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ABSTRACT

PVDF (polyvinylidene difluoride) is a well-known piezoelectric polymer that has
nine polymorphs. This work reviews these polymorphs with respect to their thermal,
mechanical and dynamical stability. Here, it is demonstrated through DFT calculations
run by the VASP program that the (B) form (also known as 1p) has the highest dielectric
constant, yet thermodynamically it is not the most favored form. My research on
poly-amino-di-fluoro-borane (PADFB) is based on results obtained from PVDF analysis.
PADFB has a structure very similar to that of PVDF. PADFB is not fully understood but is
expected to have higher dielectric and piezoelectric constants. This work showed
that PADFB also has nine stable polymorphs. One of these, 2pd(y), showed to have the lowest
internal energy and highest piezoelectric property of PADFB polymorphs. PADFB
has a very wide bandgap, which makes it a transparant, nonconductive piezoelectric material

with huge potential in the smart screen industry.
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INTRODUCTION

The demand for energy grows every single day. The current energy demand is
calculated to be 13 541 Mtoe (157481830 Watt/Hour)[2]. The increasing energy demand
results in researcher seeking more innovative ways to harvest and transmit energy for
both macro and microscale devices[3]. microscale devices are used as an implant in vivo
where only available power sources are limited to mechanical and biochemical energy.

Piezoelectric materials are materials that respond to external pressure with an
induced electric field proportional to the applied mechanical stress. The word is
originally Greek and means “pressure electricity” which is an excellent description of
the material’s character. Through literature, adaptive material, smart material, intelligent
system and similar terms used, because of the material’s response to pressure or electric
field. This response could be utilized to perform specific tasks. Examples of such usage
are microphones sonar, quartz watches, and cigarette lighters [4]. The piezoelectric effect
is a reversible and repeatable phenomenon. The reverse action of which strain is
produced in a material subjected to an electric field is called indirect piezoelectric effect.
The most widely known piezoelectric materials are ceramics which have a non-
centrosymmetric crystal structure. Out of the 32 total available crystal point groups only
ten crystal point groups “C1 ; monoclinic (Clh, C2) ; orthorhombic C2v ; tetragonal
(C4v, C4), trigonal (C3 , C3v) ; and hexagonal (C6 , C 6v) [5]” are none-
centrosymmetric and can be polar. The mentioned ten non-centrosymmetric crystals are
spontaneously polarized, and this character is named pyroelectric. Piezoelectric materials

are not new. The discovery of piezoelectric materials is dated back to 1880 [6]“Curie J



and Curie P” their importance was boosted with the development of micro-electro-
mechanical systems “MEMS” and their usage in portable smart phones[7]. An efficient
piezoelectric material would have high piezoelectric voltage constant and also high
piezoelectric stress constant (g) [8] Piezoelectric materials have different types, and the
standard type is ceramic piezoelectric materials with PZT “lead zirconate titanate” as the
most well-known example [9]. The next type is polymer piezoelectric materials which
started to gain more and more interest recently, especially with the introduction of
“MEMS.” The most known example of piezoelectric polymers is Polyvinylidene-
Difluoride, which has been reported for its good piezoelectric constants [10]. The idea of
having a hetero-structural material like polymer-ceramic composites of PVDF with PZT
is also another potential in the piezoelectric material[ 11]. The interest on polymer
piezoelectric material is not limited to energy harvesting. It might also be used as a
flexible nano-generator[12], in biochemistry PVDF utilized in bone growth by the effect
of electrical and mechanical simulation. [ 13] by controlling the piezoelectric effect of
PVDF bone growth can be monitored. PVDF is a candidate to be used as artificial blood
vessels[14]. Being a polymer with more flexibility than ceramics, PVDF is also used for
screening health issues such as cardiorespiratory function [15]. PVDF is also used as a
hydrophilic membrane [16] to assist phase separation liquid -liquid or liquid — solid
systems such as treating wastewater for water recycling[17]. Organic—inorganic
nanocomposite polymer electrolyte membranes such as PVDF-silica nanocomposite
membranes are also a good candidate for fuel cell applications.[18]. PVDF suggested for

use as a polymer gel electrolytes in lithium-ion batteries also[19]. PVDF commercially



produced as a copolymer with TrFE (tri-fluoro-ethylene) in the form of ultrathin
nanowires[20] to make piezo-responsive material without the use of polling or
stretching. Other researchers used PVDF thin lamellae structure to improve the
performance for a non-volatile transistor effect. [21] or in nano-imprinting[22]. More
details about modern Nano-structured processing techniques can be found in the
literature [23]. This increase in the interest of PVDF is related to a novel technique to
utilize Langmuir-Blodgett film production to make Nano-metric thick PVDF sheets.
Another recent study successfully produced transparent PVDF polymer sheets[24]. The
production of transparent PVDF could lead to the next generation smart screen
applications. Given all these applications, are developed and in development for PVDF.
Many different works through literature are done to improve the performance of PVDF.
Ishida [25] successfully produced and patented a new material called poly-amino-di-
fluoro-borane (PADFB) This new structure is claimed to have better piezoelectric
properties because of changing the carbon backbone with Nitrogen and Boron. One of
the earliest theoretical works PADFB [26] suggests a hundred percent improvement in
piezoelectric properties compared with PVDEF. Through this work, using VASP as a
computational tool, this claims is investigated.

The anisotropy characteristics of Polyvinylidene-Difluoride which is a
requirement for piezoelectric properties were first experimentally measured by Fukada
in 1971 [27]. PolyVinyliDene Fluoride (PVDF) gets piezoelectric characteristics from
unbalanced dipole moments resulted from elements different electronegativity. In the

case of PVDF, the electrons of the covalent bond between the high electronegative



Florine (EN = 4) atom and the less electronegative carbon (En = 2.5) atom is not equal
but is rather drawn towards the fluorine atom (The C-F bond is approximately 43% ionic

bond). According to Eq. 1

—(En,— Eny)?
%Ionic =100 X (1 — e + ) Eq. 1

The uneven electron distribution renders the fluorine to be negatively charged.
The opposite is true for Hydrogen Carbon bond that the Hydrogen gets a partial positive
charge. As a result of the partially positive hydrogen and partially negative fluorine
charge, a dipole vector can be drawn from the negative fluorine atom towards the
positive hydrogen atom. The % ionic character for all ionic bonds through this work

measured by Eq. 1, and is mentioned in Table 1.

Table 1 % lonic Character for bonds present in both PVDF and PADFB

Bond type Electronegativity % ionic character
CcC-C 25-25 0

C-H 25-2.1 4

N-H 3.0-2.1 18

N-B 3.0-2.0 22

C-F 2.5-4.0 43

B-F 2.0-4.0 63

The magnitude of the dipole vector is the product of the charge difference to the
distance between the atoms as in Eq. 2.

p=gq.d Eq.2



Where q is the charge difference and d is the distance between the charges. p is
an electric dipole. For the sake of illustration, the simplest dipolar molecule CH>F»
“Difluoromethane,” is drawn and the partial charges are calculated using Gaussian
package [28].Figure 1 shows the magnitudes of the partial charges differences and the
total dipole vector as a result of this charge difference (Left). The figure also shows

electron density map of the electron around the molecule (Right).

Figure 1 An illustration of the concept of dipole formation due to unbalanced charge distribution in Difluoromethane molecule
CH,F,

Similarly, torque and potential energy are defined by Eq. 3 and Eq. 4
T=pXE Eq. 3
PE = —p.E Eq. 4
where 1, is the torque exerted on the dipole when placed in an electric field E. PE is the
potential energy of the dipole as a result of being in an electric field. Polarization is
defined as the total number of all dipoles in a unit Volume Eq. 5.
P=N.p Eq. 5
The approximation that the induced polarization of the molecules is always

linearly related to Electric field is a valid approach. However, a better relation is given



by[24] through Eq. 6 in which polarization is a nonlinear function of the field strength E,

(introduced Tayler series to polarization)

1 1
P = aF + EBEZ_*_ EVE3 Eq.6

Some remarks to make regarding Eq. 6 that is the equation is valid for a material
where all is composed of dipoles, or the dipole fraction in the material is constant. Many
materials may have different dipole concentration that is a dipole concentration factor

(N) can be added to Eq. 6 to get Eq. 7
1 1
P = N(aE + E'BE2+ gyE3) Eq. 7

where (0, B, y) are polarizability tensors for simplicity one may consider the case where
(B and v) have small contribution, and the polarizability is denoted as in Eq. 8
P = NaE Eq. 8
It is worth mentioning that the polarizability is not constant for material, but it is
a function of three components as shown in Eq. 9
Atotal = Qdipole T Aionic T Aetectronic Eq. 9
When placed in an electrical field with the low frequency the Difluoromethane
molecule CH2F> rotates as a result of the torque it may experience according to Eq. 3 and
the molecule adjust itself to the field to minimize its energy according to Eq. 4. In such
low frequency, all components of polarizability tensor contribute to the total
polarizability tensor value. At higher frequency, the molecule will not have enough time
to rotate totally, but the atoms may change their position to minimize their energy. At

that point, just the electronic and ionic components contribute. For even higher



frequency just the electronic contribution is available. To illustrate the dipole moments
of four different structures, which are CH3;CH3z, CH3CHF>, NH3BH3 and NH3BHF>,
calculations are done using B3LYP[29,30] DFT theoretical method and 6-311+G(d,p)
basis set parameters to show the relative difference between these different structures
dipole moment. The dipole moment computation, shown in Table 2, is done for the sake
of comparison, the obtained results absolute value is not to be taken as a reference. The
effect of electronegativity on total dipole moment are of importance in illustrating the
dipole moment difference hence piezoelectric characteristics. When comparing PVDF
structures to PADFB structures, as shown in Table 2 the higher the electronegativity
difference between participating elements the higher total dipole moment the molecule

would have.

Table 2 Importance of electronegativity in determining the dipole moment of different structures

CH3CH3 CH;3;CHF; NH3;BH3 NH;3;BHF;

H(@. bi(e.387) H(2.388 X (0.388)

B(8 g
H(W&»a Yezo.ade) F(yﬁ(-" ):33)

0.00 (Debye) 2.52 (Debye) 5.44 (Debye) 5.99 (Debye)




The concept is clear for a single molecule; however, as the molecule gets bigger
to form chains of monomers, it would have more degrees of freedom. A similar work
comparing chain length effect on dipole moment is done by Wang and Fan[31] showing
PVDF monomer to have a 2.17 Debye dipole moment and PADFB monomer to have
5.74 Debye dipole moment which is relatively in line with results presented here as
different computational methods and parameters are used. Wang and Fan[31]work also
suggest increasing chain length would decrease dipole moment per monomer for PVDF.
What is obviously observed different configuration of the molecules may result in

various polarizability values. For a trimer of VinyliDene Fluoride (VDF), there is more

Figure 2 Trimer of VinyliDene Fluoride in all trans configuration (A). Having a cis configuration (B)

than one possible configuration as shown in Figure 2. If the dihedral angle between four
consecutive carbon atoms is 180°, the structure is called trans, and if the dihedral angle
between four consecutive carbon atoms is 0°, the structure is called cis. The total energy
of the system and the calculated dipole moment for both configuration using Gaussian
package [28] is calculated to be very different. While the dipole moment for all trans
structure calculated to be 6.7 Debye, the dipole moment 4.5 Debye for the cis structure
was calculated. The direction of the dipole moments for both structures is also shown in

Figure 2. The calculations are done using B3LYP[29,30] DFT theoretical method, and



6-311+G(d,p) basis set parameters to show the relative difference between their dipole
moment not to be used as a reference for absolute value.

The concept of cis and trans are mostly studied in polymers with rigid
backbones, such as having a double bond or a triple bond in between two sequencing
carbon atoms. It is generally, less significant in molecules having a single carbon —
carbon bond, due to ease of rotation around the bond and change of configuration.
Although the bond between carbon atoms in PVDF is a single bond and rotation around
it is not supposed to be hard, in reality, the effect of the dipole moment of the same
molecules crystal image on the molecules makes it hard to rotate around the single bond.
The main difference between proposed different crystal structures of PVDF is the

arrangement of the molecules in cis and trans configurations. To get an estimate of the
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Figure 3 An energy scan for dihedral angle of a VinyliDene Fluoride trimer showing total energy of the structure relative to
minimum possible configurational energy of the molecule

energy required to rotate the dihedral angle from 0 angles (Cis) to 180 angles (trans) in

actual bulk material, the energy needed to turn a single dihedral angle in single chains



with different angles is calculated Figure 3. A similar calculation is also possible for
PADFB structure. The aminoborane oligomers angle energies calculation is also
available in the literature[32]. It is worth mentioning Aminoborane polymers are not the
only possible piezo-electric system. Boron-nitride nanostructures[33] boron-nitride
nanotubes (BNNTSs) [34] are other possible piezoelectric materials inspected in literature.
Boron-nitride nanotubes are similar to amino borane in formula and similar to carbon
nanotubes in structure, and they can are successfully synthesized [35]. Regarding Carbon
nanotubes, many exciting features are reported[36,37] yet it is not piezoelectric.
Single chain rotation energy calculation

Single chains were first investigated to get an insight into the bulk material and
the effect of different angle on crystal configuration. A single chain calculation does not
necessary reflect the crystal structure. The absence of potential field from the molecule
images residing in the crystal lattice results in a more relaxed structure. The cis and trans
configurations are not necessary at the minima of the potential field. Figure 4 shows the
relative energy difference for a trimer of VinyliDene Fluoride as a function of the change
in the dihedral angle. As expected, the minimum energy was not at the exact trans or cis
configuration. A small tilt in the trimer dihedral angle enables the structure to
rearrangement same charge molecules to increase the distance between them in order to
decreases the total energy of the system. The calculations are done using Gaussian
Software[28] with B3LYP[29,30] DFT theoretical method and 6-311+G(d,p) basis set.
The energy difference between the highest energy configuration and the lowest energy

configuration is about 1.17 kcal/mol for this calculation. The energy difference between
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two minima is important as it gives an idea about the probability of finding one form

more frequently than the other form. The energy difference between the upper two

Higher energy (4.05 kJ/mol)
minima structure. Close to all
trans angle

9

Lower energy minima structure. It has a cis angle
in the structure.

Figure 4 Both of the higher pictures are for the same semi all trans structure at a local minimum. the lower pictures are for another
structure with a dihedral angle closer to 180 and with minimum energy.

minima and the lower two minima is about 0.80 kcal/mol. It is important to note that the
figure is symmetric about 0 angle value (cis configuration). Other computations are also
performed with longer chains in order to investigate the effect of chain length on energy
change. Calculations for a tetramer and a pentamer, along with angles energy difference
were done. For the sake of illustration, the two minima for the pentamer is shown in
Figure 4. The energy scan for the tetramer and the pentamer is not shown here as they
are extremely similar to Figure 3 with an energy difference between the two minima of

0.86 kcal/mol for the tetramer and 0.97 kcal/mol for the pentamer. The longer chains
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show higher tendency to form a cis configuration. A similar graph with different
computational parameters is available in the literature[38].

To illustrate the significance of this difference it is important to do a Boltzmann
population of states calculation to get an estimate of the probability of finding a
particular conformation for a given polymer. It is important to note that the middle
dihedral angle is not the only angle capable of forming cis configuration. Any
combination of trans and cis is possible. Here only the central angle is kept variable for
the sake of comparison. The possibility of forming any state over all possible states is

given in Eq. 10.

Possibility of state i e kT

Possibility of all states Zne_ﬂ Eq. 10
i

The equation can further be simplified for the case of only two possible states
such as the states of the two vinylidene-fluoride trimer configurations Eq. 10 reduces to
Eq. 11.

