set of
materials-property predictions. We note that there is value in
extending a structure-search stage by providing a set of mate-
rials predictions for a complex soft matter problem like PVFE.
Our point is that some of the materials-property predictions
may be validated by observations while the rest of them are
useful in lieu of yet-to-be-obtained experimental data. Ac-
cordingly, this paper predicts both the elastic and polarization

response and will be supplemented by a forthcoming paper
concerning plastic slip deformation [76], contrasting PE, PVF,
and S-PVDFE.

The set of panels in Fig. 1 compares our prediction for a
plausible GS of PVF (middle panel) with the GS structure
of the nonpolar PE (left panel) and of the polar 8-PVDF
(right panel). These semicrystalline systems are known to be
orthorhombic. The PVF structure search, documented herein,
identifies both the nonpolar GS structure and closely related
metastable forms, of which several (for example, the or-
thorhombic motif ES2) have a high polarizability. At finite
temperature, the system will comprise a mixture. Thus we
predict that PVF can, in principle, be prepared to have a net
room-temperature polarizability (under idealized conditions),
but it is not as promising as a carefully prepared S-PVDF
single-crystal sample [6].

The rest of the paper is organized as follows. In Sec. II
we present the theoretical background and methods used in
this work. In Sec. IIIl we summarize computational details
and outline the implementation of the theory. In Sec. IV we
present and discuss our predictions. Finally, we summarize
and conclude in Sec. V. Additionally, the paper contains an
Appendix and Supplemental Material (SM) [78].

II. THEORY AND METHOD

The exact GS structure of PVF remains a topic of debate
in the literature [29]. The interchain order in semicrystalline
PVF is set by the competition of vdW attraction, Pauli
repulsion, and (interchain) electrostatic interactions, a fact
that puts demands on functional transferability [75]. Ad-
vanced approaches for molecule-crystal searches—sometimes
combined with DFT predictions of atomic and unit-cell
relaxations—are available [79,80] and will be necessary for
facing general complex soft matter challenges (for exam-
ple, for polymers with cross links). However, the stability,
shape, and simplicity of the PE crystal and therefore of the
(modified-PE) PVF and PVDF building blocks make our
structure searches tractable. The systems can be modeled
as formed by compact monomers of infinite length. The
simplicity of monomers means that we can focus on ex-
ploring crystalline-motif candidates that differ in details of
the interchain ordering and proceed essentially as previously
illustrated for a prediction of plausible motifs for graphane
stacking [81] or GS structure and magnetic ordering of ultra-
thin iron oxide films [82,83].
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The PVF and PVDF chains are aligned in the ¢ direction in
all relevant unit cells (see Fig. 1). This holds both when setting
up the structure search and when we identify motifs upon
stress-based variable-cell relaxations. The most important mo-
tifs are the orthorhombic conformers for they are compatible
with experimental observations of structure in the crystalline
regions. We compute the per unit-cell binding energy

Evina(a, b, c) = Eunit cell(a, b, c) — 2Eunit cell (1)

crystal monomer

(or a straightforward generalization when characterizing
nonorthorhombic motifs). The elastic response properties, as
well as probabilities for finding PVF in an ES, are defined by
changes in the binding energy.

A. Finding PVF polymer conformers

To establish a best guess for the GS structure of semicrys-
talline PVF, we have identified 24 plausible initial guesses,
denoted A through X, for a two-chain unit-cell configuration
that complies with the experimental finding of PVF having
an orthorhombic cell. There are two ways to arrange the pair
of zig-zag structures of PE chains [71,77] and more for PVFE.
The unit cell fits one fluorine atom per PVF chain but these
atoms may sit either aligned (at the same along-chain position)
or with a relative shift. Moreover, they may have different
relative rotations. We refer to the Appendix for a more detailed
presentation of our structure-search starting point.

All of these initial guesses, or candidate structures, are
subjected to full relaxations (of atoms and of unit-cell param-
eters), as described by CX. The Appendix and the SM [78]
provide a full characterization of these final structures in
terms of volume and per-unit-cell binding energy, as well as
structure indicators such as significant polarity and unit-cell
shape. Some of them break the initially assumed orthorhom-
bic unit-cell shape and several initial guesses end up relaxing
to identical motifs. Equivalent unit-cell volumes/shapes, bind-
ing energies, and polarization are part of the criteria for
considering relaxed candidate structures as one and the same
motif. Additional discriminators are whether the along-chain
positions of the two fluorine atoms (in each molecular chain)
are located at the same c-axis coordinate (as will be identified
by a motif subscript p) or relatively shifted (as identified by
subscript s), as detailed in the Appendix and in Table S.I of
the SM.