Possibility of state 1 —E2zEy
=e

= KT
Possibility of state 2

Eq. 11

Given k = 1.38 x 10* (J/atom. K)[39] for room temperature (25 C) , kT is given
to be 2.4756 kJ/mol. Or 0.59 kcal/mol Substituting these values into Eq. 11 [40]. The

ratio of states is given to be

M oG55 = 0.26
L= e =0 Eq. 12

This is very close probability difference. This result is in line with results

obtained from Holman’s work which reports “(g/t = 0.82 for the annealed and 0.73 for

12



the hot polymer)”’[41]. In average, out of 100 VinyliDene Fluoride trimer, 35 of them
have trans angle the rest will have a cis angle. The results of this calculation draw a
couple meaningful conclusions.
e The cis conformation is more favorable than the trans conformation
thermodynamically.
e The trans conformation has higher dipole moment compared with the cis Crystal

structures for PVDF

Based on Karasawa’s [1] work PVDF has a total 9 crystal structures. Four of
these structures can be observed physically and named as (a.,f,0,y); the other five
structures are computationally and theoretically possible. The nine crystal structures all
have positive definite elastic constant tensors, and they all have positive phonon
frequencies [1] which show that all of these crystals would be stable if they are able to
be produced. Karasawa’s [1] work, suggests that structure 3 is the most stable structure,
and it is the structure with the highest piezoelectric constant. For this work, the crystal
structure for B PVDF was obtained through The Cambridge Structural Database. The
initial crystal parameters were observed by X-ray in 1966 by Lando[42], and those
parameters were adapted as an initial guess for the structure of PVDF for the present
work. The nine structures proposed are investigated in details in this report to further
obtain information regarding their energetical, mechanical and dynamical stability. This
information along with all physical properties of the § form of the material is measured
and compared with the properties reported in the literature. The results of that

comparison along with information through literature review are to be used as bases to
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Figure 5 Torsional potential curve of CH;CF,CH,CF; by Karasawa showing gauge and trans angles to be the most stable states (cis
is 0 torsional angle)

guess possible crystal structures of another polymer called poly-amino-di-fluoro-borane
(PADFB). The coordinates and crystal parameters for the 9 PVDF structure crystals were
collected from the literature. [14,43-47] for the first guess. The conventional notation for
PVDF crystal structure are (o, B, 8, v); However, by introducing more crystal structure, a
better notation is required to cover all structures. Karasawa [1] proposed the use of T, TG
and T3G. This notation is based on the fact that after making calculations for the
torsional angle he found trans and gauche to be the local minima. Using limited available
resources calculation, he draws Figure 5 [1] which clearly indicate that the only stable
angles are at trans and gauche and gauche prime. With increasing computation resources,
the more accurate calculation is feasible today. Using the same Hartree-Fock ab-initio
method with a basis set of 6-31 and with a diffuse function on both heavy atoms and
hydrogen. The calculation is mimicked but allowing the atoms to rearrange in every step
with angle change to minimize the total energy of the system. The results of the

calculations shown in Figure 6. The structure that has all bonds in trans configuration is
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Figure 6 Recalculating the torsional potential curve of CH;CF,CH,CF;by Karasawa showing gauge and trans angles to be the
most stable states and cis “at 0 torsional angle” to be in comparable energy with trans.

a (P) structure with highest dipole moments. It is denoted as I or 1p because it has only
one type of angle which is all trans. The dipoles are all aligned parallel to each other the
graphical representation for all PVDF and PADFB structures are found in Appendix L.
The second possible structure is where the angle between two consecutive units change
between trans and gauche. This configuration has four different possible arrangement. A
unit cell contains two groups of VinyliDene Fluoride (VDF) dimers. These two dimers
can be arranged in a way that their dipole moments are in the same direction. That is, the
third and fourth structures (2pd,2pu) are parallel to each other as it can easily be
observed in Table 16 first column figures. Contrary the structures in the first and second
raw (2ad,2au) are anti-parallel. The two dimers can arrange in a way that a successive
monomer is in the same direction (up then up) or the next monomer in the chain is
organized in the opposite direction to the first (up then down). The (up , up) arrangement
is denoted by (u), and the (up , down) arrangement is indicated by (d). Comparing the

first and second row figures in Table 16 third column. One can observe the difference
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between u and d arrangement. Similar notation is used for the other remaining four
crystal structures. They all have three trans angles with one gauche (TTTGTTT G’)
or anti-gauche. The same crystal structures of PVDF were suggested for PADFB
calculations. The exact same notation for PVDF was used for PADFB structures.
Dynamical stability

The dynamic stability is an important criterion to determine whether a material
can maintain its physical form or not. Any material is required to be stable to exist in a
particular form in nature. To best illustrate the concept of dynamic stability two
approaches are discussed here. The continuum approach (found in appendix V) is
simpler to understand yet basic while, the quantum approach is more detailed with
comprehensive equations.

Dynamic stability quantum approach

Just like electromagnetic waves are considered to be a stream of photons. Elastic
sound waves are streams of phonons. Having their energy and momentum, phonons
speed of travel is the speed of sound in that medium[48]. The total number of vibrational
modes for any materials is related to the number of atoms present in the unit cell. That is
the total vibrational modes are given by Eq. 13

Total number of independant vibrational modes = 3n — 6 Egq. 13

Crystal solids are not continuum mediums but rather atoms residing in their
respective lattice positions. The static lattice model that assumes atoms residing in their
respective positions without taking their vibration into account is useful to determine

many materials properties including chemical properties, material hardness, the shape of
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Figure 7 One-dimensional lattice

crystal and optical properties. However; some other properties such as thermal
expansion, phase transition, transport properties and superconductivities cannot be
explained using static model, but lattice dynamics is required to explain them. [49]. For
simplicity, one-dimensional space with atoms residing in single dimensional position is
considered in Figure 7. Every single atom is connected to the other two atoms by a bond
with the stiffness of a (interatomic force constant, not to be confused with the
piezoelectric constant). The distance between an atom and its neighbors is one lattice (a)
long. with increasing the temperature higher than absolute zero Kelvin the atoms get an
extra energy. This energy can get either into potential energy or the kinetic energy. With
atoms vibrating around their equilibrium position their kinetic energy would be highest
at the exact distance of single lattice from balance and their potential energy would be
lowest at that point. Their kinetic energy would be lowest but their potential energy
highest where the distance between the two neighboring atoms is longest or shortest. To
formulate this equation, think of atoms 2 and 4 in Figure 7 to be stationary but atom 3
vibrating about the equilibrium lattice. Using simple Newtonian equations of motion, the
total force acting on the atom is proportional to its acceleration through Eq. 14. The

derivation is adapted from [5] and [48]
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d?uy
dt?

= a(uy, —uz) — alus — uy) Eq. 14

By rearranging Eq. 14 one gets Eq. 15

d?u,
dt?

= —a (2u; — uy — uy) Eq. 15

Given that M is the mass of an atom, the equations of motion for these atoms can
also be calculated. Eq. 15 is a second order differential equation with t and x being
variables that represent time and space respectively. To solve the equation, a solution in
the form of Eq. 16 is proposed

Uy (t) = C,elkmx—wmb) Eq. 16

For this particular 1 dimensional case m =1, 2, 3, ... N where N is the total
number of atoms in that direction. X is the position of the atoms, and for us it is 3a at
equilibrium. For j atom it is j.a where a is the equilibrium distance between two lattices.

The solution for Eq. 17 is in the form of Eq. 17

4a | kja
wj = m |51n7 Eq. 17

There are many implications for Eq. 17. The One that directly related to this
work is the fact that only positive frequencies are to be expected in the dynamically
stable system. the general framework analysis for dynamic stability, however, has to take
into account the possibility of more than a single type atom in more than one dimension.
The general case discussion is based on chapter 3 and chapter 6 of “Introduction to
lattice dynamic” by Martin T. Dove. For more details, one can refer to the reference

book.[49] considering the case of diatomic chains where two atom types “having mass
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Figure 8 Representation for a diatomic chain in 1D

M and m” are connected to each other with two type of bonds that have different
stiffness G and g, as shown in Figure 8. The total harmonic energy for the system is

given by Eq. 18
1 2 2
Eenergy = 2 Z[G(Un — Uy’ + g (Up-—q — Uy )?] Eq. 18
n

The equation of motion can be written as Eq. 19and Eq. 20

d2%U 0E

0%U J0E
atzn = ;71119:1‘9)/ = —g (Up — Upy1) — G(up, — Uy) Eq. 20

Using the similar general solution for monoatomic one gets Eq. 21 and Eq. 22

Un(t) — z U_kei(kna—wkt) Eq, 27
k

un(t) — z u—kei(kna—wkt) Eq, 2
k

where k is wave number ok 1s the angular frequency for a given mode, Uk and uy are the
two amplitudes for a given mode. Inserting terms defined by Eq. 21 and Eq. 22 into Eq.

19 and Eq. 20. Both Eq. 23 and Eq. 24 are obtained

—Mwi U= =G+ QUi + (G + ge ' *D )z Eq. 23
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—mop i, = —(G + 9)ux + (G + ge'*D)U, Eq. 24

Now the terms can be fitted into a matrix

(Mw,% —(G+g9) G+ge kD ><U_k> 0

The solution for this two equation is found by taking the determinant of the

matrix and equating it to zero to get Eq. 26

M +m)(G + g) . (M +m)*(G + g)* — 16MmGg sin®(ka/2) )*

w2 =
k 2Mm 2Mm

Eq. 26

To transform the solution obtained for a diatomic structure to an n atomic
structure same procedure but with modification is followed. The first modification is to
change some variables. Let

E= M"U,;e= m'lu, Eq. 27

So, the equations of motion (Eq. 23 and Eq. 24) can be rewritten in matrix form as.

E\ o _ E
(e)'wk_D(k)'(e) Eq. 28
where D(k) is defined with
G +9) G + ge ko)
M (Mm) /2
D(k) = .
( ) G +g€l(ka) (G +g) Eq 29
(Mm)'/2 M /

For the case of two atoms, the solution has two frequencies that are w? and w3
So if the solution is implemented into Eq. 28 and Eq. 29 one gets Eq. 30
eQ=D(k)e Eq. 30

where e and Q are defined by Eq. 31
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E, el) w? 0
= Q) =
= (2 2= (T Fo 3

Eq. 30 can be rearranged in the form of Eq. 32 to find the eigenvalues
Q=e1.D(k).e Eq. 32
The detailed derivation is available in the literature[49] but merely same Eq. 32
can be modified for N atoms instead of 2 atoms to have N eigenvalues in one dimension.
Furthermore, by modifying the equation to have 3 dimensions instead of 1 the number of
eigenvalues will be 3N.
w?(k,v) = e 1(k,v).D(k,v).e(k,v) Eq. 33
where e is defined by

Vm U, (1, k, v)
Vm, U, (1, k, v)

|
e(k,v) = i Vm, U, (1, k,v) Eq. 34

I

I

I

\\/EHUZ (n, k, v)/

And Q is defined by Eq. 35
w?(k, 1)

/ w?(k, 2)

k) = | 0?(k,3) \i Eg. 35
K o

w?(k, 3n)

Regarding the dynamical matrix D(k)

1 TANES ; .
P — § 1] k@G -r(jo
Daﬂ(]] ’k) - (mimj)l/z q)aﬁ (ll’) el oy U Eq 36
l,
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where j, denotes an atom in the I-th unit cell. This way interaction of an atom with image
atoms in the neighbor cell is also counted. Regarding the force constant, it is given in Eq.

37 and counted similar to Eq. 14

Ly aZE
®p (” ) = dicit L4 Eq. 37

W) ou,(jD) dug (')
The force constants are obtained through finite displacement calculations. Force
constants have to be positive as they act on atoms to remain in their most stable position.
The negative force constant on the other hand derives the atoms to move in the absence
of any external force. This movement leads to instability in the material. For simple

systems, the relation between force constant and frequency of oscillation is given by Eq.

a
w= |- Eq. 38
P q

where o is the force constant and p is the reduced mass. This relation depicts why

38

in the presence of negative force constant the oscillation frequency becomes imaginary.
The phonon dispersion plot for smallest structures of PVDF 1p’ (Figure 9) and PADFB
1p’ (Figure 10) are shown. The eigenvalues and eigenvectors for both structures along
with the phonon dispersion for all other polymorphs of both PVDF and PADFB are
given in Appendix IV. Since the unit cell for the smallest possible unicell for either
PVDF and PADFB has 6 total atoms, the total number of modes are 18. However, based

on Eq. 13 the should be a total of 15 independent modes. In other words, three of these
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Figure 9 Phonon dispersion for PVDF for the smallest possible unit cell having all trans angle /p’ (2C, 2 F, 2H)
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Figure 10 Phonon dispersion for PADBF for the smallest possible unit cell having all trans angles Ip’ (1B, IN, 2 F, 2H)

modes have to be translational. The details of the oscillation motion are given in

Appendix IV. The first two atoms are Carbon then 2 Hydrogen and the last two atoms

23



are Fluorine. The frequencies 15,16, and 17 seem to be translational. that is all of the
atoms are moving in the same direction. regarding the 18" mode. The two hydrogens are
moving opposite to each other, and the two Fluorine also move opposite to each other.
This is similar to what is observed by [50]. Regarding PADFB structure similar analysis
is done. The phonon dispersion for PADFB is given in Figure 10. Similar to PVDF there
are 18 modes, 15 of which are independent. The complete list of atomic motions related
to each of these frequencies at Gamma point is given in Table 92. The three modes
16,17,and18 are all translational modes. There are no imaginary modes in the frequency
calculation that is bigger than ten meV. Moreover, all the structures regardless if they are
available in nature or not have yielded imaginary modes that are measured to be smaller

than ten meV. This suggests that all of them are stable dynamically.

Mechanical stability
F, .
A\/ﬂ |
| S
a
2
|:l
a

1

Figure 11 a force of Fr is acting on A; surface along with the components of the force are shown

The mechanical stability of a system is calculated through the stability of all
elastic constants. To illustrate the concept of elastic stability a brief overview of the

relation between the stress, strain and elastic constants are discussed here based on
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information from reference [5]. For an arbitrary three-dimensional shape/object, a force
acting on a surface can be separated into three components. Figure 11 shows a force of
Fr acting on the surface of A1 (Perpendicular to the a; axis) is resolved into its elements
of Fi, F2,and F3. These forces produce a stress on the applied area, and the stress

components are shown in Eq. 39, Eq. 40, and Eq. 41

Fy

011 = A_1 Eq 39
F,

017 = A_l Eq 40
F3

013 = A_ Eq 41
1

o111s stress on a surface that is perpendicular to a; direction as a result of a force
acting on the area parallel to a; direction. 612,and o3 are stresses on a surface that is
perpendicular to a; direction as a result of forces acting parallel to a; ,and a3 direction
create a torque Figure 12 . This results in defining stress to be a tensor with nine
components as shown in Eq. 42
011 012 013
o= <021 022 023) Eq. 42
031 032 033
The component o2 is the force acting on the surface perpendicular to a; direction

and in a; direction. unless this force is balanced by an opposite force the material will get
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Figure 12 Torque acting on an object

acceleration based on Newtons law of motion. that is 612 = 621 in the event of non-

accelerating object. Voigt notation[51,52] is used to simplify the tensor elements that is:
Gi1 = Ol, 022 = 02 033 = 03,

632 =023 = O4 031 =013 = 05, |O12 = 021 = Oeg|.

The stress tensor given by Eq. 42 gets the form of Eq. 43

011 012 013 01 0O Os
0= (021 022 023 |= |0 Oz O Eq. 43
031 032 033 O0s 04 O3
Similarly, the strain is defined the same way. That is the strain tensor is given by
Eq. 44
€11 €12 €13 &1 & &5
= |€1 €22 €3|=|% € & Eq. 44
€31 €32 €33 € & &3

Where €21, is the shear strain defined by the Eq. 26 and shown in Figure 13
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Figure 13 Shear strain

Y

Eij = a; Eq 45

Given v is the displacement of (i)th atom from its most stable position a;. Now
both stress and strain tensors are defined to be a first rank tensor the relation between

them can be shown to be a secondly ranked tensor. As in Eq. 46

o; = z}_ Cijg Eq. 46

The Cjj is the elastic constant with i, and j starting from 1 up to 6. The inverse of
elastic constants is the elastic compliance given by Eq. 48. Both matrices C and S are the
inverses of each other.

the C matrix is also named the stiffness matrix. The general form of Eq. 46 is
written in the form of Eq. 47

04 Ci6 €1
/02\ Cr1 Cyy Cyz Gy Gz Cy 52\
I

'03i_ C31 G35 C33 C34 Css C36J (33
= £,

Eq. 47
&5
€6
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g = stijo}' Eq. 48

The work done on a material is given[5] by Eq. 49

Ax £

F d(Ax) = f F xyde Eq. 49

0

Work = f

0

Using Hoock’s law and assuming linear response for F in any direction
Fi=0;4; = 4 Z,Cijgj Eq. 50
J

The total work done on a material with volume V (Vo = Ao * Xo) as a result of
stress acting in all directions on the outer surface of the material is given by Eq. 51. This

equation relates the total energy of a system to the strain of the material.

i Cijeg;

Eq. 51

The values for Cjj is the partial derivative of energy with respect to strain as in
Eq. 52

0%E
aSiaSj

1
Cij = V_o( ) Eq. 52

Max Born in 1940 [53] laid the foundation for mechanical stability conditions.
For simple cubic structure, the known required criteria for stability are
Ci1— Ci2>0
C11+2C,>0 Eq. 53
Cyy >0
These are the commonly known criteria. However, for this work 8 out of 9

crystal structures are quite close to being Orthorhombic (sides a#b # ¢, anglesa =0 =1y
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=90). That is the angles are quite close to 90 degrees. The last structure (3ad) is triclinic
as it has an angle close to 120 degrees. Born’s work was restudied recently by Mouhat
and Coudert [54] to restate the conditions for crystal stability to be.
1. The stiffness matrix should be definite positive that is (a’ C a = positive) for non-
zero column vector of a with n real numbers
2. The eigenvalues of the stiffness matrix have non-zero positive values
3. The stiffness should satisfy Sylvester’s criterion that is the determinant of the
upper — left k by k submatrix with 1 <k < 6 are positive.
4. Any arbitrary set of minors of C are all positive
Using this four criteria’s Mouhat and Coudert [54] have clearly stated the eight
required conditions for mechanical stability of orthorhombic systems to be,
Ci1>0;C,>0;C33>0; C4y >0; Cs55 > 0; Ce6 >0
C11C2 — CH >0 Eq. 54
C11C22C33 + 2C15Cy3C13 — C11C35 — CpCf3 — C33CF, > 0
Looking back into Eq. 45 it relates strain into displacement. Eq. 16 relates
displacement to wave number while Eq. 17 relates wave number to phonons frequency.
This concludes the relation between the three required conditions for any solid material
to maintain its stability. The dynamic stability that all frequencies have to be positive
based on Eq. 17. Mechanical stability most elastic modulus constants have to be positive
Eq. 52, Eq. 53, and Eq. 54 and the material have to be at its minimum internal energy

based on thermodynamics principles for Gibbs free energy.
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Piezoelectric properties
The piezoelectric stress tensor gjjk relates the two fields of stress and electric field

through the Eq. 55

3
0ij = z JijrEx Eq. 55
k=1

Whereas the expression for strain tensor is given by Eq. 56

3
&j = Z dijrEy Eq. 56
k=1

[55] has summarized the relations between tensors in his work given equations

(Eq. 57 and Eq. 58) which are IEEE standards 1987 [56]
D; = elE; + df,om Eq. 57
&k = diEj + Sgmom Eq. 58
One can rearrange it in matrix form to get it in the form of Eq. 59
2= {5 S]LC] Eq.59
sEllo
Where D is the electric displacement with units of (coulomb/m?2), E is the
applied electric field vector (V/m) both are three by one matrixes. ¢ is strain vector
(with no dimension) and o is stress vector (N/m2) both having 6 by 1 dimension in Voigt
[51]notation in which 1121, 2232, 3323, 23,3224, 13,3125 and 12,2126 . The
remainders are piezoelectric constants. €% is dielectric permittivity (Farad / m) which is
a three by three matrix. Here to mention ¢ is used in literature instead of e. yet it is not

preferred here to avoid mixing it with strain symbol. Piezoelectric coefficients d

(Coulomb/N) (3 by 6) and d° (m/Volt) (6 by 3). The last constant is s called elastic
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compliance. Here the symbols d and ¢ stand for direct and converse piezoelectric effects.
The (B) structure commercially and engineering wise is the most important structure, the
reason why its piezoelectric properties are repeatedly reported in the literature.
Piezoelectric tensor similar to elastic tensor is a function of temperature and strain rate.

Temperature and strain rate also affect polymer crystallinity ratio also[57].
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DATA ANALYSIS

Analyzing data obtained for PVDF

The data for 9 PVDF crystal structures were collected, and their crystal structure
calculation was done by the use of VASP [58] program. All raw data obtained are
presented in Appendix II

The thermodynamic stability comparison of PVDF polymorphs

For PVDF, two types of calculations are Possible. The first category is commonly
used through literature. That is to use semi-orthorhombic crystal structures with
minimum repeating units in the unit cell. For this kind of calculations, the beta structure
(1p) will have a total 12 atoms with 4 Carbon, 4 Florine and 4 Hydrogen. The second
type of structures (2ad,2au,2pd,2pu) have a total 24 atoms with 8 Carbon, 8 Florine and
8 Hydrogen atoms. And the third type structures (3ad,3au,3pd,3pu) have 48 atoms. The
reason for this unit cell atom number difference is due to cis, trans dihedral angle
sequence which makes it impossible to reduce the third type structures to be represented

with a smaller number of atoms. Table 3, shows energy comparison for this approach.

Table 3 Energy comparison of PVDF crystal structures

energy(Hartree) Relative Energy E relative E Volume (A%/repeat
(Hartree) Kcal/(Mol)  (per monomer)  unit)
1p(B) -67.817 -67.817 -21278 353 119.7
2ad(a) -135.857 -67.929 -21313 0.3 125.4
2au -135.857 -67.929 -21313 0.3 127.1
2pd(d) -135.854 -67.927 -21312 0.9 122.5
2pu -135.859 -67.930 -21313 0.0 123.1
3ad -271.326 -67.831 -21282 30.8 128.6
3au -271.235 -67.809 -21275 37.9 128.0
3pd -271.021 -67.755 -21259 54.7 147.1
3pu(y) -271.518 -67.879 -21298 15.7 114.1
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It is worth mentioning kT in room temperature is about 0.592 kcal/mol the
difference between the highest in energy and the lowest is about 30 kcal/mol. To get an
approximate possibility of each state Boltzmann state distribution formula can be used. It
is worth mentioning that the structures 3ad, 3au and 3pd have high energy compared to
3pu. This makes it hard for 3ad, 3au and 3pd polymorphs to be observed in reality. These
calculation results were relatively new, as the 1p (P) structure had energy higher than the
expected value and this is not what was reported by [1] or later in the literature by [59].
Compared to suggested works it is expected to have the lowest energy. Another
calculation with a new structure similar to 1p (f) has been studied to investigate energy
comparison problem, in-depth. The second type of energy calculation approach is
performed. The new calculation uses different unit cell than the first calculation. The
structures for the new unit cell have four monomers instead of one monomer in the
direction of carbon backbone. This gives an extra flexibility to the angle difference
between sequenced monomers. Then a small torsional angle is given to the new structure
in between two sequenced monomers. The new repeat cells get a number (4) as a suffix
to make them distinguished from the single repeat unit cells. The new structures are
shown in Table 15 - Table 18. Since they all have similar dimensions same KPOINTS
(meshing size) of 8 x 4 x 4 are used for all of them. The result of this new calculation is

shown in Table 4
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Table 4 All PVDF structures with the same number of monomers and total of 128 KPOINTS (Mesh size 8 x 4 x 4)

Name energy(Hartree) Relative Energy E Kcal/(Mol)  Relative E. Volume
(Hartree) (per monomer)  (A%repeat unit)
1p4(B) -271.26 0.34 239.76 29.97 458.80
2ad4(a) -271.64 0.00 1.31 0.16 463.81
2au4 -271.64 0.01 5.65 0.71 464.39
2pd4(5) -271.65 0.00 0.00 0.00 460.35
2pu4d -271.62 0.00 18.17 2.27 461.27
3ad4 -271.20 0.37 281.94 35.24 490.94
3au4 -271.52 0.12 80.34 10.04 460.17
3pd4 -271.26 0.37 240.55 30.07 473.50
3pud(y) -271.54 0.11 67.43 8.43 454.43

The same calculation with increasing the KPOINT numbers is done to illustrate
the effect of KPOINT number on the calculated energy. Figure 14 shows the effect of
increasing the KPOINT number on c relative internal energy for PVDF polymorphs
energy. In all these calculations, regardless of the methods, meshing size and statistical
differences, what obviously, repeated were the fact that () structure was not the lowest

Effect of KPOINT number in measured energy
¢ 32*16*16 16 *8* 8 8*4*4

= N W b

o O o o
o

(o4}

Kcal/mol.monomer

()

o
Different structures myPVDF

Figure 14 The change of calculated internal energy based on increasing KPOINT mesh from 128 points to 8192 points

energy polymorph. The structures of 3ad, 3au and 3pd have relatively higher energy

compared to 3pu(y) which exists in nature. Regarding structure 2au and 2pu shows to
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Figure 15 "Figure 5" from Karasawa [1] summarizing f8 (a/l trans) structure formation techniques

have relatively lower energy. The fact that § structure is reported to have a higher energy
than the other structures is also similar to results calculated by [60] using different
methods for calculating the energy gap. Ref [61] also reported that (o and y) phases to
have lower energy than () phase while investigating the temperature effect on PVDF-
TrFE (tri-fluoro-ethylene) copolymer. The fact that 2ad4 and 2pd4 structures have the
smallest energy is highly expected that every negative Fluorine atom is paired with a
positive hydrogen atom and all chains are parallel to each other adding to each other’s
dipole moment. Regarding 1p (B) structure according to Figure 15 one may get structure
Ip (B) through (drawing, poling, High pressure and quenching) these processing
techniques all are general techniques that used to get material to a higher energy
metastable state or trap it in a higher energy metastable state. It is also important to note
that polymer chains are longer in all-trans configuration rather than cis configuration.

Drawing method is an effective way to decrease the ratio of cis to trans angles. This
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Figure 16 Redrawing Karasawa's figure based on results from this work. contrary to Karasawa's work in this figure 1p(5) has
higher energy than the other phases processes such as drawing or polling are needed to achieve that state.

concludes that 1p (B) is expected to have a higher energy state than 2ad,2pu, and 3pu as
also shown by calculation result of Figure 3 and Table 3. This is also in line with what
was discussed by Cui et. al. [14] that is “properties of B PVDF are difficult to maintain at
high temperature because the restricted orientation of the polymer chains is easily
disoriented. The crystals of the y phase are very resistant to solvents, and an electron
beam” In other words B PVDF is easier to get distorted because of lower stability. The
reason for this confusion is also described clearly by the same reference that “because of
the many overlaps in the peaks from FTIR and XRD, the y phase was not easy to
identify and was mistakenly considered to be the B phase for a long time [14]” The phase
identification between a,f3, and y through X-ray is not easy. Confusion between o and y

is entirely possible and addressed with details in Cui’s work[14]. Based on results
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obtained in this work Karasawa’s diagram shown in Figure 15 is redrawn to yield Figure
16 in which 1p(B) has higher energy than o and y phases. As mentioned earlier, this is in-
line with results obtained by Cui’s work[14].

The elastic constants and mechanical stability of PVDF polymorphs

Table 5 Ip (B) structure Elastic constants zz is chain direction (scan ISIF 4)

TOTAL ELASTIC MODULI (GPa)

Direction XX YY 77 XY YZ X
XX 41.4 7.8 8.1 1.1 -0.7 0.0
YY 7.8 28.4 6.9 4.3 0.5 -0.2
77 8.1 6.9 276.0 -1.7 -1.5 0.1
XY 1.1 4.3 -1.7 3.5 -0.6 -0.1
YZ -0.7 0.5 -1.5 -0.6 6.4 0.0
7ZX 0.0 -0.2 0.1 -0.1 0.0 6.0

Table 5 shows elastic constants for 1p () structure, which are obtained through
Eq. 52 in VASP program. Table 27 - Table 35 in Appendix II shows the details for all
other structures and their elastic constant values. Applying the stability conditions given
by Eq. 54. Using office excel program to check, all of the stiffness matrices passed
(tetragonal crystal) structures criteria’s. The results are close to computational results
from the literature. For 1p (B) structure Tashiro[62] reported C11 through C66 as (23.6,
10.64 ,238.24 ,4.40 , 6.43 , 2.15) GPa which is close to results of this work but not
close to experimental results showing(3.7, 3.2 and 1.5) GPa for C11, C22 and C33 for
experimental values[63]. The experimental value and theoretical value is very hard to
compare as the theoretical work bases on measuring carbon backbone response to
applies force while the real experiment measures the inter-chain forces and force

required to slide two chins past each other. The B (1p) structure is commercially the most
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important structure. Regarding 3ad has a triclinic structure with 21 independent stiffness
variables which makes the conditions too complex[54]. However, it passed the known
conditions for tetragonal structures. The calculated stiffness for the structure can also be
related to mechanical properties for the polymorph. 1p(B) structure is expected to be the
stiffest polymorph as shown in Figure 17. Polymers have both crystalline and amorphous
regions which make estimating the actual mechanical stiffness of the polymer not
possible just by the data set provided here. However; stiffer crystal region contributes to
overall stiffness of the polymer.

The natural frequencies and dynamic stability of PVDF polymorphs

The vibrational spectra at gamma point (center of Brillion zone) were calculated

Comparing PVDF poylmorphs stiffness (GPa) in chain
direction
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Figure 17 PVDF polymorphs stiffness in chain direction comparison.

for both PVDF and PADFB structures. Equal size systems were used for all polymorphs
for both of the structures each with 48 atoms. Hence, calculating I" point frequencies
provides a mean for comparing frequencies of each structure. The list of all vibrational

frequencies is given in Appendix “Natural Frequency for all calculated crystal
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structures.” In particular, vibrations pertaining to internal degrees of freedom arising
from covalent interactions. One can conclude from the results that all structures are quite
stable at I" point. Some imaginary modes are found with minuscule values (smaller than
10 meV). These values are within energy tolerance of computation. A complete phonon
dispersion graph for all structures is given in Appendix IV.

Band structure and Density of states of PVDF

For calculating energy versus wave number for PVDF the high symmetry points
along the path connecting these points is shown in Figure 18. The Brillion zone for an

orthorhombic unit cell is given by [64]. Based on that path band structure and density of
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Figure 18 High symmetry points (A), Calculation path in reciprocal space(B) and band structure along with density of states for
PVDF 1p () polymorph for an orthorhombic unit cell (4 Carbon, 4 Florine and 4 Hydrogen atoms)

states for f PVDF was calculated. A bandgap greater than 5 eV can be observed. A band
gap of 5 eV is bigger than the energy of any visible photon, which concludes PVDF to

be transparent. This fact is experimentally shown in the literature[65]. The unit cell of
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can also be represented with a smaller cell containing only two Carbon, two Florine and
also two hydrogen atoms to make a total of six atoms. This unit cell does not have an

orthorhombic but rather a monoclinic structure. The smaller unit cell, its reciprocal space

CASTEP Band Structure
Band gap Is 5882 oV CASTEP Density of States

Figure 19 Smallest possible PVDF 1p (8) unit cell along with reciprocal space and high symmetry points. On left. band structure and
density of states on the right calculated using CASTEP program. The band gap measured to be 5.9 eV

and high symmetry points path along with the calculated band structure and density of
states are shown in Figure 19. The results are suggesting a transparent material as
experimentally shown in the literature [65] which demonstrate a recent technique used to
make transparent PVDF sheet. A stable, piezoelectric and transparent polymer may
contribute significantly to current technological advance.
The piezoelectric properties of PVDF polymorphs

There are many theoretical works in predicting Charge density in PVDF. Table 6
which is adapted from Nakhmanson et al.[66] summarizes the difference in the
theoretical estimate of PVDF polarization coefficient. There is also a large gap between
experimental value and the theoretical estimate. The difference between different
theories is based on various assumptions and simplifications made for each calculation.
The difference between the theoretical and experimental values are due to crystallinity

difficulties and opposite directions in the crystal canceling out each other’s dipole effect.
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The measured absolute numerical value may not have significance yet its relative value

to the next work gives a good estimate of the characteristics of (PADFB).

Table 6 Polarization in f-PVDF computed with various theoretical models. The Table is adapted from Nakhmanson et al [66].

Model Year Crystallinity  P3(C/m?) Reference
Mopsik and Broadhurst 1975 100 0.22 [67]
Tashiro et al. 1980 100 0.140 [62]
Purvis and Taylor 1982 100 0.086 [68]
Al-Jishi and Taylor 1985 100 0.127 [69]
Carbeck et al. 1995 100 0.182 [70]
Nakhmanson et al. 2004 100 0.178 [66]
Experiment ~50 0.05-0.08  [66]

Polarizability has three components as described before.

— Eq. 9
Qtotal = adipole + Tionic + Xelectronic 9

The piezoelectric stress tensor gjjx relates the two fields of stress and electric field

through the Eq. 55 while Eq. 56 related strain and electric field stress tensor djjx

3
Eq. 55
oij = zgijkEk 1
=1
3
Eq.
&j = ZdijkEk 4. 60
k=1

The piezoelectric stress tensor for all nine PVDF polymorphs are given in
Appendix. Table 7 shows the piezoelectric stress tensor diagonal values for all nine

PVDF polymorphs.
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Table 7 Piezoelectric stress tensor for PVDF polymorphs

PVDF (C/m?*») (C/m? (C/m?)
8*4*4 x-xx y-yy z-77
1p4(B) 0.00 0.45 0.00
2ad(a) 0.01 0.00 0.00

2au 0.01 0.00 -0.30
2pd(y)  0.00 0.45 0.00
2pu 0.00 0.44 0.27
3ad 0.04 0.02 0.03
3au 0.00 0.00 -0.31
3pd 027  0.00 0.00
3pud)  -038  0.00 -0.29

It is worth mentioning the y structure has piezoelectric properties similar to 3
structure. To better understand this similarity, Table 8 compares their packing structure

from different angles.

Table 8 Comparing  and y packings the Florine atoms are on the top while the hydrogen atoms are at the bottom.

v

WOFMN P !-. a2 { .
%),\ i BN ..' to

Since the piezoelectric property, is based on electrical dipole moments of the

molecules. The similarity between the two structures dipole moment can be observed.
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Analyzing data obtained for PADFB

PADFB is not in common use and does not have an intensive literature. There are
many early works regarding processing, structure, property and performance aspects of
PADFB. One of the earliest attempts to prepare Amino-Borane monomer in 1970 is by
KWON and McGEE[71]. Two later works dated to 1975, 1977 by Rothgery et.al and
Pusatcioglu et. al.[72] and [73]. Show preparation methods for monomer and polymers
of aminoborane and PADFB. In their work, they had major difficulties in characterizing
these polymers due to lack of suitable solvent. There are other recent works in
developing high molecular weight Poly-amino-boranes [74] with promising results.