B. Validation by energy-mapping and elastic-response
characterizations

We characterize the above-described search for structure
and binding-energy values of PVF motifs as full-stress based.
The fact that these calculations proceed with a full unit-cell
relaxation (up to our chosen convergence criteria) makes them
susceptible to potential convergence, and hence accuracy,
problems, at least in plane-wave DFT that we use. Full-
stress optimizations are based on the k-point sampling that
is judged appropriate for the initial unit-cell geometry. This
type of extended-system representation can be misleading if
the unit cell incurs significant shape changes. We ameliorate
this convergence problem by repeating such variable-cell cal-
culations (restarting at the predicted structure and thus with a

continuously updated and increasingly more relevant k-point
sampling) until we have full convergence on structure and
energies.

We also use (for GS and the first two ES) a safer "map"
technique to provide validation for the structure predictions.
The underlying challenge of succeeding with the full-stress
search lies in the fact that PVF combines exceptionally strong
covalent bonds within and along the chains and weaker vdW
binding between the chains. The elastic and plastic response
of polymer crystals are set by a highly anisotropic stiffness
and can be difficult to converge through full-stress relaxations.
As further described in the SM [78], the idea of the map struc-
ture search is to optimize the unit cell in the direction along
the chains (unit-cell direction c) separately from relaxations
(in perpendicular unit-cell directions) that reflect the impact
of the much weaker interchain noncovalent forces.

Calculation of the elastic coefficients gives us a way to
further test the consistency of our stress-based motif search.
The set of elastic coefficients defines acoustic modes and thus
serves as a check as to whether the identified motifs have any
resistance against at least some runaway deformations. We
note that for orthorhombic crystals there are nine independent
elastic components: Cy;, Cy, Cs3, Ci2, C13, C23, Cys, Css, and
C66-

For a practical motif-structure stability test, we extract the
elastic constants by applying strain to the unit cells, while
evaluating the volume-specific strain energy. We allow for full
atomic relaxations at each deformation increment, because
the polymer crystals are not centrosymmetric. This prevents
artificially high stiffness emerging as a result of covalent bond
stretching. For the orthorhombic GS, ES1, and ES2 motifs, the
Born-1 to Born-4 criteria [84,85],

C]] > 0, (2)
C11Cx — C}, > 0, 3)

C11CC33 + 2C12C13C3
_C11C223 - C22C123 - C33C122 >0 4)

for ie{4,56}: C; >0, (®)]

must be satisfied to ensure mechanical stability.

C. Polarization response

For predictions of (soft-matter) spontaneous polariza-
tion [86,88] we use a Berry-phase framework [89,90] to track
the response to an infinitesimal electrostatic field. To that
end, we seek and use a path A of hypothetical distortions
that connects an actual motif with a reference state of vanish-
ing expected spontaneous polarization. The desired reference
state (at say A = 1) is typically a high-symmetry state. In
contrast, the actual motif (at, we assume, A = Q) breaks the
symmetry so that the material can get a finite polarization P;
in some direction i (if suitably poled and prepared).

Figure 2 illustrates our computational procedure to deter-
mine the polarization of the GS and ES PVF motifs. The
atoms in the schematics are here shown for the GS PVF
motif (and corresponding to an initial twist angle, ¢ = 0°).
Our fluorinated polymers are built from compact monomers
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FIG. 2. Schematics of the GS PVF motif and of the computa-
tional approach we use to characterize the spontaneous polarization
of the GS and ES PVF motifs [4-6,86,87]. For the central chain in
any given motif, we define an axis of rotation (aligned with unit-cell
vector ¢) by the center of the carbon atoms. We then apply an
increasing twist ¢ selectively to that chain and use the modern theory
of polarization to compute the variation in a polarization measure
AP;;”;/YIBO. The upwards arrow emphasizes that a considerable po-
larization (matching the P ~ 19 ucm™2 value previously predicted
for B-PVDF [6]) can emerge in the b-unit-cell direction for several
of the orthorhombic ES motifs, starting with ES2.

that permit easy chain rotation. We therefore have access to a
simple deformation path, by incrementally rotating one chain
up to ¢ = +180°. This is done in an otherwise frozen unit
cell.

At any given assumed deformation (in our case, assumed
rotational increment A = ¢/180), we rely on an assortment
of many plane-wave DFT codes, e.g., QUANTUM ESPRESSO
(QE) [91,92]: efficient evaluation of a k-space average of the
Berry phase associated with the energy bands in solids [90].
This effectively provides us with a mapping of how the node
positions of Wannier functions [86] change with the defor-
mation ¢ and thus an unambiguously defined evaluation of
a measure APZA;’;/YI 80 of the polarization along a given unit-
cell vector direction i [86]. One caveat is that this computed
measure is a multivalued function of X, having branches that
differ by integer numbers of the so-called quanta of polar-
ization [88]. However, we can extract the actual spontaneous
polarization P; (in direction i) as the difference given by the
extremes of the distortion path:

P, = |AP/G,

i,Berry — AP‘}L:O (6)

i,Berry |*

In practice, we need to ensure that we have consistently stayed
on the same polarization branch. We therefore shift, at every A,
the nominal QE polarization result, AP?;?T/ 10 onto a single
branch and then insert the resulting uniduely defined predic-
tions 131-A in the right-hand side of Eq. (6).