The thermodynamic stability comparison of PADFB polymorphs

The same calculation parameters used for PVDF polymorphs were also used for

PADFB structures. The energy for all polymorphs shown in Table 9

Table 9 All PADFB structures with the same number of monomers and total of 128 KPOINTS (Mesh size 8 x 4 x 4)

Name energy(Hartree) Relative Energy E Kcal/(Mol)  Relative E Volume
(Hartree) (per monomer)  (A¥/repeat unit)
1p4(B) -283.99 0.61 383.52 47.94 395.18
2ad4(a) -284.57 0.04 22.43 2.80 406.88
2au4 -284.54 0.06 40.04 5.01 415.54
2pd4(5) -284.60 0.00 0.00 0.00 403.09
2pu4 -284.58 0.02 14.18 1.77 409.93
3ad4 -283.36 1.24 777.66 97.21 391.90
3au4 -283.75 0.85 532.16 66.52 444.75
3pd4 -283.98 0.62 386.76 48.34 453.69
3pud(y) -284.32 0.29 179.19 22.40 398.14

The obvious result is 2pd4(d) polymorph have the lowest formation energy and
1p4 (B) polymorph again has a higher energy. And 3ad structure has the highest energy.

this means processing the material and keeping it in the P structure is not easy.
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The elastic constants and mechanical stability of PADFB polymorphs
The elastic constants for PADFB were calculated, and their values are given in

Table 36 - Table 44. All of the structures passed the mechanical stability criteria. This is

Comparing PADFB poylmorph stiffness in chain
direction
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Figure 20 PADFB polymorphs stiffness in chain direction comparison

very new result showing that all nine crystal structures suggested for PVDF will also be
mechanically stable for PADFB. Looking into the stiffness of the polymer in chain
direction. the comparison Figure 20. Shows that 1p4(}) polymorph to be the stiffest in

chain direction.
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Band structure and Density of states of PADFB

Similar to PVDF the band structure for PADFB was calculated with CASTEP

CASTEP Band Structure

CASTEP Density of States

Figure 21 Smallest possible PADFB 1p unit cell along with reciprocal space and high symmetry points. On left. Band structure
and density of states on the right calculated using CASTEP program. The band gap measured to be 6.7 eV

program. The calculated band structure shown in Figure 21 is 6.7 eV. This suggests
PADFB have a transparent optical property similar to PVDF. It is also obvious that the
material has very high electrical resistivity. The unit cell shown in Figure 21 has only
one boron, one nitrogen, two fluorine and two hydrogen atoms in total.

The natural frequencies and dynamic stability of PADFB polymorphs

The vibrational spectra at gamma point (center of Brillion zone) were calculated
for, and all frequency calculations are presented in Appendix IV. Equal size systems
were used for all polymorphs with 48 atoms. Hence, calculating I" point frequencies
provides a mean for comparing frequencies of each structure. One can conclude from the
results that all structures are quite stable at I point. Some imaginary modes are found
with minuscule values (smaller than 10 meV). These values are within energy tolerance
of computation. The complete phonon dispersion graph for all structures are given in

appendix IV
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The piezoelectric properties of PADFB polymorphs

Table 10 Piezoelectric stress tensor for PADFB polymorphs.

PADFB (C/m?) (C/m?) (C/m?)

8*4*4 X-XX y-yy 7-77
1p4(B) 0.09 0.57 -0.01
2ad(a) 0.01 0.00 0.00

2au 0.00 0.01 -0.55

2pd(y) 0.00 0.81 0.00

2pu 0.00 0.78 0.51

3ad 0.00 0.00 0.00
3au 0.04 0.02 0.02
3pd 071  -0.01 0.01
3pud)  -0.75 000  -0.55

The piezoelectric properties for PADFB are shown in Table 10. The antiparallel
structures are observed not to have much piezoelectric property as expected. Regarding
antiparallel structures such as y and 6 seem to have better piezoelectric properties
compared to the B structure. 2pd(y) seem two have the highest piezoelectric constant.
This difference between PVDF and PADFB can also be related to the fact that PADFB
has three dipole vector types while PVDF has only two.

Comparing PVDF to PADFB

Thermodynamic stability comparison PVDF and PADFB

In comparing PVDF and PADFB structures shown Figure 22 polymorphs internal
energies these conclusions could be drawn.

1. The energy differences between different PVDF polymorphs is much smaller

compared to PADFB structures. In other words, while different polymorphs
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observation for PVDF is very common the same cannot be said for PADFB
polymorphs.

The energy differences between four lowest energy group (2ad4, 2au4, 3pd4, and
2pu4) is also much smaller for PVDF than for PADFB.

. Unlike PVDF, if PADFB structure is manufactured randomly. The possibility to get
2pd(y) structure is relatively very high. The possibility of 2pd(y) to change to any
other polymorph seem to be much lower compared to stability of other PVDF

polymorphs.
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Comparing PVDF to PADFB relative internal energies Kcal/(Mol .

Monomer)
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Figure 22 PVDF (1) and PADFB (2) internal energies compared to their lowest polymorph internal energy

Table 11 Total relative internal energy of PVDF and PADFB with respect to the lowest polymorph energy

PVDF PADFB
8 *4 *4  Kcal/mol*mono Kcal/mol*mono
1p4(B) 29.97 47.94
2ad(a) 0.16 2.8
2au 0.71 5.01
2pd(y) 0 0
2pu 2.27 1.77
3ad 35.24 97.21
3au 10.04 66.52
3pd 30.07 48.34
3pu(d) 8.43 22.4
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Mechanical stability

Both structures are pretty stable. However, their stiffness in chain direction is
different. Chain direction is easy to take as a reference, yet the other two directions are
not trivial to compare as the polymer chains rotate in that plane while changing between
trans(T) and Gauche(G). In comparing all polymorphs for both structures listed in Figure

23, these conclusions are drawn

1. Both PVDF and PADFB structures are stiffest in chain direction in all-trans
configuration (TTTTTTT) which is denoted by 1p4 or (B)

2. The polymorphs 2ad4, 2au4,2pd4 and 2pu4 for both PVDF and PADFB structures
are less stiff than the 1p structure in chain direction yet stiffer than the rest. This is
due to the fact that the structures are ordered in the form of (TGTGTGTG).

3. The polymorphs 3ad4, 3au4, 3pd4 and 3pu4 for both PVDF and PADFB structures
have the least stiffness. this is due to their structure that is ordered in the form of
(TTTGTTTG).

4. All polymorphs of PVDF except for 3ad4 (which is monoclinic) have higher stiffness

value in chain direction than their PADFB polymorph counterparts.
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Table 12 comparing stiffness of PVDF and PADFB polymorphs, (GPa) in zz direction (chain direction)

Stiffness (GPa) in zz direction (chain direction)

PVDF PADFB
1p4(B) 276 2676
2add(a) 1498 1303
2aud 1495 1202
2pdd(y)  153.6  135.1
2pud  150.1  129.8
3ad4 62 75.4
3aud 83.4 70.8
3pdd 98.6 483
3pud(d) 1052 97.3
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Figure 23 Comparing PVDF and PADFB polymorphs stiffness, (GPa) in zz direction (chain direction)
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Piezoelectric properties comparison

In comparing the piezoelectric stress tensor properties for PVDF and PADFB,
one can easily observe that all PADFB polymorphs have better piezoelectric properties
compared to their PVDF counterparts. Table 13 shows the diagonal entities for both
structures polymorphs piezoelectric stress tensor. The highest entities of Table 13
absolute values are plotted in Figure 24 to better illustrate the comparison of both

structures piezoelectric properties.

Table 13 Comparison between piezoelectric coefficient tensors for both PVDF and PADFB polymorphs

(PVDF) PADFB
(C/m? (C/m? (C/m?) (C/m?) (C/m? (C/m?
8*4*4 x-xx y-yy z-77 X-XX y-yy 7-77
1p4(B) 0.00 0.45 0.00 0.09 0.57 -0.01
2ad(a) 0.01 0.00 0.00 0.01 0.00 0.00
2au 0.01 0.00 -0.30 0.00 0.01 -0.55
2pd(y) 0.00 0.45 0.00 0.00 0.81 0.00
2pu 0.00 0.44 0.27 0.00 0.78 0.51
3ad 0.04 0.02 0.03 0.00 0.00 0.00
3au 0.00 0.00 -0.31 0.04 0.02 0.02
3pd -0.27 0.00 0.00 -0.71 -0.01 0.01
3pu(d) -0.38 0.00 -0.29 -0.75 0.00 -0.55
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Highest element value in piezoelectric
response tensor matrix (C/m?)
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Figure 24 Comparing PVDF piezoelectric properties (C/m?) to PADFB piezoelectric properties (C/m?) for all polymorphs

the highest piezoelectric constant for PVDF is 0.45 (C/ m?) while the highest
value for PADFB piezoelectric constant is 0.81(C/ m?) which is approximately 80
percent better response.

It is worth mentionsing computation, in general, have many parameters
depending on which theories used. To effectively be able to make computational work
some simplification and assumptions are inevitable. Meshing size in K-Space is one of
the parameters that enormously increases computational cost with a noticeable increase
in accuracy. The internal energy for different structures are calculated with different

meshing size and their results are compared in Table 14.

52



Table 14 Effect of KPOINTS (Meshing size) on computed results

PVDF PVDF PVDF PADFB

32*16*16 16 *8 *8 8 * 4 *4 8*4*4

Kcal/mol*mono Kcal/mol*mono Kcal/mol*mono Kcal/mol*mono
Ip4(B) 26.98 27.38 29.97 47.94
2ad(a) 0.05 0.40 0.16 2.80
2au 0.87 0.71 5.01
2pd(y)  0.00 0.34 0.00 0.00
2pu 0.00 2.27 1.77
3ad 29.01 35.24 97.21
3au 9.81 10.04 66.52
3pd 29.50 30.07 48.34
3pu(®) 8.50 8.88 8.43 22.40

The mesh size for 32 * 16 * 16 is 8192 points while 8 * 4 *4 has 128 points.
Despite the huge computational cost the same conclusion can be drawn from both
calculations. The reason why calculation are performed on 8 * 4 *4 mesh rather than 32
* 16 * 16 shown the convergence fact already. Though 32 * 16 * 16 structure converges
for single state energy calculation, it does not converge for elastic and piezoelectric
calculations due to high computational resource demand. The conclusion to be drawn
from this comparison is to clarify that absolute values in computational works may not
be very accurate yet the comparison between similar structures properties are reliably

accurate.
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SUMMARY

Commercially and functionally most important PVDF crystal structure (B-PVDF)
is not the structure with lowest energy meaning (B-PVDF), is not thermodynamically the
favored crystal structure. It is shown here though mechanically and dynamically stable,
along with all other (0,0, and y) crystal structures. This result is in line with some
researcher’s results but not the mainstream. Regarding the piezoelectric properties of 3-
PVDF, this work showed a similar result to literature by suggesting that there is a
possibility to enhance the piezoelectric properties of PVDF by increasing the polymer's
crystallinity. It is also shown the piezoelectric properties for (y) polymorph is
comparable to () polymorph.

This work also showed PADFB to have better piezoelectric properties compared
to PVDF. It is calculated to be transparent a valuable physical property in electronics
industry. The nine possible crystal polymorph structures for PVDF are also shown to be
possible for PADFB. The (y) polymorph for PADFB structure is calculated to have far
less internal energy and better piezoelectric properties compared to other PADFB

polymorphs which makes it a desirable stable piezoelectric material.
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APPENDIX I CRYSTAL STRUCTURE SHAPES

PVDF Crystal structures shapes

Table 15 1p and Ip4 crystal structure (B) in all views
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Table 16 2ad(«),2au crystal structures.

4 | 2aud
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Table 17 2pd4(9), 2pu4 crystal structures.

5| 2pd4

6| 2pud
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Table 18 3ad &3au crystal structures

7 | 3ad4

KX ' 4

8 | 3aud

64




Table 19 3pd ,3pu(y) crystal structures

9 | 3pd4

10| 3pud |-
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PADFB Crystal structures shapes

Table 20 /p’and 1p4 crystal structure in all views

11 | 1p

11 | 1p4
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Table 21 2ad4 and,2au4 crystal structure in all views
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Table 22 2pd4 and 2pu4 crystal structure in all views
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all vi

Table 23 3ad4, 3au4 crystal structure i

69



Table 24 3pd4, 3pu4 crystal structure in all views
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APPENDIX II DATA AND RESULTS

Natural Frequency for PVDF crystal structures (Dynamic Stability Test)

Table 25 list of all vibrational frequencies for PVDF Relaxed structures polymorphs. The blue color is imaginary mode