Returning to Fig. 2, we note that by symmetry GS PVF
must have a vanishing polarization in the b direction, PSS ~ 0,
because the contribution from chains cancels due to their alter-
nating arrangement of the F atoms. However, the GS structure
could have a small PSS value. We compute this value by ro-
tating the central chain, as ilustrated, in the GS PVF unit cell,
up to ¢ = 180°. This rotation produces a fictitious state that

resembles B-PVDF [4-6] but must have P, ~ 0 by symmetry.
As such, that fictitious system can serve as a reference for
our prediction of vanishing polarization (Pfg ~ 0) for the GS
PVF motif.

As illustrated by the upwards arrow in Fig. 2, however, the
orthorhombic ES2, ES6, ES11, and E13 motifs can develop a
spontaneous polarization along unit-cell axis b. For example,
the ES2 motif exists as a variant (identified and discussed in
the Appendix) of the structure that emerges with a ¢ = 180°
center-chain rotation implemented in Fig. 2. A variant of the
structure that is shown in the figure (at ¢ = 0°) serves as an
ES2 reference for computing PES2.

III. COMPUTATIONAL DETAILS

Throughout this paper we use plane-wave DFT from
the QE code suite [91-93], together with optimized norm-
conserving Vanderbilt (ONCV) pseudopoentials from the
SG15-PBE set version 1.2 [94,95]. These contain the com-
plete 25s22p? electron configuration for carbon, 2s22p° for
fluorine, and 1s' for hydrogen. To ensure full convergence,
we use a kinetic energy cutoff at 2180 eV (160 Ry) with a
four times higher cutoff for the density. We use Monkhorst-
Pack [96] k-space sampling, centered at the I point. Structures
are optimized using the Broyden-Fletcher-Goldfarb-Shanno
algorithm [97-100] and considered to be converged when the
force acting on each atom is smaller than 5 x 1077 eV/A.

For the comparison of plausible PVF motifs (see SM [78])
and for mapping of the energy of deformation we use a grid
of 4 x 8 x 10 to sample the k space. We conduct the initial
convergence test for -PVDF using a 2 x 4 x 10 mesh, and
4 x 4 x 10 for PE. We map out the unit-cell binding energy
variation using a set of constrained unit-cell relaxations.

The Berry phase calculations employ the same k-point
mesh as in the unit-cell relaxation, averaging the results over
the maximum number of k points allowed by the mesh [86,88].

Unit-cell schematics and mapping of energy variations (re-
ported in the SM [78]) are provided using VESTA [101] and
XCRYSDEN [102].

IV. RESULTS AND DISCUSSION

Table I summarizes the properties for GS, ES1, and ES2,
the three most energetically favorable structures that remain
orthorhombic during these variable-cell relaxations in full-
stress evaluations [6]. We denote the lowest binding-energy
motif as "GS," as we consider it a plausible guess for the
actual (orthorhombic) GS form of would-be fully crystalline
PVFE. More broadly, we consider the GS, ES1, and ES2 motifs
as representative of a well-prepared PVF system at finite tem-
peratures T'. They are all orthorhombic and thus both mutually
compatible and consistent with experimental observations.
The actual mixture of PVF conformers (and their internal
polarization state) may reflect the history of the sample prepa-
ration.

Figure 3 presents an overview of our predictions for the
binding energies and structure features of the GS and for
the first set of ES systems. The Appendix (and Table S.II of the
SM [78]) reports how these motifs have emerged from initial
guesses, sometimes convergent on an identical motif. In Fig. 3
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FIG. 3. Summary of (full-stress) PVF-motif structure search and motif identification. We sort the set of fully relaxed motif predictions
according to their (per unit-cell) binding-energy values, using an asterisk to identify a pronounced polarization value. We use a square symbol
only for those relaxations that lead to an orthorhombic motif, i.e., remain consistent with one of the key experimental inputs we have for the

crystalline regions of PVF samples.

we have (apart from GS, ES1, and ES2) kept a reference to
the initial-guess labeling to facilitate the comparison. We also
mark by a square symbol the cases that remain orthorhombic
upon relaxations and by an asterisk those that have a consid-
erable spontaneous polarization.

A. Motif structure description

Table II summarizes and contrasts our full-stress and
map (or constrained-stress) structure optimization for PE,
B-PVDEF, and PVF. The table also provides a comparison
with previous structure descriptions, experimental or compu-
tational. In all the here-reported studies we have kept a choice
for the density of k-point samplings that are consistent with
the variation in the system-specific unit-cell extensions.

The top section of Table II provides an overview of ex-
perimental characterizations for the PE crystal [103-105,107—
109] and a summary of a previous CX-based PE structure
characterization [71]. The latter was obtained using ultra-
soft pseudopotentials [110,111] with a lower wave-function

TABLE 1. Summary of the properties of the investigated low
energy PVF structures. i.e., ground state (GS) and the most rel-
evant excited-state (ES) conformers; the Appendix, supported by
the SM [78], provides a complete listing. All of these are or-
thorhomic and thus consistent with experimental observations. The
table includes the "origin"-structure label (letters), the resulting motif
(subscripted letters) and motif sorting (GS/ES no.), the volume of
these unit cells, and the difference in the (per unit-cell) binding
energy with respect to the ground state (A Ep;yg)-

Origin  Polar  Volume (A%)  Motif State  AEyng (meV)
G No 96.095 G, GS 0.00
w No 96.188 0.41
E No 96.942 D, ES1 5.49
D No 96.817 5.55
L No 96.831 5.84
1 Yes 96.997 I ES2 6.58
T Yes 97.048 Ty 6.87

energy cutoff energy and a less dense k-point sampling. We
contrast those results to the characterization in this paper,
using norm-conserving ONCV pseudopotentials, a high k-
point sampling, and a large cutoff energy. We here find a
better agreement with experiments for the a lattice constant.

TABLE II. Table of calculated and measured lattice parameters,
in A, for PE, PVDF, and PVF.

System/data type ao by Co
PE

Neutrons 4 K* 7.121 4.851 2.548
Neutrons 90 K?* 7.161 4.866 2.546
X-ray diffraction® 7.388 4.929 2.539
X-ray diffraction® 742 4.96

cxé 7.218 5.024 2.553
CX map 7.144 5.044 2.552
CX stress 7.155 5.032 2.552
B-PVDF

X-ray diffraction® 8.47 4.90 2.56
X-ray diffraction’ 8.58 491 2.56
CX map® 8.581 4.763 2.575
CX stress® 8.579 4.758 2.575
CX stress 8.581 4.752 2.575
PVF

GS stress 7.265 5.180 2.556
GS map 7.267 5.181 2.556
ES1 stress 7.192 5.272 2.556
ES1 map 7.194 5.274 2.556
ES2 stress 7.341 5.169 2.556
ES2 map 7.346 5.170 2.556

#Reference [103].

"Measured at 77 K [104].

‘Measured at 77 K [105].

dReference [71].

“Measured at 293 K using thin-film PVDF [31].
"Measured at 293 K using thin-film PVDF [106].
gReference [6].
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However, there are no discernible changes for b and ¢ values.
We ascribe the difference in the a value primarily to the switch
to norm-conserving pseudopotentials. We also conclude that
we have converged the description of PE with respect to k
points.

In the middle section of Table II, we show that by using
a corresponding k-point sampling for a CX characterization
of B-PVDEF, the model provides an excellent description. The
herein predicted c lattice constant is essentially spot on, while
the a (b) results agree with one of the x-ray diffraction reports
(slightly underestimated the x-ray values). In the table we
also include results from Ref. [6] obtained using a lower
k-point sampling and they too are in excellent agreement. We
conclude that with the mutually consistent k-point sampling
we have a converged description of both PE and S-PVDF,
and may therefore provide reliable predictions for the closely
related PVE.

The bottom section of Table II shows our predictions
for the unit-cell details of the orthorhombic GS and two
metastable conformers, ES1 and ES2, of small excitation
energies. The table shows (for each of the key PVF motifs)
the results obtained by our standard stress-based relax-
ation approach, and by the mapping test (summarized in
the SM [78]). They agree at the picometer level. We find
that the sets of motifs are all orthorhombic (consistent with
experimental observations) and have essentially the same lat-
tice constants. These motifs can coexist with 1-2% strain
even within the same crystalline block of the overall PVF
structure.

B. Elastic coefficients and Born stability

We evaluate the elastic constants associated with the
would-be single-crystal elastic response because they are a
useful supplement in soft complex matter. Since measure-
ments typically reflect the net elastic response (dominated by
the plyable matrix) we need coarse-grained modeling to con-
nect the microscopic and mesoscopic pictures [72,112-115],
for example to track, e.g., wear impact on PVF/B-PVDF used
in flexible applications. However, having DFT predictions en-
ables the investigation of mechanical stability of the different
motifs, and the crystalline components can provide input data
to calibrate classical force-field descriptions [71,73,116].