freq 1p4 2ad4 2aud 2pd4 2pud 3ad4 3aud 3pd4 3pud

1 9333 9424 9424 9422 9431 9325 9426 93.97 94.05
2 9331 9424 9422 9421 9430 9322 9425 9396 94.04
3 9322 94.15 94.14 94.12 9421 93.16 94.17 93.85 93.99
4 9322 94.15 94.14 94.12 9421 093.14 94.17 93.85 93.98
5 93.16 94.14 94.13 94.11 94.20 93.03 93.98 93.78 93.77
6 93.14 94.14 94.12 94.11 94.20 93.02 93.97 93.77 93.77
7 93.04 94.05 94.05 94.03 94.12 9296 93.90 93.66 93.72
8 93.03 94.05 94.03 94.02 94.11 92.96 9390 93.66 93.71
9 91.64 9231 9229 9233 9232 91.76 92.14 92.10 92.13
10 91.61 9230 9227 9230 9229 91.72 92.13 92.07 92.11
11 91.51 9229 9226 9230 92.29 91.68 92.11 92.05 92.11
12 91.50 92.28 9224 9228 9229 91.65 92.11 92.04 92.10
13 9146 9227 9223 9227 9226 91.57 91.71 91.76 91.64
14 9146 9225 9221 9226 9225 91.56 91.71 91.74 91.63
15 9137 9225 9221 9226 9225 91.50 91.66 91.73 91.63
16 91.36 9223 9220 92.24 9224 9148 91.66 91.71 91.62
17 4177 4232 4231 4228 4228 4276 42.46 43.21 42.36
18  41.50 42.29 4228 4228 4226 42.61 42.41 43.17 42.32
19 4132 4229 4228 42.28 4226 4232 4238 42.53 42.29
20 4132 4223 4223 4222 4225 4230 4235 4247 42.27
21 41.23 4222 4222 4222 4225 42.13 4196 42.18 41.87
22 4123 42.19 4219 4220 4221 4198 4192 42.13 41.86
23 41.14 42.15 4215 42.18 42.17 4195 41.86 42.10 41.78
24 41.13 42.09 42.10 42.08 42.08 4191 41.82 42.00 41.74
25  41.02 4098 4096 40.97 4099 40.98 41.27 41.44 41.27
26 41.01 4094 4093 40.94 4097 40.97 4122 4133 41.22
27 40.99 4092 40.89 4094 40.89 40.85 41.10 41.18 41.10
28 40.92 4092 40.88 4093 40.89 40.81 41.06 41.16 41.05
29  40.79 40.69 40.74 40.71 40.75 40.12 40.57 40.42 40.53
30 40.76 40.69 40.73 40.70 40.75 40.06 40.42 40.28 40.35
31 40.65 40.33 40.30 40.38 4032 3998 40.36 40.23 40.33
32 40.54 40.17 40.22 40.18 40.23 3996 40.33 40.15 40.30
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freq 1p4 2ad4 2aud 2pd4 2pud 3ad4 3aud 3pd4 3pud
33 3998 39.10 39.04 39.07 39.07 39.10 3933 39.46 39.34
34 3931 3895 39.03 39.02 39.05 3898 39.27 39.37 39.24
35 38.62 38.60 38.54 38.56 38.56 38.76 38.52 38.68 38.54
36 38.52 38.59 38.54 38.56 38.56 38.43 38.48 38.49 38.52
37 3790 3843 3850 38.49 38.51 37.53 37.68 37.74 37.71
38 37.87 38.43 38.49 38.49 38.51 3740 37.65 37.69 37.65
39 36.61 37.62 37.61 37.60 37.61 36.84 3698 37.22 36.93
40  36.47 37.54 37.57 37.57 37.60 36.79 36.76 37.06 36.74
41 35.66 35.56 35.54 3557 35.57 36.19 36.07 36.43 36.05
42 35.55 35.56 35.53 3557 3557 36.08 36.06 36.13 36.04
43 3477 35.33 3534 3532 3535 36.03 35.84 36.05 35.77
44 3456 3533 3534 3532 3535 3549 35.62 3570 35.57
45 3436 3496 3497 3500 35.04 3497 35.01 35.02 35.00
46  34.28 34.50 34.53 34.52 3458 34.81 35.00 3491 3496
47  34.07 3449 3449 3449 3445 34.12 3425 3443 34.19
48  34.05 33.92 3393 33.89 3390 33.78 33.88 34.12 33.84
49 3399 33.85 33.86 33.88 33.90 33.38 33.62 3348 33.70
50  33.07 33.83 33.83 33.88 33.86 33.27 33.44 3341 3341
51 32.36  32.87 32.84 32.85 3291 32.89 32.72 33.09 32.65
52 3234 32.84 32.82 32.83 32.89 3273 32.66 3294 32.62
53 3176 32.78 32.67 3277 32.69 3228 32.64 32.60 32.59
54 3171 32,78 32.67 3277 32.69 3224 3248 32.59 3246
55 31.68 32.52 32.67 32.54 32.68 31.59 31.77 31.72 31.78
56  31.66 32.51 32.66 32.54 32.68 31.57 31.75 31.64 31.78
57  31.63 30.55 30.59 30.54 30.56 31.10 31.09 31.07 31.09
58  31.53 30.18 30.15 30.12 30.08 30.90 30.86 30.91 30.80
59 29.89 29.30 29.25 29.34 29.28 30.03 30.42 30.67 30.28
60  29.77 29.29 29.24 29.34 29.27 29.87 30.19 30.34 30.07
61 29.56 29.00 29.08 2896 29.06 29.09 29.33 29.56 29.32
62 2939 28.99 29.07 2896 29.06 28.89 29.32 2935 29.22
63  26.67 27.74 27.774 27.69 27.75 27.43 2735 27.78 27.24
64  26.65 27.66 27.72 27.69 27.72 27.18 27.28 27.70 27.17
65 25.06 25.74 2578 25.80 25.83 25.84 26.00 26.16 26.01
66 2499 2566 25.62 25.66 25.64 2581 2591 26.13 25.87
67 2497 25.65 25.61 25.65 25.63 2580 25.60 26.11 25.48
68 2495 2559 2558 25.64 25.61 2560 2557 26.02 2546
69 2493 2546 2551 2545 2551 2543 2551 2571 2544
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freq 1p4 2ad4 2aud 2pd4 2pud 3ad4 3aud 3pd4 3pud
70 2470 25.45 2551 2544 2550 2530 2539 25.56 25.33
71 2458 25.34 2534 2532 2535 25.05 25.19 2532 25.14
72 2457 2523 2524 2523 2527 2503 25.10 25.28 25.04
73 2453 2520 2520 2520 2523 2498 25.03 2520 24.96
74 2450 25.10 25.12 25.11 25.15 2491 25.03 25.17 2495
75 2443 24.18 24.17 2420 24.19 2432 2437 2430 2444
76 2441 2417 24.16 2420 24.19 2425 2429 2423 2430
77 23.74 24.13 24.16 24.13 24.18 23.76 23.73 23.82 23.67
78  23.69 24.13 24.16 24.13 24.18 23.72 23.71 23.78 23.64
79  23.51 2325 2325 2326 2328 23.12 23.07 23.09 23.05
80  23.48 23.24 2324 2324 2325 23.03 23.03 23.05 22.99
81 21.71 2223 2223 2223 2224 2247 2244 2236 2247
82  21.68 22.00 22.01 21.98 22.00 2239 2238 2234 2237
83 2046 17.87 17.86 17.87 17.88 21.04 21.07 21.24 21.04
84 2043 17.87 17.86 17.86 17.88 21.01 20.96 21.10 20.90
85 2027 17.79 17.79 17.80 17.81 1790 17.81 18.07 17.79
8  20.25 17.79 17.78 17.80 17.81 17.88 17.76 18.01 17.73
87 16.03 17.47 1749 17.48 17.49 15.73 1580 15.81 15.71
88 1591 1746 1746 17.45 17.46 1571 1572 15.78 15.71
89 14.66 1548 1549 1546 1547 1550 1549 1544 15.50
90 14.60 1548 1549 1545 1546 1544 1549 1542 1548
91 14.58 1544 1545 1545 1545 1528 1537 1530 15.36
92 14.54 1543 1544 1544 1544 1523 1533 1527 1533
93 1434 15.19 15.19 15.15 15.15 14.58 14.64 1457 14.56
94 1432 15.08 15.09 15.11 15.11 14.45 14.52 1451 14.51
95 13.07 13.86 13.84 13.85 13.85 13.55 13.65 13.76 13.67
96 13.06 13.82 13.81 13.84 13.84 13.45 13.62 13.72 13.62
97 11.27 11.71 11.75 11.78 11.79 12.29 1241 12.60 12.39
98 11.19 11.69 11.70 11.73 11.72 12.13 12.33 12.57 12.29
99 1095 11.66 11.69 11.70 11.70 11.97 12.08 12.18 12.05
100 10.87 11.66 11.67 11.69 11.70 11.84 12.05 12.13 12.04
101 10.77 11.63 11.64 11.66 11.66 11.27 1141 11.38 1144
102 10.69 11.62 11.64 11.66 11.66 11.21 11.37 11.36 11.38
103 10.66 11.59 11.60 11.62 11.62 11.15 11.24 11.36 11.22
104 10.54 11.59 11.60 11.62 11.62 11.09 11.20 11.32 11.16
105 10.50 10.11 10.11 10.11 10.12 1043 10.51 10.53 10.55
106 1046 10.10 10.09 10.11 10.11 10.30 10.50 10.47 10.55
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freq 1p4 2ad4 2aud 2pd4 2pud 3ad4 3aud 3pd4 3pud
107 952 956 9.61 959 962 976 9.76 9.77 9.78
108 944 955 9.60 958 961 963 975 9.75 9.76
109 943 954 953 955 955 864 884 864 890
110 931 953 952 955 954 860 878 860 8.83
111 816 821 818 819 817 858 8.65 854 8.68
112 813 817 8.14 816 815 855 8.62 849 8.66
113 789 810 8.14 815 812 734 742 737 746
114 7.80 8.07 8.08 810 810 728 740 735 745
115 773 7.65 7.63 765 765 724 732 730 733
116 7.69 7.65 7.62 7.64 764 723 731 727 732
117 754 7.61 7.60 762 760 645 6.63 658 6.64
118 750 7.61 7.60 7.62 759 643 658 6.57 6.56
119 736 6.10 6.04 6.10 606 625 645 6.12 6.52
120 736 593 587 593 589 622 641 6.04 645
121 499 504 508 515 513 593 597 599 5091
122 467 5.02 505 513 512 580 594 592 587
123 371 426 425 433 430 471 478 460 490
124 3770 425 425 432 428 444 463 448 475
125 337 415 416 423 424 405 399 420 4.03
126 327 415 416 422 422 368 385 407 393
127 321 323 316 3.19 315 333 337 319 346
128 298 3.19 315 319 311 318 326 3.03 330
129 287 3.11 3.05 315 310 3.16 3.19 293 322
130 252 3.07 3.04 313 3.07 3.02 3.09 280 3.21
131 251 266 264 283 278 215 192 1.82 231
132 1.63 258 261 271 271 192 189 1.67 2.18
133 1.10 187 1.89 178 1.82 175 185 1.6l 1.98
134 085 1.11 1.08 145 144 157 112 129 136
135 023 099 1.01 131 131 152 1.07 1.11 1.28
136 0.11 094 091 112 106 094 105 1.08 1.15
137 003 085 0.75 109 106 056 0.70 1.00 1.09
138 054 078 0.69 103 1.03 030 051 098 1.01
139 062 0.75 0.63 100 101 0.15 036 090 0.84
140 1.15 063 058 099 1.00 0.09 020 0.72 0.55
141 132 052 053 095 094 020 0.06 0.69 049
142 1.67 0.05 0.08 0.04 004 038 0.14 0.10 0.06
143 1.71 0.08 0.09 0.07 005 051 024 0.11 0.10
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freq 1p4 2ad4 2aud 2pd4 2pud 3ad4 3aud 3pd4 3pud

144 208 0.10 0.10 0.1 0.09 054 033 0.13 0.12
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Natural Frequency for PADFB crystal structures (Dynamic Stability Test)

Table 26 list of all vibrational frequencies for PADFB Relaxed structures polymorphs. The blue color is imaginary mode

freq 1p4 2ad4  2au4  2pd4  2pud4  3ad4 3aud4  3pd4  3pud

1 10294 104.06 104.14 104.22 104.26 102.06 104.71 103.68 104.35

2 102.88 103.99 104.06 104.15 104.18 102.02 104.65 103.63 104.29

3 102.82 103.92 104.01 104.07 104.11 102.02 104.38 103.49 104.26

4 102.79 103.91 103.96 104.07 104.10 101.98 104.36 103.46 104.23

5 102.76 103.86 103.93 104.02 104.06 101.55 103.25 102.76 104.05

6 102.73 103.86 103.89 104.02 104.06 101.53 103.23 102.73 104.01

7 102.65 103.78 103.83 103.94 103.99 101.46 102.89 102.71 104.00

8 102.64 103.76 103.82 103.94 103.96 101.45 102.53 102.70 103.97

9 10156 101.93 102.07 101.69 101.75 100.77 102,50 101.05 101.81
10 101.22 101.88 101.99 101.63 101.63 100.76 102.44 100.85 101.63
11 101.17 101.88 10196 101.62 101.62 100.72 102.37 100.81 101.58
12 10111 101.82 10194 101.53 101.59 100.62 102.27 100.75 101.53
13 101.07 101.74 101.92 101.47 101.58 99.97 100.90 100.61 101.50
14 101.01 101.73 101.85 101.45 10156 99.93 100.76 100.57 101.48
15 100.91 101.73 101.83 10145 10151 99.68 100.63 100.49 101.41
16 100.89 101.64 101.77 101.38 101.47 99.63 100.59 100.45 101.39
17 4593 4748 4756 47.13 4717 4838 4873 47.89 46.81
18 4521 47.18 4726 47.10 47.16 48.06 48.63 47.69 46.77
19 4520 47.18 4723 47.03 47.04 4744 4744 4753 46.73
20 4490 47.15 47.22 47.03 47.03 4738 4722 47.39 46.47
21 4469 47.03 47.15 46.90 46.98 46.77 47.15 4737 46.44
22 4468 47.03 47.15 46.87 46.97 46,59 47.09 47.02 46.37
23 4459 4691 46.99 46.87 46.93 46.46 47.00 46.98 46.35
24 4445 46.82 46.90 46.64 46.70 46.42 46.81 46.71 46.18
25 4094 3848 3832 3841 3838 3872 3876 39.17 39.05
26 39.26 38.33 3815 3834 3819 3867 3859 39.05 3857
27 39.26 3830 3813 3833 3816 3849 3851 39.03 3847
28 3835 38.00 3790 3811 3795 3844 3819 3879 38.10
29 3826 3766 37.64 37.69 37.71 3826 38.12 3847 38.07
30 3819 3764 3762 3769 3771 3800 3797 3838 37.76
31 3817 36.66 36.67 36.76 36.83 37.73 3793 37.90 37.66
32 3814 3659 3641 36.73 36.53 37.18 37.08 37.76 37.54
33 3766 3625 36.09 3632 36.19 37.07 36.93 37.25 37.27
34 3765 3624 36.08 3632 36.19 36.62 36.21 37.15 36.96
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freq 1p4 2ad4  2au4  2pd4  2pud4  3ad4  3aud  3pd4  3pud
35 3654 36.00 36.00 36.10 36.13 3589 36.10 36.62 36.63
36 3652 3599 3599 36.10 36.13 3579 36.01 36.36 36.02
37 36.37 3574 3560 3596 3585 3491 3560 3593 35.23
38 3449 3528 3528 3555 3557 3491 3529 3523 35.03
39 3436 3481 3475 3493 3481 3464 3425 3495 3482
40 3386 3449 3439 3445 3450 3451 3417 3480 34.68
41 3362 3425 3432 3443 3444 3386 3376 34.66 34.46
42 3342 3386 34.01 33.84 3392 3327 3357 3437 34.46
43 3339 3341 3345 3331 3328 3286 3352 3395 33.63
44 3283 3267 3291 3274 3298 3243 3332 3375 3282
45 30.71 3266 3291 3274 3298 31.68 3215 3222 3243
46 30.70 3213 3215 3215 3206 3149 3200 3174 31.38
47 30.15 3213 3214 3214 3204 30.18 3188 31.66 31.15
48 30.12 3151 3165 3137 3145 29.89 3158 3127 31.01
49 30.06 3095 30.73 3098 30.79 29.84 30.28 30.99 30.99
50 30.05 3095 30.72 3098 30.79 29.72 29.88 30.97 30.85
51 29.34 3040 3059 3048 30.66 29.53 29.80 30.41 29.76
52 29.33 30.39 3059 3048 30.66 29.45 29.76 30.21 29.56
53 1 29.30 29.88 29.99 29.92 30.02 29.23 28.89 29.65 29.38
54 2886 2959 2959 29.69 29.68 2896 2849 29.44 29.15
55 28.83 2942 2948 29.45 2955 28.84 28.02 29.42 29.01
56 28.27 2935 2931 2941 29.28 2875 2795 29.05 28.74
57 2818 2733 2726 2740 2738 2790 27.62 27.94 28.39
58 2772 27.04 2707 27.09 2712 27.66 2736 27.87 27.87
59 2754 26.83 26.84 2692 2691 2765 2731 27.75 27.86
60 2751 26.83 26.82 26.92 2690 2756 2729 27.62 27.70
61 27.10 2658 26,51 26.67 26.62 26.93 26.66 26.92 26.96
62 27.07 2652 26.46 26.62 2656 26.76 26.43 26.73 26.38
63 2392 2647 2644 2650 26.46 2538 2473 2530 25.33
64 23.85 26.47 26.44 2650 26.46 2532 2466 25.28 25.28
65 2293 23.80 23.84 2384 2390 2358 23.86 24.05 23.75
66 2237 2365 23.72 23.70 23.74 2347 2383 23.89 2374
67 2227 23.65 23.68 2370 2373 23.46 2377 23.78 23.36
68 2225 2364 23.68 2364 2372 2325 2373 23.77 23.27
69 2215 2352 2359 2348 2354 2298 23.20 2357 23.23
70 2210 2352 2359 2348 2354 2297 23.04 2354 2314
71 2201 2315 2319 2317 2320 2289 23.03 2351 23.10
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freq 1p4 2ad4  2au4  2pd4  2pud4  3ad4  3aud  3pd4  3pud
72 2201 23.07 2312 2298 23.01 2275 2286 2335 2301
73 21.81 2247 2250 2254 2252 2274 2242 2333 2259
74 2180 2240 2236 2253 2245 2271 2234 2324 2257
75 2136 2159 21.63 21.70 2166 21.82 21.79 22.00 22.02
76 2110 2159 2162 2169 2165 2180 21.75 21.97 2199
77 2094 2158 2157 2162 2163 21.11 2125 2099 21.09
78 2092 2157 2156 2161 2162 21.05 21.15 20.99 20.95
79 20.87 20.38 20.38 2040 20.38 20.40 20.36 20.46 20.21
80 20.87 2031 2032 2032 2030 20.33 20.32 20.38 20.13
81 17.88 18.80 1881 18.79 1881 18.97 1850 18.70 18.81
82 1786 18.78 18.78 18.72 18.74 18.86 1841 18.67 18.72
83 1740 1552 1551 1550 1553 18.19 17.85 1856 18.07
84 1740 1551 15.48 15.47 1545 18.15 1765 1852 18.03
85 17.18 1550 1547 1545 1544 1580 16.07 15.89 15.43
86 17.18 1537 1538 1544 1543 1568 1573 1573 15.29
87 1476 1537 1538 1535 1536 1460 14.41 1450 14.45
88 1445 1534 1528 1535 1536 1460 14.34 1447 1434
89 1282 1421 1418 1412 1411 1437 1375 14.08 13.96
90 1280 14.21 14.17 1411 1410 1420 13.71 1400 13.85
91 1279 1398 14.00 1396 1400 1351 13.62 13.68 13.63
92 1278 1398 1399 1395 13.97 1348 1357 1358 13.60
93 1248 13.83 13.82 13.74 1374 1329 1298 12.78 13.02
94 1239 1357 13.60 1353 1354 1288 1277 12.66 12.93
95 1201 1238 1234 1236 1234 1275 1238 1253 1212
96 11.89 1226 1224 1211 1212 1257 1224 1248 12.02
97 1036 10.77 1081 10.72 10.73 11.74 12.16 11.68 10.97
98 10.18 10.68 10.76 10.71 10.73 11.34 12.03 11.62 10.87
99 953 10.67 10.74 10.70 10.72 1122 1186 11.61 10.85
100 9.40 10.63 10.69 1069 10.71 11.07 11.76 1158 10.77
101 9.01 1054 1061 1055 1058 10.34 10.63 10.79 10.34
102 9.00 1053 1059 1054 1057 10.31 1050 10.69 10.23
103 895 10.48 1059 1049 1055 1020 10.33 10.48 10.20
104 894 1036 1053 10.38 1050 10.08 10.20 10.33 10.09
105 8.14 9.38 9.32 9.36 9.30 9.65 9.69 9.62 9.53
106 8.12 9.31 9.24 9.28 9.29 9.53 9.59 9.55 9.39
107 8.02 8.60 8.73 8.60 8.76 9.18 9.02 8.80 8.96
108 7.84 8.60 8.72 8.60 8.75 8.79 8.97 8.62 8.79
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freq 1p4 2ad4  2au4  2pd4  2pud4  3ad4  3aud  3pd4  3pud