Table III presents our results for the elastic response coef-
ficients for the 8-PVDF ground state, as well as for the GS
and first two ES motifs of PVF. It is instructive to compare
the theoretical elastic constant predictions (for crystalline 8-
PVDF) with measurements (on a sample that is assumed to
be uniaxially orientated, that is, poled) [117,118]. Ultrasonic
measurements at 7 = 293 K yield the following results for
diagonal (off-diagonal) elasticity components [119]: C;; =
3.61, C22 = 313, and C33 =1.63 GPa (C12 = 1.61, C13 =
1.42, and Cy3 = 1.31 GPa).

We note that the elastic constants associated with uniax-
ial normal strain states perpendicular to the chain direction
(i.e., C;; and Cy) are one order of magnitude higher than
experimental data. We believe that this discrepancy can be
attributed to thermally induced compliance, as the DFT re-
sults correspond to 0-K data, and the measurements were

TABLE III. Elastic stiffness constants for PVF motifs and for
B-PVDF. All elastic-constant values are listed in GPa. The entries
for Born-2 and Born-3 criteria are in GPa? and GPa?, respectively;
These entries reflect an evaluation of the left-hand-side expressions
of Egs. (3) and (4).

PVDF PVF

B GS ES1 ES2*
Cu 23.64 14.70 20.87 13.43
Cx 21.46 19.25 12.75 16.10
Cs3 301.15 318.89 316.64 316.20
Cn 2.95 3.75 4.07 5.77
Ci3 —0.93 0.16 0.04 0.05
Cy 0.77 0.91 0.27 1.19
Cu 14.33 7.67 24.12 9.14
Css 12.73 27.66 4.80 29.33
Ces 27.90 20.18 22.62 19.92
Born 2 500 270 250 183
Born 3 150000 86000 79000 58000

conducted at room temperature [119]. Moreover, the theo-
retical predictions of Cs3 & 300 GPa for PVF and S-PVDF
deviate from the measurements in Ref. [119] by approx-
imately two orders of magnitude. However, the computed
results are consistent with experimentally observed elastic
constants associated with tensile strains, or propagating sound
waves, in the chain direction of PE, where the measured
modulus is in excess of 300 GPa (see, e.g., Refs. [120-123]).
Similar results were found in Ref. [124], the authors of which
performed DFT modeling of B-PVDF based on the PBE
XC functional. This is as expected, because the theoretical
results pertain to single-crystal problems where the Cs3 re-
flects the along-chain covalent carbon-carbon bond (unlike the
measurements). The covalent carbon-carbon bond is among
the strongest in nature, giving, for example, diamond an ex-
ceptional hardness. However, the crystalline regions make
up only about 50% of the volume in a fluorinated poly-
mer [7,8,27,28] as they are surrounded by a surrounding
matrix with rubberlike response properties. The low value
for the measured B-PVDF Cs; coefficient should therefore be
interpreted in an entirely different context: It reflects instead
an effective (composite-system) elastic response, which is
always dominated by the softer component.

In any case, our elastic-response predictions, Table III, per-
mit us to directly test the mechanical stability of our predicted
motifs, and hence the quality of our structure predictions. We
do this for both S-PVDF and the three lowest-energy PVF
motifs, i.e., cases where the unit cell remains orthorhomic
and where we can rely on a simple set of Born criteria,
Egs. (2)—(5). Compliance with all of the Born criteria (for
these orthorhombic structures) follows from the fact that the
reported determinations of the Born-2 and Born-3 criteria,
as well as all C;; entries, are positive and large. Overall, we
find that the PVF motifs clear the Born-stability criteria with
margins. For the GS case, the criteria are met at a level that
approaches that which characterizes S-PVDF (known to be
metastable).
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C. Polarization response

A crystalline and poled sample of the PVF ES2 conformer
can be expected to have a polarization in the b-axis direction
because the motif resembles the S-PVDF structure (compare
the second inset of Fig. 3 and the third panel of Fig. I).
Figure S3 of the SM [78] shows a schematics of a pure-
PVF-ES2 crystal containing a polarization boundary, i.e., a
case where the left (right) domain has a downward (upward)
pointing spontaneous polarization, given the polar nature of
the F-C bond. Application of an upward-pointing electrical
field lowers the energy of the ES2 configuration of the lat-
ter domain which may therefore grow and produce also a
macroscopic polarization change in such a PVF ES2 system.
However, for this to happen the local chains must overcome
transition barriers for flippling 180° relative to the chains in
its immediate surroundings.

Accordingly, our finding of a significant spontatenous
polarization for the ES2 conformer does not necessarily
imply that PVF may find usage as an actual flexible finite-
temperature ferroelectrics. We have shown (to be reported in
a forthcoming paper) that PVF and 8-PVDF have comparable
plastic-deformation properties as asserted in terms of slip
mechanisms [76]. However, one needs an elaborate modeling
to assertain whether (1) a moderate electric field can, in fact,
reverse the polarization (as it can do in 8-PVDF) and (2) the
expected net spontaneous polarization of a room-temperature
PVF system is large enough to serve as an interesting alterna-
tive to S-PVDE. Below, we merely provide a cruder modeling
to discuss these questions and thus give an impression of the
would-be PVF promise as a flexible polarization material.

First, we observe that reversing the polarization is not
likely to require larger fields in PVF than in PVDF. Figures S4
and S5 of the SM [78] report a supercell study of the energy
cost associated with a selective chain rotation, contrasting GS
PVF and PVDE. The approach is similar to what is illus-
trated in Fig. 2, but now we permit relaxations of neighboring
chains. Our paper shows that a twist excitation (make one
chain rotate 180° to better align with a reversed external-
electric-field direction) has a lower barrier (0.5 e¢V) in PVF
than the energy cost (0.81 eV) that we compute is required in
B-PVDE. We interpret the difference between PVF and PVDF
twist-excitation energies as indicative of the difference in the
PVF and PVDF energy scales for electric-field control. We
thus find it plausible that any would-be polarization of PVF
would be at least as easy to reverse as it is in B-PVDF.

Figure 4 shows details of our predictions for the sponta-
neous electric polarization in PVF motifs. The set of black
dots in Fig. 4 comprises the calculated Pf values. These
data fall on various branches of the Berry-phase polarization
description, each branch separated by one or more quanta
of the along-b-axis polarization [86]. However, only one of
these branches corresponds to the nonpolar behavior that is
expected by symmetry at ¢ = £180° (for the case in ques-
tion). By shifting all data onto that one branch, it is possible
to construct an estimate for the spontaneous polarization 131?
(gray dotted curve) and compute the spontaneous polarization
as P, = |PP=0 — pP='1).

Table IV reports P, polarization results for the set of (the
experimentally relevant) orthorhombic conformers of PVE
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FIG. 4. Calculation of the spontaneous electric polarization
(along unit-cell axis b) P, ~ 19 uC/cm? of PVF motif ES2. We
use the modern Berry-phase scheme [4-6,86] to track changes in
a multivalued measure APg’eny of this polarization as a function of
the assumed rotation ¢ of one polymer chain relative to the other
inside the ES2 unit cell (bottom panel of Fig. 1). The actual ES2
configuration corresponds to ¢ = 0° whereas symmetry implies that
the modified structure at ¢ = £180° serves us as a nonpolar refer-
ence. The set of black dots represents individual APg’erry calculations
that fall on one of a range of equivalent branches. The gray dotted
curve shows how we collect these calculated data to extract the vari-
ation with rotation angle of the actual spontaneous polarization 15,3’ .
Because this curve goes through the expected 13,;1’ =180~ 0 value, we
trust it to also predict the ES2 polarization as P, = |P?=" — p¢="%.

120 180

For some of the higher-energy conformer excitations (with
spontaneous polarization in unit-cell direction @) we only pro-
vide estimates of the polarization. Those estimates are based
on the structural similarity with ES2 and ES13 (noting also
that the density of polarization contributions is reduced). For a
GS PVF crystal (existing at vanishing temperature 7 — 0) the
polarization must disappear and we expect that the computed
values, [PS3| < 0.5 uCcm™2, may well be just be a conse-
quence of ‘numerical noise. For the ES2 motif, we predict

TABLE IV. Spontaneous polarization of the PVF GS candidate
and of the metastable orthorhombic conformations, in uC cm™2;
Values in parentheses arise instead in unit-cell directions a and are
estimated (see text). For each conformer we also list the associated
(per-monomer) excitation energy, AE;, relative to the GS, in meV.
We combine these data to establish an upper theory-based limit
(P)(293) for the PVF spontaneous polarization at room temperature,

assuming an orthorhombic structure.

P, B B% AE;
GS ~0 —0.4 -1.0 0
ES1 4 3.4 -0.5 5.6
ES2 19 18.2 -13 6.7
ES6 (12) 9.7
ES11 (12) 17.2
ES13 17 17.7 0.3 22.8

(P)(293) =3.5
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the spontaneous polarization to be P, ~ 19 uCcm~2 along
unit-cell axis b (see Table IV). This value is comparable to that
predicted for 8-PVDF, 19 uC cm~2 [6]. The 8-PVDF theory
value is substantially higher than the actual measured polar-
ization value of 10 uC cm~2 obtained by circuit measurements
for solid-state coextruded films S-PVDF [125]. Such theory-
experiment differences are expected also for PVF, since one
cannot expect a perfectly crystalline preparation. Because the
crystallinity of semicrystalline PVF is about 50%, we antic-
ipate that the practical polarization limit for PVF will likely
not exceed 50% of that computed.