109 7.72 8.53 8.54 8.49 8.47 8.13 7.78 7.92 8.13
110 7.67 8.52 8.52 8.48 8.46 7.97 7.67 7.83 7.92
111 7.63 7.37 7.59 7.51 7.54 7.87 7.49 7.51 7.90
112 7.23 7.30 7.26 7.32 7.34 7.81 7.35 7.37 7.88
113 71.22 7.25 7.14 7.20 7.18 7.11 7.01 6.83 6.74
114 7.17 7.00 6.94 7.02 6.95 6.89 6.93 6.65 6.68
115 7.14 6.90 6.85 6.88 6.81 6.76 6.68 6.64 6.57
116 7.02 6.90 6.84 6.88 6.79 6.56 6.54 6.41 6.54
117 6.73 6.74 6.73 6.74 6.76 6.41 6.02 6.18 6.32
118 6.60 6.73 6.72 6.73 6.76 6.28 5.95 6.00 6.22
119 6.52 6.09 5.94 6.09 5.90 6.27 5.86 5.94 5.89
120 6.00 5.75 5.82 5.69 5.53 6.25 5.67 5.89 5.87
121 4.24 5.64 5.78 5.54 5.51 6.06 5.53 5.57 5.87
122 4.22 5.54 5.50 5.14 5.41 5.91 5.25 5.43 5.87
123 3.66 481 4.80 4,75 4.68 5.31 4.84 4.83 4,51
124 3.62 4.81 4,78 4.74 4.66 5.10 4.70 4.80 4.33
125 3.24 4,53 4.60 4,58 4.66 4,71 4.61 4.45 4.27
126 3.18 4.52 4.60 457 4.65 4.47 4.25 4.18 3.90
127 3.05 3.42 3.23 3.40 3.49 4.46 3.25 3.47 3.86
128 3.00 2.95 3.16 3.39 3.25 4.41 3.07 3.37 3.56
129 2.69 2.95 2.90 3.01 3.01 4.26 2.70 3.25 3.47
130 2.33 2.94 2.88 2.98 2.97 4.15 2.68 3.20 3.38
131 2.03 2.66 2.31 2.77 2.47 4.10 2.63 2.97 3.14
132 1.89 2.66 2.27 2.74 2.39 341 2.34 2.88 2.98
133 1.69 2.33 2.24 2.58 2.36 2.93 2.31 2.54 2.69
134 0.97 2.14 2.18 2.33 2.35 2.73 2.23 2.20 2.42
135 0.83 1.99 1.76 2.09 2.14 2.63 2.16 2.19 2.31
136 0.04 1.80 1.67 2.08 2.06 2.60 1.89 2.01 2.18
137 0.05 1.55 1.15 1.65 1.64 2.55 1.72 1.64 2.17
138 0.19 1.54 1.11 1.60 1.58 2.46 1.53 1.50 1.70
139 0.80 1.22 1.06 1.38 1.13 2.39 1.37 1.42 1.68
140 1.10 0.63 0.93 1.15 1.10 1.71 1.19 0.99 1.25
141 1.22 0.54 0.70 1.14 1.05 1.44 0.55 0.69 0.93
142 1.30 0.05 0.05 0.04 0.04 0.06 0.06 0.05 0.04
143 1.61 0.06 0.06 0.05 0.05 0.07 0.06 0.07 0.05
144 1.65 0.10 0.14 0.06 0.07 0.08 0.09 0.09 0.08
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Elastic constants for PVDF crystal structures (Mechanical Stability Test)

Table 27 1p structure Elastic constants zz is chain direction

TOTAL ELASTIC MODULI (Gpa) Stability  Test

Direction XX YY 7 XY YZ ZX 1 PASS

----------------------------------------------------------------- 2 PASS
XX 414 7.8 8.1 1.1 -0.7 0 3 PASS
YY 7.8 28.4 6.9 43 05 -0.2 4 PASS
7 8.1 6.9 216 -17 -15 01 5) PASS
XY 11 4.3 -1.7 35 -06 -01 6 PASS
YZ -0.7 0.5 -15 -06 64 0 7 PASS
ZX 0 -0.2 0.1 -0.1 0 6 8 PASS

Table 28 2ad (tetramer) structure Elastic constants zz is chain direction

TOTAL ELASTIC MODULI (Gpa) Stability ~ Test

Direction XX YY 7 XY Yz ZX 1 PASS

----------------------------------------------------------------- 2 PASS
XX 37.2 6.8 4.8 -0.2  -0.2 -0.6 3 PASS
YY 6.8 29.7 108 -03 -02 -03 4 PASS
7 4.8 10.8 1498 -03 -02 -04 5 PASS
XY -0.2 -0.3 -0.3 6.8 -0.5 0.0 6 PASS
YZ -0.2 -0.2 -02  -05 7.8 0.0 7 PASS
ZX -0.6 -0.3 -0.4 0.0 0.0 4.8 8 PASS

Table 29 2au (tetramer) structure Elastic constants zz is chain direction

TOTAL ELASTIC MODULI (Gpa) Stability — Test

Direction XX YY 7 XY YZ ZX 1 PASS

----------------------------------------------------------------- 2 PASS
XX 36.3 6.0 5.2 -0.2 03 -0.1 3 PASS
YY 6.0 30.4 126 -02 04 -0.1 4 PASS
7 5.2 12.6 1495 -03 04 0.1 5 PASS
XY -0.2 -0.2 -0.3 6.8 0.0 0.1 6 PASS
YZ 0.3 0.4 0.4 0.0 7.1 0.0 7 PASS
ZX -0.1 -0.1 0.1 0.1 00 49 8 PASS
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Table 30 2pd (tetramer) structure Elastic constants zz is chain direction

TOTAL ELASTIC MODULI (Gpa) Stability ~ Test
Direction XX YY ZZ XY YzZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 28.6 5.5 1.1 -0.1 -0.5 0.0 3 PASS
YY 5.5 38.6 3.1 -0.1 -04 0.0 4 PASS
ZZ 11.1 3.1 153.6 -02 -0.7 -0.1 5 PASS
XY -0.1 -0.1 -0.2 6.8 0.0 -0.1 6 PASS
YZ -0.5 -0.4 -0.7 0.0 5.5 0.0 7 PASS
ZX 0.0 0.0 -0.1 -0.1 0.0 7.0 8 PASS
Table 31 2pu (tetramer) structure Elastic constants zz is chain direction
TOTAL ELASTIC MODULI (Gpa) Stability  Test
Direction XX YY ZZ XY YZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 31.1 6.3 116 -02 -20 00 3 PASS
YY 6.3 38.7 1.8 -0.1 -0.7 0.0 4 PASS
ZZ 11.6 1.8 150.1 -03 -23 -0.1 5 PASS
XY -0.2 -0.1 -0.3 7.1 0.0 -1.5 6 PASS
YZ -2.0 -0.7 2.3 0.0 5.2 0.0 7 PASS
ZX 0.0 0.0 -0.1 -1.5 0.0 7.3 8 PASS
Table 32 3ad (tetramer) structure Elastic constants zz is chain direction
TOTAL ELASTIC MODULI (Gpa) Stability ~ Test
Direction XX YY ZZ XY YzZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 25.8 9.0 229 -07 -14 -74 3 PASS
YY 9.0 26.6 98 -05 -09 -45 4 PASS
Y4 22.9 9.8 620 -09 -1.5 -247 5 PASS
XY 0.7 -0.5 09 34 -50 00 6 PASS
YZ -1.4 -0.9 -15 50 05 03 7 PASS
ZX -7.4 -4.5 247 0.0 03 19.1 8 PASS
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Table 33 3au (tetramer) structure Elastic constants zz is chain direction

TOTAL ELASTIC MODULI (Gpa) Stability =~ Test
Direction XX YY ZZ XY YZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 31.6 7.9 149 02 00 0.0 3 PASS
YY 7.9 36.6 1.8 03 0.0 00 4 PASS
2z 14.9 1.8 834 1.0 0.0 00 5 PASS
XY 0.2 0.3 1.0 74 00 00 6 PASS
YZ 0.0 0.0 00 00 52 -l1.1 7 PASS
ZX 0.0 0.0 00 00 -1.1 08 8 PASS
Table 34 3pd (tetramer) structure Elastic constants zz is chain direction
TOTAL ELASTIC MODULI (Gpa) Stability =~ Test
Direction XX YY ZZ XY YZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 29.5 7.6 42 00 00 0.1 3 PASS
YY 7.6 24.9 149 02 -05 02 4 PASS
ZZ 42 14.9 986 00 -0.1 0.1 5 PASS
XY 0.0 0.2 00 61 00 0.0 6 PASS
YZ 0.0 -0.5 0.1 00 59 00 7 PASS
ZX 0.1 0.2 0.1 00 00 5.6 8 PASS
Table 35 3pu (tetramer) structure Elastic constants zz is chain direction
TOTAL ELASTIC MODULI (Gpa) Stability ~ Test
Direction XX YY Z2Z XY YZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 34.2 5.1 66 00 04 23 3 PASS
YY 5.1 323 171 02 00 -0.8 4 PASS
zZ 6.6 17.1 1052 -0.1 02 -82 5 PASS
XY 0.0 0.2 0.1 82 -13 0.0 6 PASS
YZ 0.4 0.0 02 -13 54 00 7 PASS
ZX 2.3 0.8 82 00 00 54 8 PASS
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Elastic constants for PADFB crystal structures (Mechanical Stability Test)

Table 36 PADFB 1p structure Elastic constants zz is chain direction

TOTAL ELASTIC MODULI (Gpa) Stability ~ Test
Direction XX YY ZZ XY YZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 65.0 25.4 5.3 12 05 04 3 PASS
YY 25.4 33.1 50 0.8 05 00 4 PASS
7 5.3 5.0 2676 01 15 -05 5 PASS
XY 1.2 0.8 0.1 73 -0.1 -1.1 6 PASS
YZ 0.5 0.5 1.5 -0.1 23 00 7 PASS
ZX 0.4 0.0 05 -1.1 00 3.0 8 PASS
Table 37 PADFB 2ad structure Elastic constants zz is chain direction
TOTAL ELASTIC MODULI (Gpa) Stability ~ Test
Direction XX YY 2Z XY YZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 71.9 10.3 94 00 02 0.8 3 PASS
YY 10.3 41.2 135 00 01 -22 4 PASS
ZZ 9.4 13.5 1303 0.1 02 -05 5 PASS
XY 0.0 0.0 0.1 124 -1.1 0.1 6 PASS
YZ 0.2 0.1 02 -1.1 212 0.1 7 PASS
ZX 0.8 2.2 05 01 01 87 8 PASS
Table 38 PADFB 2au structure Elastic constants zz is chain direction
TOTAL ELASTIC MODULI (Gpa) Stability ~ Test
Direction XX YY ZZ XY YZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 76.6 10.7 130 0.1 08 00 3 PASS
YY 10.7 43.9 177 02 06 0.0 4 PASS
YA 13.0 17.7 1202 0.1 02 0.0 5 PASS
XY 0.1 0.2 0.1 79 00 0.1 6 PASS
YZ 0.8 0.6 02 0.0 187 0.0 7 PASS
ZX 0.0 0.0 00 01 00 9.1 8 PASS
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Table 39 PADFB 2pd structure Elastic constants zz is chain direction

TOTAL ELASTIC MODULI (Gpa) Stability ~ Test
Direction XX YY ZZ XY YZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 45.6 9.9 155 -0.1 -0.7 -0.1 3 PASS
YY 9.9 79.8 97 02 -06 -0.1 4 PASS
7 15.5 9.7 1351 0.0 -0.7 0.0 5 PASS
XY -0.1 0.2 00 113 00 0.0 6 PASS
YZ -0.7 -0.6 0.7 00 98 0.0 7 PASS
ZX -0.1 -0.1 00 00 00 223 8 PASS
Table 40 PADFB 2pu structure Elastic constants zz is chain direction
TOTAL ELASTIC MODULI (Gpa) Stability  Test
Direction XX YY 2Z XY YZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 459 9.7 179 01 -72 -0.1 3 PASS
YY 9.7 78.9 73 04 21 -02 4 PASS
ZZ 17.9 7.3 1298 0.1 -50 -0.2 5 PASS
XY 0.1 0.4 0.1 102 00 -3.1 6 PASS
YZ 7.2 2.1 50 0.0 89 00 7 PASS
ZX -0.1 -0.2 02 -31 00 223 8 PASS
Table 41 PADFB 3ad structure Elastic constants zz is chain direction
TOTAL ELASTIC MODULI (Gpa) Stability ~ Test
Direction XX YY ZZ XY YZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 69.8 24.6 407 -02 00 -85 3 PASS
YY 24.6 53.8 221 -01 00 -85 4 PASS
Y4 40.7 22.1 754  -03 -0.1 -19.7 5 PASS
XY 0.2 -0.1 03 171 -5.0 0.0 6 PASS
YZ 0.0 0.0 0.1 -50 167 0.0 7 PASS
ZX -8.5 -8.5 -19.7 00 0.0 277 8 PASS
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Table 42 PADFB 3au structure Elastic constants zz is chain direction

TOTAL ELASTIC MODULI (Gpa) Stability — Test
Direction XX YY 7 XY YZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 54.9 7.5 1.8 0.1 -02 -4.0 3 PASS
YY 7.5 294 12.7 0.1 0.0 1.4 4 PASS
7 1.8 12.7 708 -0.1 -0.1 64 3) PASS
XY 0.1 0.1 -0.1 8.1 1.2 -0.1 6 PASS
YZ -0.2 0.0 -0.1 1.2 8.9 0.1 7 PASS
ZX -4.0 1.4 6.4 -0.1 0.1 4.9 8 PASS
Table 43 PADFB 3pd structure Elastic constants zz is chain direction
TOTAL ELASTIC MODULI (Gpa) Stability ~ Test
Direction XX YY 7 XY Yz ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 70.9 3.6 3.2 0.0 00 -04 3 PASS
YY 3.6 23.0 2.8 -0.1 -0.1 0.2 4 PASS
7 3.2 2.8 483 -02 03 0.2 5 PASS
XY 0.0 -0.1 -0.2 6.5 -05 0.0 6 PASS
YZ 0.0 -0.1 0.3 -0.5 69 0.0 7 PASS
ZX -0.4 0.2 0.2 0.0 0.0 8.0 8 PASS
Table 44 PADFB 3pu structure Elastic constants zz is chain direction
TOTAL ELASTIC MODULI (Gpa) Stability — Test
Direction XX YY 7 XY YZ ZX 1 PASS
----------------------------------------------------------------- 2 PASS
XX 74.5 13.4 11.9 0.2 0.2 7.3 3 PASS
YY 13.4 51.7 265 03 0.1 -55 4 PASS
7 11.9 26.5 130.3 0.2 04 -11.6 5 PASS
XY 0.2 0.3 0.2 144 -39 0.0 6 PASS
YZ 0.2 0.1 0.4 -39 201 0.0 7 PASS
ZX 7.3 -5.5 -116 00 0.0 89 8 PASS
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Dielectric Tensor for PVDF

The dielectric constant for PVDF is highly dependent on the temperature of the
material. Kakutani[75] showed the real part of dielectric constant has shown about six-
fold increase with increasing temperature from -50 up to 150. The list for all dielectric

ionic contribution tensor for PVDF polymorphs are listed below

Table 45 Dielectric Tensor ionic contribution for 1p4 structure

1p4

5.017076 0.265723 0.014228
0.265723 0.259935 0.001252
0.014228 0.001252 0.290955

Table 46 Dielectric Tensor ionic contribution for 2ad4 structure

2ad4

0.640988  0.004351 -0.131819
0.004351 0.632227  0.000144
-0.131819  0.000144  0.3487

Table 47 Dielectric Tensor ionic contribution for 2au4 structure

2au4

0.636377 0.006054 0.003572
0.006054 0.619061 0.001704
0.003572 0.001704 0.377526

Table 48 Dielectric Tensor ionic contribution for 2pd4 structure

2pd4

0.629646  -0.002345 0.000231

-0.002345  0.693541  -0.001558
0.000231  -0.001558 0.350787
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Table 49 Dielectric Tensor ionic contribution for 2pu4 structure

2pu4

0.63152 0.00851 -0.001794
0.00851 0.68343 -0.146833
-0.001794  -0.146833  0.362742

Table 50 Dielectric Tensor ionic contribution for 3ad4 structure

3ad4
1.371072 -0.297328  0.315007
-0.297328  1.40221 -0.10771

0.315007 -0.10771 0.390982

Table 51 Dielectric Tensor ionic contribution for 3au4 structure

3au4

5.448022  0.247138 0.000187
0.247138 1.088181 0.000013
0.000187  0.000013 0.363712

Table 52 Dielectric Tensor ionic contribution for 3pd4 structure

3pd4

1.929615  0.200406  0.030652
0.200406  1.621893  -0.006047
0.030652  -0.006047  0.379279

Table 53 Dielectric Tensor ionic contribution for 3pu4 structure

3pu4

0.964791 0.008239  -0.114519
0.008239  0.524538  0.000283
-0.114519  0.000283  0.339091
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Dielectric Tensor for PADFB
The list for all dielectric ionic contribution tensors for PADFB polymorphs are

listed below

Table 54 Dielectric Tensor ionic contribution for 1p4 structure

Ipud

3.110087 -0.019363  0.009312
-0.019363  0.546648 -0.000242
0.009312  -0.000242  1.335988

Table 55 Dielectric Tensor ionic contribution for 2ad4 structure

2ad4

2.281833 -0.010789  -0.457567
-0.010789  1.679039 0.009852
-0.457567  0.009852 1.323617

Table 56 Dielectric Tensor ionic contribution for 2au4 structure

2aud

2.496915 0.002513 0.002624
0.002513 1.510893 -0.013241
0.002624 -0.013241 1.30561

Table 57 Dielectric Tensor ionic contribution for 2pd4 structure

2pd4

1.55271 -0.009298  -0.002526
-0.009298  2.236963  0.001496

-0.002526  0.001496  1.336255

Table 58 Dielectric Tensor ionic contribution for 2pu4 structure

2pu4

1.47661 -0.009586  0.002785
-0.009586  2.075589  -0.387746
0.002785  -0.387746  1.28829

88



Table 59 Dielectric Tensor ionic contribution for 3ad4 structure

3ad4

2.283611 -0.00613 0.24464
-0.00613 2.187583 -0.010154
0.24464 -0.010154 1.264976

Table 60 Dielectric Tensor ionic contribution for 3au4 structure

3au4

1.298424 -0.004606  -0.447235
-0.004606  2.075297 -0.013163
-0.447235 -0.013163 1.416932

Table 61 Dielectric Tensor ionic contribution for 3pd4 structure

3pd4

1.541228 -0.001799  -0.017789
-0.001799  1.113653 0.001958
-0.017789  0.001958 1.187873

Table 62 Dielectric Tensor ionic contribution for 3pu4 structure

3pu4d

2.748241  0.000548  -0.323996
0.000548  1.717339  -0.000549
-0.323996  -0.000549  1.266096
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Piezoelectric Constants for all calculated PVDF crystal structures

Table 63 PVDF 1p Piezoelectric tensor

1p4 structure Piezoelectric tensor for field in x, y, z (C/m?)