For PVF, we find that there is only a small difference in
the per unit-cell energy of different orthorhombic motifs in
relation to the GS motif. Table S.I of the SM [78] reveals
that the volume differences do not exceed 1% when switching
among these mutually compatible low-energy orthorhombic
conformers. It is therefore possible that some of these motifs
will coexist in a crystalline block of the PVF system.

To compute an upper (theoretical) limit for the PVF
polarization at finite temperature, we resort to equilib-
rium statistical mechanics. This treatment is subject to the
experimental observation that the crystalline blocks are or-
thorhombic. For the orthorhombic motifs (GS, ES1, ES2, ES6,
ES11, and ES13 identified in Table S.I of the SM [78]) we find
increasing per-unit-cell binding energies,

Eizo = Egs = Ebind,Gs» (7N
E; = Egsi = Ebvind Esis (3)

and per-unit-cell motif-excitation energies,
AE; =E; — Eio, 9

that are smaller than kg7 at room temperature (25.25 meV).

In a dramatic approximation, we may consider each
orthorhombic-conformer unit cell as loosely coupled, each
being an independent subsystem with a polarization P} spe-
cific for the motif. We may then assign Gibbs-free energy
weights [126,127],

e~ AEi/ksT
gi(T) = W, (10)
J

and arrive at an upper-limit estimate for the polarization using

(PYT) =) g/T)P,. (11)

i=0

For a PVF crystalline region, at room temperature, a plau-
sible upper-limit estimate (P)(293) = 3.5 uCcm™2 emerges
when we limit the sum in Eq. (11) to i < 2 (thus including
only the GS, ES1, and ES2 conformers). For comparison,
if we were, in fact, to treat each unit cell as a nearly de-
coupled subsystem (i.e., include all orthorhombic conformers
with nonzero spontaneous polarization P, in Eq. (11) with
the stated weights) the upper-limit estimate would instead
become (P') = 5 uC cm~2. However, the local PVF structures
in neighboring unit cells cannot rapidly change given the
strength of the covalent carbon-carbon bond. It is unclear
how large the structural coherence length is in PVF, but the
zig-zag line of carbon atoms in a chain is unable to rotate or
alter its registry relative to neighboring chains at every 2.56 A

repetition period along unit-cell direction c. Treating each unit
cell as a subsystem (as implicitly done in (P’)) overestimates
the entropy and consequently also the importance of struc-
tural variations at room temperature. This suggests that the
3.5uCcm™ value is the more relevant upper-limit estimate,
although that too is based on a crude model.

Nevertheless, from the statistical-ensemble analysis we
conjecture that (1) PVF may be poled to have a small net
polarization at room temperatures and (2) the best-possible
PVF polarization value remains considerably smaller than the
best-possible B-PVDF (single-crystal) value, predicted theo-
retically at 19 uC cm~2 [6]. We also observe that our finding
of many nearly degenerate PVF polymer conformers suggests
that a would-be PVF polarization will depend critically on
sample preparation.

V. SUMMARY AND CONCLUSION

We apply first-principle DFT with a nonempirical, vdW-
inclusive functional to explore the orthorhombic phases of
two partially fluorinated analogs of PE: PVDF and primarily
PVE. For PVF, there is synthesis but incomplete experimental
characterization. It must therefore be considered a complex
matter problem: We do not fully know the structure and have
no direct way to use DFT to predict properties.

Accordingly we have worked to first identify the PVF
structure and then to predict properties (binding energy, lat-
tice constants, elastic response, as well as the spontaneous
polarization value). This is done by identifying a set of rel-
evant initial guesses for the orthorhombic PVF structure and
by tracking variable-cell and atomic relaxation using the CX
functional.

We find a plausible orthorhombic GS structure for PVF
with lattice constants a = 7.26 A, b = 5.18 A, and ¢ = 2.55
A, similar to that of S-PVDF and PE. We also determine
the elastic stiffness constants of the PVF GS to validate our
structure predictions for the motifs, using a set of Born criteria
that we find satisfied to about the same extent that they are for
the related S-PVDF.

Finally, with the structure determined and analyzed, we
compute the polarization response and find that it vanishes
in GS PVF and may at most rise to a moderate value at room
temperatures (because PVF does have low-energy conformers
that are polar). We find that even under ideal conditions,
it is unlikely that PVF can match the good spontaneous-
polarization properties that are known for the closely related
B-PVDF systems.
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APPENDIX: STRUCTURAL MOTIFS PVF GROUND STATE

We use the efficiency of modern DFT codes like QE to
address the soft-complex-matter challenge of PVFE. It is a
soft-matter problem for while there are strong covalent-ionic
bonds within and along the chains, they are held together by a
competition between vdW attraction and steric hindrance. It is
a soft-complex-matter problem for while it is known that PVF
is orthorhombic, there are no single-crystal samples to fully
reveal the structure of the lowest-energy unit cell(s).