XX YY 77 XY YZ X
x 0.01164 0.28368 -0.97088  0.58699  -0.00852  0.07401
y 0.19135 0.44835 -0.12933 0.01161 0.00162 0.0087
z 0.00036 0.00145 -0.00769  0.00298  0.14049 -0.002

Table 64 PVDF 2ad4 Piezoelectric tensor

2ad4 structure Piezoelectric tensor for field in x, y, z (C/m?)

XX YY 77 XY YZ ZX
x 0.00925 0.00541 -0.01042  -0.00701  -0.00555  -0.00226
-0.00411 0.00458 0.01458 0.02417  0.02206 0.00174
z -0.00228  0.00025 0.00427 0.00695  0.00656 0.00083

<

Table 65 PVDF 2au4 Piezoelectric tensor

2au4 structure Piezoelectric tensor for field in x, y, z (C/m?)

XX YY 77 XY YZ ZX
x 0.00723 0.00366 -0.0053 -0.00168  0.00383 -0.03842
y 0.00066 -0.0019 -0.00408  0.00164  -0.15117  0.00032
z -0.00039  -0.11433 -0.30235  0.00009  -0.00133  -0.00019

Table 66 PVDF 2pd4 Piezoelectric tensor

2pd4 structure Piezoelectric tensor for field in x, y, z (C/m?)

XX YY 77 XY YZ X
x 0.00055 0.00136 0.00201 0.01088  0.00025 0.00069
y -0.08069 0.45343 -0.24027  0.00066  0.00019 0.00063
z -0.00121 -0.00008 -0.0010 0.00021  0.05404 -0.00005

Table 67 PVDF 2pu4 Piezoelectric tensor

2pu4 structure Piezoelectric tensor for field in x, y, z (C/m?)

XX YY 77 XY YZ zZX
x -0.00200  -0.00208  -0.00651  0.02897  -0.00007  0.14301
y -0.08307  0.44145 -0.24176 ~ -0.00043  0.03098 -0.00040
z 0.12183 0.02323 0.26897 0.00032  0.06104 0.00051
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Table 68 PVDF 3ad4 Piezoelectric tensor

3ad4 structure Piezoelectric tensor for field in x, y, z (C/m?)

XX YY 77 XY YZ
x 0.03697 -0.01319  0.07506 0.04890  0.04557
-0.03131 0.02173 -0.08057  -0.04797 -0.05368
z 0.01567 -0.00608  0.03062 0.01809  0.01574

<

zZX
-0.00902
0.03381
-0.00608

Table 69 PVDF 3au4 Piezoelectric tensor

3au4 structure Piezoelectric tensor for field in x, y, z (C/m?)

XX YY 77 XY YZ
x -0.00031 -0.00061 -0.00016  -0.00001  0.05102
0.00016 0.00010 0.00008 0.00036  -0.04673
z -0.12585 -0.02310  -0.30775  0.00023  0.00000

<

zZX
-0.85291
-0.03940
0.00000

Table 70 PVDF 3pd4 Piezoelectric tensor

3pd4 structure Piezoelectric tensor for field in X, y, z (C/m?)

XX YY 77 XY YZ
x -0.27313 0.03436 0.27262 -0.02408  0.04647
0.02803 0.00175 0.04197 -0.11216  0.12945
z 0.0052 0.00110 -0.00230  0.00106  -0.00319

<

X
0.11994
0.01206
-0.05167

Table 71 PVDF 3pu4 Piezoelectric tensor

3pu4 structure Piezoelectric tensor for field in X, y, z (C/m?)

XX YY 77 XY YZ
x -0.42296  0.05510 0.20247 -0.00123  0.0024
0.00052 0.00018 0.0015 0.02109  -0.1523
z -0.05460  -0.12302  -0.28783  -0.00005 -0.00002

<

ZX

-0.10856
-0.00036
-0.04425
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Piezoelectric constants for all calculated PADFB crystal structures

Table 72 PADFB 1p4 Piezoelectric tensor

1p4 structure Piezoelectric tensor for field in x, y, z (C/m?)

XX YY 77 XY YZ X
x 0.08879 0.02366 -0.10740 1.02224  -0.00507  -0.00278
y 0.36742 0.56841 0.07591 -0.00505 -0.00361  0.00112
z -0.00300 -0.00320  -0.00600  0.00129  0.23710 0.00052
Table 73 PADFB 2ad4 Piezoelectric tensor
2ad4 structure Piezoelectric tensor for field in x, y, z (C/m?)
XX YY 77 XY YZ X
x 0.00619 -0.00024  -0.00135 0.00021  -0.00399  -0.00120
y 0.03066 -0.00161 -0.00177  -0.00082 -0.00337  -0.00200
z 0.00316 -0.00035 0.00027 -0.00026  0.00051 0.00035
Table 74 PADFB 2au4 Piezoelectric tensor
2au4 structure Piezoelectric tensor for field in x, y, z (C/m?)
XX YY 77 XY YZ X
x 0.00233 0.01308 0.00548 -0.00055  0.00483 0.01273
y -0.00094 0.00605 0.01084 -0.00006 -0.34878  0.00067
z 0.02936 -0.23578 -0.55043 0.00108  0.00809 0.00124
Table 75 PADFB 2pd4 Piezoelectric tensor
2pd4 structure Piezoelectric tensor for field in x, y, z (C/m?)
XX YY 77 XY YZ X
x -0.00078 -0.00107 -0.00173 -0.13896  -0.00025  0.00509
y -0.19753 0.80846 -0.26873  0.00163  -0.00034  0.00511
z -0.00135 -0.00018 -0.00083  0.00056  0.10033 0.00036
Table 76 PADFB 2pu4 Piezoelectric tensor
2pu4 structure Piezoelectric tensor for field in x, y, z (C/m?)
XX YY 77 XY YZ X
x -0.00386 -0.00179 -0.00124  -0.12145 -0.00020  0.29885
y -0.21109 0.78053 -0.27235 0.00051  0.05203 -0.00015
z 0.21690 -0.00179 0.51477 -0.00002  0.08396 0.00015
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Table 77 PADFB 3ad4 Piezoelectric tensor

3ad4 structure Piezoelectric tensor for field in x, y, z (C/m?)

XX YY 77 XY YZ X
x 0.00468 -0.00840 -0.00845 0.00401 -0.00032  0.00958
y 0.00197 0.00332 -0.00335 0.00245  0.01350 0.00962
z -0.00080 -0.00449 -0.00324  -0.00295 0.00152 0.00456
Table 78 PADFB 3au4 Piezoelectric tensor
3au4 structure Piezoelectric tensor for field in x, y, z (C/m?)
XX YY 77 XY YZ X
x 0.04283 0.00098 0.02848 -0.00199  0.00286 0.01055
y 0.07065 0.02156 0.02694 0.06065  -0.05291 -0.01886
z -0.00970 -0.00157 0.01615 0.00006  -0.00310  -0.00643
Table 79 PADFB 3pd4 Piezoelectric tensor
3pd4 structure Piezoelectric tensor for field in X, y, z (C/m?)
XX YY 77 XY YZ X
x -0.70526 0.04098 0.07566 -0.00048 -0.00097  -0.00911
y 0.00107 -0.00607 -0.00788  0.06628  0.03936 -0.00038
z 0.00977 0.00036 0.00874 0.00016  0.00181 -0.08908
Table 80 PADFB 3pu4 Piezoelectric tensor
3pu4 structure Piezoelectric tensor for field in X, y, z (C/m?)
XX YY 77 XY YZ X
x -0.75394 0.38711 0.12386 0.00009  0.00120 -0.10394
y 0.00087 0.00053 0.00090 0.08317  -0.40421 0.00069
z -0.06750 -0.21915 -0.54605 0.00009  -0.00168  -0.05723
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APPENDIX III LIST OF COMPUTATIONAL PARAMETERS

INCAR

Finding optimal structure parameters

INCAR for finding minimum crystal structure. Scanning Method. In this method,
the volume of the unit cell is increased or decreased manually, and the minimum energy
of the system at that point is scanned. Using ISIF = 4 flag Neither cell shape nor cell
volume changes. But the Ions are relaxed to their minimum energy positions. Though
this method does not guarantee to find the material's minimum energy state, it decreases
the possibility to get trapped in some local minima. The final structure of the energy scan
from the first method is used as a starting guess for the next step in which ISIF = 3 flag
is used. With ISIF = 3 both the cell shape and volume are free. This way the program
looks for the minimum possible energy. It is possible to redo this circle to make sure the
structure is not trapped in some local minima. Through these calculations, different

INCAR files are required. Here an INCAR file is an example is shown.

System = PVDF
PREC = HIGH
ISIF = 4
ISTART = 0
ICHARG = 2
ENCUT = 500
ISMEAR = 1
NSW = 20
IBRION = 2
POTIM = 0.1
NCORE = 4
EDIFF = 1.00E-05
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Finding Elastic Constants

The INCAR file for finding elastic constants computes the Hessian matrix
automatically. One may use the results obtained during the first step of energy scan and
use it along with Birch Murnaghan equation of state to determine equation elastic
constants. Here the direct method is used that is embedded in VASP program code. Use
the use of IBIRION =6 flag which is used in determining the Hessian matrix.

Measuring Dielectric and Piezoelectric constants

To measure the Dielectric and Piezoelectric constants the most relaxed structure
states are used. For this calculation LEPSILON =. TRUE. and LPEAD =. TRUE. flags
are used. The former flag used to calculate ionic — clamped piezoelectric tensor and Born
effective charges. While the latter, is used to calculate the derivative of the orbitals with
respect to k-points.
KPOINTS

The bigger the structure, the more computational cost it requires. To make sure
the structures converge within available computational resources, the number of
KPOINTS decreased for bigger structures. Kpoints play a major role in determining the
accuracy of the computations. The Major K point mesh used for these computations is 8
by 4 by 4 which totals to 128 Kpoints. This 128 Kpoints used in determining all
computational parameters such as dynamic stability and mechanic stability. Regarding
thermodynamic favorability comparison, Kpoints of 16 x 8 x 8 (1024 Kpoints) and 32 x
16 x 16 (8192 Kpoints) are performed for some structures to demonstrate the effect of

Kpoint density on calculated energies.
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POSCAR

This file contains information regarding the cell vectors and position of atoms in
fractional coordinate relative to the crystal cell for the minimum repeated unit cell.
POSCAR for 1p*, 1pl, 2ad2, 2au2, 2pd2, 2pu2, 3ad4, 3au4.3pd4 and3pu4 are given
here. The starting point for PADFB structures are based on PVDF POSCAR files yet half
of the Carbon atoms are replaced with Nitrogen atoms while the other half are replaced

with Boron atoms,

Table 81 POSCAR for smallest possible repeating units

Ip* File
1
4.95200  0.00000  0.00000
-2.65487 4.18019  0.00000
0.00000  0.00000  2.56000
F C H
2 2 2

Direct
0.006161 0.006220 0.000000
0.178462 0.178454 0.500000
0.972749 0.769876 0.000000
0.769919 0.972730 0.000000
0.480168 0.228210 0.500000
0.228234 0.480342 0.500000

96



Table 82 POSCAR for 1p polymorph

1p

File

Direct

1
9.230813
0.000023
0.000000
F
4

0.120221
0.620221
0.879799
0.379799
0.000009
0.500013
0.000009
0.500012
0.095884
0.595890
0.904132
0.404139

0.000035
4991322
0.000000
C
4

0.336763
0.836746
0.336770
0.836742
0.001359
0.501336
0.166941
0.666918
0.871319
0.371302
0.871326
0.371298

0.000000
0.000000
2.590075
H

4

0.500000
0.500000
0.500000
0.500000
0.000000
0.000000
0.500000
0.500000
0.000000
0.000000
0.000000
0.000000
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Table 83 POSCAR for 2ad polymorph

2ad File

1
4.68571460 -0.00000070  -0.03809428
-0.00000568 10.11673671  0.00000646
-0.03333477  0.00000566 5.29027554
F C H
8 8 8

Direct
0.28655065 0.07354940 0.22567139
0.19418384 0.17701624 0.58466916
0.78655181 0.42646505 0.22570189
0.69418407 0.32298093 0.58468165
0.71344326 0.92645755 0.77429749
0.80580815 0.82298614 0.41530441
0.21344318 0.57354327 0.77429749
0.30580676 0.67701559 0.41530420
0.17617970 0.19203553 0.32279163
0.86248069 0.19332993 0.23856593
0.67617988 0.30797413 0.32280157
0.36248095 0.30668366 0.23857538
0.82381586 0.80797010 0.67718096
0.13751419 0.80667699 0.76140948
0.32381590 0.69203104 0.67718081
0.63751433 0.69332378 0.76140861
0.85409283 0.18938987 0.03127249
0.76969637 0.10103989 0.30809141
0.35409305 0.31063440 0.03128330
0.26969725 0.39897071 0.30811751
0.14590569 0.81062533 0.96869649
0.23029998 0.89896661 0.69186690
0.64590654 0.68937400 0.96869517
0.73029933 0.60103452 0.69186377
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Table 84 POSCAR for 2au polymorph

2au File

1
4.68569085 0.00001006  0.00001414
0.00001579 10.23204463 0.00000206
0.00001021 0.00000364 5.30061564
F C H
8 8 8

Direct
0.28674264 0.07556284  0.22495214
0.18898690 0.17746385 0.58375013
0.78674020 0.42445040  0.22498209
0.68898575 0.32253294  0.58376277
0.28674560 0.57555745  0.77501590
0.18899708 0.67746348  0.41622257
0.78674258 0.92444384  0.77501862
0.68899681 0.82253930 0.41622394
0.17487432 0.19260813  0.32259451
0.86244137 0.19388568  0.23885446
0.67487336 0.30740059  0.32260448
0.36244044 0.30612715  0.23886435
0.17487840 0.69260416  0.67737863
0.86244339 0.69387947 0.76111592
0.67487772 0.80739768  0.67737977
0.36244225 0.80612204 0.76111580
0.85727396 0.18963399  0.03203603
0.76870347 0.10267923  0.30872843
0.35727292 0.31038922  0.03204670
0.26870123 0.39733022  0.30875462
0.85727210 0.68962048  0.96793395
0.76870649 0.60267569  0.69122990
0.35726961 0.81038084  0.96793382
0.26870423 0.89732599  0.69122956
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Table 85 POSCAR for 2pd polymorph

2pd File

1

4.67815448 -0.00000135  0.00001463
-0.00000671  10.02432110  0.00000455
0.00001256 0.00000384 5.22332404
F C H

8 8 8

Direct

0.71100624 0.92808863 0.72364344
0.80930050 0.82398609 0.08772472
0.21100556 0.57191149 0.72364766
0.30929902 0.67601633 0.08772603
0.28898875 0.07191821 0.22361538
0.19068892 0.17601653 0.58770089
0.78898967 0.42809672 0.22364588
0.69068837 0.32398129 0.58771374
0.82348925 0.80863064 0.82275360
0.13631377 0.80739423 0.73784690
0.32348885 0.69137037 0.82275483
0.63631371 0.69260612 0.73784923
0.17650520 0.19137527 0.32273088
0.86368261 0.19261334 0.23782174
0.67650535 0.30863483 0.32274082
0.36368289 0.30740068 0.23783100
0.14156353 0.81171196 0.52796764
0.23073543 0.90028669 0.80904482
0.64156452 0.68828663 0.52797013
0.73073469 0.59971425 0.80905088
0.85843771 0.18830230 0.02794261
0.76926035 0.09971903 0.30900932
0.35843829 0.31172125 0.02795258
0.26926102 0.40029177 0.30903350
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Table 86 POSCAR for 2pu polymorph