Our solution strategy is to focus on understanding the
details of a would-be PVF single crystal, be it for the lowest-
binding-energy GS or an ES conformer. The paper thus
involves defining a database of plausible PVF motifs. The
overall idea is to use DFT to accurately compute and imple-
ment relaxations specified by associated predictions of forces
and stresses [128]. In essence, we adopt an idea that has been
used early for a computational search for metastable alumina
phases [20], and in turn to predictions of alumina surface
terminations [129-131], of seeded growth [132,133], and of
graphane stacking [81]. In those problems the forces are all
strong and of a covalent-ionic nature. Here, we require a vdW-
inclusive DFT (such as the CX functional that we use) and
for which QE permits both full-stress and constrained-stress
implementations of variable-cell calculations [6,128,134]. A
vdW-inclusive prediction of CO, adsorption in functionalized
metal-organic frameworks [21] provides a related example
of addressing soft-complex-matter challenges by using DFT-
based predictions for relaxations. However, we may now also
have dramatic changes in the basic structure (as indeed found
for some PVF motifs).

In practice, we define a set of candidate structures (initial
guesses for the PVF unit-cell structure that are inspired by the
also orthorhombic PE and B-PVDF crystals) and—upon full
relaxations in the parameter-free CX functional—we identify
and prune redundancies to define actual PVF motifs. Finally
we sort by their predicted binding energies to find a plausible
guess for the GS structure as well as relevant ES PVF con-
formers. The latter are the set of motifs that (like GS) retains
the orthorhombic unit-cell geometry and have an energy suf-
ficiently close to that of the GS, so they may coexist in actual
PVF at room temperature.

Figure 5 shows a schematic of how we set up 24 candi-
date structures, with labels A through X. They start out in
orthorhombic unit cells (before we turn on CX relaxations).
All of these initial guesses contain two CFH-CH, units, one
per chain. However, half of them have the F-atom position
shifted between the chains and half of them have (initially)
the F atoms sitting aligned at the same along-chain (c) coor-
dinate. What is important is where these initial systems land
when relaxations define a set of 16 motifs (see below). With
regard to the relative F-atom positions, some motifs remain
or become "shifted" (earning a subscript s) and some have a
same-c-plane organization (earning a subscript p).

FIG. 5. Initial structure guesses for two-PVF-chain unit-cell
structures that upon relaxation produce actual PVF motifs. The latter
are in turn candidates for the set of relevant PVF crystalline con-
formers. We consider different relative F-atom placements on the two
chains and subsequent rotations of one chain relative to the other
(upper group of panels). Initial guesses A through L (M through
X) consider such cases when the F-atom position on each chain is
shifted one-half unit-cell vector ¢ from (is aligned with) the other, as
illustrated in the lower left (right) panel.

Table S.I of the SM [78] lists, for every initial guess, a
set of characteristic properties of these PVF states. It is an
overcomplete motif-candidate collection, where we use the
label subscript (p or s) according to the relative position of
the F atoms and a superscript to identify whether we can
expect a significant polarization. We also there record the
final-state unit-cell symmetry, volume, and total-binding en-
ergy. We group them into combined motifs (as also reflected
in the table) if (1) their energy differences are within 0.5 meV
and the volume differences are smaller than 0.1 A3, if (2)
the polar/structure discriminators agree, and if (3) we can
find a transformation (a combination of unit-cell translation,
reflection, or rotation) that relates the structure seen in one
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FIG. 6. Energetics of relaxation for the set of PVF motifs that leads to our prediction for a plausible GS and for related metastable polymer
conformers. The Appendix discusses the nature and structure of these motifs or initial guesses. The y axis shows the polymer binding energy,
Eq. (1), as predicted in CX calculations under full variable-cell and atomic relaxations.

final case with that of another. We caught significant redun-
dancy for what we identified as GS, ES1, and ES2, and some
for higher-energy motifs, denoted ES3-ES15. Except for the
ES3 member, the energy difference to GS is larger in the
latter groups. ES3 and several of the higher-energy motifs
are nonorthorhombic and therefore not structurally compati-
ble with observations, nor with our GS motif. We ignore these
motifs in our finite-temperature modeling.

Figure 6 reports an overview of binding-energy changes
that arise as initial-guess structures relax into actual motifs.

Different initial guesses do evolve into the same motifs and a
significant part of the paper is that of pruning for redundancy
after our "motif-production” stage (see SM [78]). We name
those by the letter (for example G for what turned out to be
the GS motif) of the first-labeled initial guess that produced
it. Once we have ensured full unit-cell and atomic relaxations,
we order the resulting motifs by increasing energies as GS,
ES no., i.e., the label for our figure ordinate. Also, we use
a square symbol to identify those structures (initial guess or
motifs) that are orthorhombic (as is actual PVF).
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