2pu File

1

4.68078779 -0.00000542  0.07735991
-0.00001331  10.07196286  0.00000359
0.07047917 0.00000397 5.22399845
F C H

8 8 8

Direct

0.71519562 0.92742120 0.72469333
0.80120335 0.82315940 0.08811252
0.21519384 0.57257989 0.72469705
0.30120148 0.67684349 0.08811363
0.21519930 0.07258586 0.22466014
0.30120967 0.17684383 0.58808227
0.71520001 0.42742807 0.22468886
0.80121157 0.32315454 0.58809441
0.82386968 0.80824972 0.82302031
0.13909148 0.80693605 0.73756667
0.32386901 0.69175209 0.82302135
0.63909108 0.69306516 0.73756876
0.32387471 0.19175639 0.32299142
0.63909518 0.19307189 0.23753457
0.82387525 0.30825314 0.32300092
0.13909524 0.30694113 0.23754223
0.15077834 0.81100581 0.52761746
0.23079348 0.89964592 0.80798959
0.65077905 0.68899366 0.52761978
0.73079156 0.60035580 0.80799542
0.65078203 0.18900670 0.02758770
0.73079666 0.10035954 0.30795198
0.15078032 0.31101452 0.02759596
0.23079771 0.39965087 0.30797188
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Table 87 POSCAR for 3ad polymorph

3ad File
1
6.27445454 0.00000081 0.09478415
0.00000131 10.24834005  0.00000251
-4.15143256  0.00000133 8.43385648
F C H
16 16 16

Direct
0.74720943 0.87105894 0.98393189 #1
0.43061274 0.75314674 0.94757760 #2
0.78156990 0.52852778 0.74578550 #3
0.44307124 0.62707312 0.70191277 #4
0.25279608 0.37105930 0.51607820 #5
0.56939448 0.25314794 0.55243468 #o6
0.21843877 0.02852746 0.75422537 #7
0.55693630 0.12707357 0.79809759 #8
0.25278337 0.12894252 0.01607500 #9
0.56939125 0.24684747 0.05243816 #10
0.21842461 0.47147336 0.25422053 #11
0.55692914 0.37293284 0.29809762 #12
0.74722110 0.62894312 0.48393410 #13
0.43061491 0.74684966 0.44757074 #14
0.78159003 0.97147287 0.24579118 #15
0.44308247 0.87293505 0.20191134 #16
0.67655017 0.75282282 0.02232382 #17
0.76689353 0.64326841 0.95370766 #18
0.68569693 0.64345809 0.77491764 #19
0.75539981 0.75863120 0.70037204 #20
0.32345723 0.25282338 0.47768710 #21
0.23311331 0.14326879 0.54630267 #22
0.31431048 0.14345803 0.72509270 #23
0.24460621 0.25863083 0.79963788 #24
0.32345439 0.24717694 0.97768732 #25
0.23311318 0.35673355 0.04630166 #26
0.31430431 0.35654441 0.22509097 #27
0.24460396 0.24137053 0.29963685 #28
0.67655186 0.74717781 0.52232236 #29
0.76689509 0.85673416 0.45370889 #30
0.68570675 0.85654486 0.27491979 #31
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3ad File
0.75540580 0.74137027 0.20037430 #32
0.70823751 0.54949010 0.98196424 #33
0.95980852 0.64491365 0.01149136 #34
0.68086679 0.84832496 0.72508524 #35
0.94757574 0.76937542 0.75925918 #36
0.29176779 0.04949043 0.51804508 #37
0.04019834 0.14491514 0.48851923 #38
0.31913823 0.34832498 0.77492473 #39
0.05243019 0.26937440 0.74075099 #40
0.29177506 0.45051068 0.01804665 #41
0.04019827 0.35509070 0.98851529 #42
0.31913625 0.15167705 0.27492240 #43
0.05242803 0.23062623 0.24075128 #44
0.70823277 0.95051148 0.48196321 #45
0.95980992 0.85509106 0.51149658 #46
0.68087383 0.65167708 0.22508964 #47
0.94758179 0.73062598 0.25925888 #48
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Table 88 POSCAR for 3au polymorph

3au File
1
5.50655721 -0.00000419  0.09777899
-0.00000861  10.92218557  0.00000292
-0.54398738  0.00000053 9.33787041
F C H
16 16 16

Direct
0.03856360 0.78698718 0.95985698 #1
0.38315544 0.88416937 0.92085640 #2
0.09887499 0.11560676 0.72386690 #3
0.40303857 0.99436653 0.66517588 #4
0.59486229 0.61955417 0.94805042 #5
0.27534991 0.50718318 0.00235991 #o
0.63512232 0.28521281 0.71793228 #7
0.29048830 0.38282874 0.75499665 #8
0.03855226 0.21301115 0.45985781 #9
0.38315074 0.11583588 0.42085500 #10
0.09884516 0.88439202 0.22386773 #11
0.40302642 0.00562314 0.16518311 #12
0.59486994 0.38044645 0.44805082 #13
0.27535377 0.49281291 0.50236202 #i14
0.63510611 0.71478885 0.21793103 #15
0.29047664 0.61716867 0.25499737 #16
0.05398473 0.00142666 0.00488029 #17
0.13101041 0.89582375 0.90938877 #18
0.04851876 0.90066212 0.75099797 #19
0.15035832 0.00355062 0.66061437 #20
0.52865198 0.50922154 0.01075598 #21
0.62465804 0.40356398 0.92288256 #22
0.54194733 0.39499878 0.76540494 #23
0.61963189 0.49821705 0.66713337 #24
0.05398843 0.99857273 0.50488047 #25
0.13100636 0.10417626 0.40938875 #26
0.04851516 0.09933835 0.25099802 #27
0.15034409 -0.00355401  0.16061666 #28
0.52865437 0.49077851 0.51075634 #29
0.62465154 0.59643777 0.42288186 #30
0.54193669 0.60500175 0.26540441 #31
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3au

File

0.61962372
0.11328172
0.85500273
0.10491115
0.84908741
0.56617716
0.82392624
0.55958187
0.81877737
0.11328517
0.85500824
0.10491083
0.84908034
0.56616654
0.82392057
0.55957261
0.81877010

0.50178406
0.08836921
0.00221568
0.81294932
0.90583879
0.31780476
0.40753431
0.58603362
0.49873952
0.91162995
0.99778189
0.18704887
0.09416369
0.68219537
0.59247154
0.41396784
0.50126205

0.16713384
0.95914189
0.00554590
0.70389887
0.74235566
0.97320468
0.93058993
0.71062674
0.66772341
0.45913872
0.50555019
0.20389869
0.24235731
0.47320498
0.43058618
0.21062651
0.16772598

#32
#33
#34
#35
#36
#37
#38
#39
#40
#41
#42
#43
#44
#45
#46
#47
#48

105



Table 89 POSCAR for 3pd polymorph

3pd File
1
5.56216596 -0.03110463  0.03686794
-0.05423695  11.15603734  -0.08754107
0.06456392 -0.09839193  9.39734728
F C H
16 16 16

Direct
0.12425880 0.11174539 0.95308984 #1
0.79335521 0.01251623 0.01588484 #2
0.77983349 0.90117393 0.77098446 #3
0.61560073 0.38324268 0.35020627 #4
0.55585800 0.70631899 0.59239546 #5
0.13860114 0.87813044 0.44788269 #o6
0.80096646 0.97096200 0.50706274 #7
0.11551556 0.20580755 0.22218363 #8
0.65304885 0.61673002 0.85035704 #9
0.31090095 0.52060595 0.80770555 #10
0.31424664 0.38177903 0.03073151 #11
0.08518517 0.78447838 0.71221813 #12
0.28815209 0.47802489 0.28355127 #13
0.26515753 0.57764953 0.53674935 #14
0.79363780 0.09681704 0.27533362 #15
0.65012328 0.28770942 0.07852109 #16
0.04258701 0.00572468 0.01465974 #17
0.12256866 0.90053621 0.92011863 #18
0.02959263 0.89687190 0.76723312 #19
0.12986475 0.99208541 0.66699767 #20
0.53706847 0.48791822 0.28704442 #21
0.60696670 0.59480177 0.38200819 #22
0.51417270 0.59258434 0.53648073 #23
0.62466705 0.50008678 0.63336176 #24
0.04943745 0.98279507 0.51240931 #25
0.13303617 0.08938988 0.42479602 #26
0.04354582 0.09490423 0.27168099 #27
0.13158892 0.99767060 0.16723718 #28
0.55860678 0.51069584 0.79144170 #29
0.65124277 0.40617134 0.87675048 #30
0.56241437 0.39546860 0.03107269 #31
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3pd File
0.63847720  0.49545496 0.13545796 #32
0.06244404  0.81697157 0.96986643 #33
0.31972472  0.90030387 0.91638205 #34
0.08027091 0.08069045 0.70967312 #35
0.32671563  0.98768352 0.66669631 #36
0.53746275  0.67666684 0.33510517 #37
0.80368129  0.60251065 0.38301076 #38
0.56961484  0.41071765 0.59505436 #39
0.82130072  0.50553362 0.62336024 #40
0.07285565  0.17213065 0.47867189 #41
0.33021865  0.09084827 0.42298028 #42
0.07761581 0.90988473 0.20801532 #43
0.32887750  0.00077974 0.16380636 #H44
0.60065140  0.32180734 0.82264726 #45
0.84817600  0.41245684 0.87568418 #46
0.58814256  0.58228282 0.09217663 #47
0.83478011 0.49458157 0.14211317 #48
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Table 90 POSCAR for 3pu polymorph

3pu File
1
5.26083398 -0.00000764  -0.00861348
-0.00001442  9.94151679 0.00001816
-0.68332371  0.00001333 9.30052827
F C H
16 16 16

Direct
0.15793872 0.12693141 0.94901634 #1
0.79018352 0.02623811 0.98213115 #2
0.15107074 0.76061564 0.71263733 #3
0.78694514 0.86380865 0.74605009 #4
0.65793779 0.62693116 0.94901634 #5
0.29018259 0.52623786 0.98213115 #o
0.65106980 0.26061543 0.71263733 #7
0.28694422 0.36380838 0.74605009 #8
0.15795446 0.87307016 0.44901670 #9
0.79019123 0.97375685 0.48213153 #10
0.15106269 0.23938395 0.21263410 #11
0.78693913 0.13619017 0.24605098 #12
0.65795353 0.37306989 0.44901670 #13
0.29019031 0.47375661 0.48213153 #14
0.65106176 0.73938373 0.21263410 #15
0.28693824 0.63618992 0.24605098 #16
0.05356431 0.01064875 0.00576823 #17
0.13810806 0.88853545 0.92162422 #18
0.05045126 0.88136421 0.76129618 #19
0.12909452 0.99785009 0.66720025 #20
0.55356337 0.51064851 0.00576823 #21
0.63810719 0.38853525 0.92162422 #22
0.55045033 0.38136397 0.76129618 #23
0.62909363 0.49784988 0.66720025 #24
0.05357223 0.98935263 0.50576876 #25
0.13811063 0.11146151 042162121 #26
0.05044552 0.11863735 0.26129743 #27
0.12907723 0.00214770 0.16719968 #28
0.55357133 0.48935236 0.50576876 #29
0.63810973 0.61146122 0.42162121 #30
0.55044461 0.61863710 0.26129743 #31
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3pu

File

0.62907630
0.06522043
0.34703488
0.04776559
0.33708763
0.56521954
0.84703395
0.54776468
0.83708674
0.06521261
0.34703142
0.04775419
0.33708395
0.56521170
0.84703050
0.54775328
0.83708312

0.50214747
0.79726417
0.88369377
0.09024976
0.00731158
0.29726390
0.38369356
0.59024951
0.50731134
0.20273871
0.11631213
0.90975191
0.99268535
0.70273846
0.61631185
0.40975164
0.49268508

0.16719968
0.97043472
0.93194651
0.70834309
0.68267825
0.97043472
0.93194651
0.70834309
0.68267825
0.47043518
0.43194384
0.20834261
0.18267890
0.47043518
0.43194384
0.20834261
0.18267890

#32
#33
#34
#35
#36
#37
#38
#39
#40
#41
#42
#43
#44
#45
#46
#47
#48
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POTCAR

POTCAR Is the Potential file to do the computations. There are more than one
potential files available for computations. Local density approximation (LDA) is the
simplest exchange, and correlation approximation used potential. The main drawback
about the accuracy of this potential is over the binding of the atoms. The energy
connecting two atoms is larger than expected. This may also result in shorter lattice
parameter and even untrue phase stability[76]. The next potential is generalized gradient
approximation (GGA). This potential is expected to be more accurate than LDA. The
reason is it contains one extra derivative term. The additional term also comes with an
extra computational cost. GGA has lower binding energy associated between atoms
compared to LDA. Unlike LDA, GGA does not have one single universal form[76]. The
two potentials discussed are non-empirical meaning it just results from direct
mathematically derived equations based on physically consistent interpretations. In 1996
a new potential was proposed by Perdew, Burke and Ernzerhof which is called PBD. The
title of the paper was “Generalized Gradient Approximation Made Simple” [77]in which
they claimed that PBE is a simplified GGA. Actually, the potential they proposed is
empirical, and it supposed to be more accurate than both LDA and GGA. The reason that
this work is based on GGA potential is that, it will be used as bases for following types
of calculations, and empirical calculations are not useful in calculating dielectric or

piezo-electric properties.
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APPENDIX IV PHONON DISPERSION
Simplest structures Eigenvectors and eigenvalues
The tables (Table 91 and Table 92) show the eigenvalues and eigenvectors for the
smallest structures of PVDF and PADFB. The X,Y, and Z coordinate for the atoms while

the dx ,dy, and dz show the oscillation direction.

Table 91 Eigenvectors and eigenvalues of the dynamical matrix of PVDF

Eigenvectors and eigenvalues of the dynamical matrix of PVDF

1* mode f= 95.369 THz 394.41 meV

X Y Z dx dy dz
Carbon 0.0140 0.0260  0.0000 0.2865  -0.0799 0.0000
Carbon 0.4100 0.7460  1.2800 0.0132  -0.0057 0.0000
Hydrogen  2.7731 3.2182  0.0000 -0.1716  0.4020 0.0000
Hydrogen  1.2302 4.0662  0.0000 -0.8413  -0.1117 0.0000
Fluorine 1.7719 0.9540  1.2800 -0.0047  -0.0015 0.0000
Fluorine -0.1450 2.0079  1.2800 -0.0010  0.0029 0.0000
2" mode f= 93.287 THz 385.80 meV

X Y YA dx dy dz
Carbon 0.0140 0.0260  0.0000 0.0287  0.2376 0.0000
Carbon 0.4100 0.7460  1.2800 -0.0017  0.0072 0.0000
Hydrogen  2.7731 3.2182  0.0000 0.3640  -0.7769 0.0000
Hydrogen  1.2302 4.0662  0.0000 -0.4522  -0.0463 0.0000
Fluorine 1.7719 0.9540  1.2800 -0.0017  -0.0011 0.0000
Fluorine -0.1450 2.0079  1.2800 0.0007  -0.0044 0.0000
3" mode f= 41.570 THz 171.92 meV

X Y z dx dy dz
Carbon 0.0140 0.0260  0.0000 -0.0660 -0.146762 0
Carbon 0.4100 0.7460  1.2800 -0.1484  -0.2399 0.0000
Hydrogen  2.7731 3.2182  0.0000 0.5969  0.2489 0.0000
Hydrogen  1.2302 4.0662  0.0000 -0.1020 0.6762 0.0000
Fluorine 1.7719 0.9540  1.2800 0.0593  0.0312 0.0000
Fluorine -0.1450 2.0079  1.2800 -0.0022  0.0646 0.0000
4" mode f= 41.533 THz 171.77 meV

X Y Z dx dy dz

111



Eigenvectors and eigenvalues of the dynamical matrix of PVDF

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

5t mode

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

6™ mode

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

7™ mode

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

8" mode
Carbon

Carbon
Hydrogen

0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

0.0140
0.4100
2.7731

0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

f=
Y

0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

f

Y

0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

f=
Y

0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

38.474 THz
z

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

34.545 THz
z

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

34.499 THz
Z

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

31.669 THz
z

0.0000
1.2800
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

dx
0.2241
-0.4004
-0.1462
0.0888
0.1918
-0.0386

dx
0.2964
-0.7262
-0.1439
0.0430
0.2441
0.1200

dx

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

dx

0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

159.12 meV
dy

0.4094
-0.7046
0.0136
-0.1281
0.0699
0.1908

142.87 meV
dy

-0.1700
0.4165
-0.1369
0.1625
0.0001
-0.2018

142.68 meV
dy

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

130.97 meV
dy

0.0000
0.0000
0.0000

-0.6521
0.5429
0.3732
0.3704
-0.0421
-0.0421

dz

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

dz

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

dz
-0.0023
0.0046
-0.7086
0.7031
-0.0422
0.0417

dz
-0.1819
0.5605
-0.5666
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Eigenvectors and eigenvalues of the dynamical matrix of PVDF

Hydrogen
Fluorine
Fluorine

9" mode

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

10" mode

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

11 mode

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

12" mode

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

1.2302
1.7719
-0.1450

0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

4.0662
0.9540
2.0079

f=

Y
0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

f=
Y

0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

f=

Y
0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

f=
Y

0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

0.0000
1.2800
1.2800

26.499 THz
z

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

26.153 THz
Y4

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

13.911 THz
z

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

12.765 THz
Z

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

0.0000
0.0000
0.0000

dx
-0.5718
-0.1441
0.2252
-0.1110
0.4705
0.0735

dx
-0.2354
-0.0146
-0.1148
-0.0783
0.4447
-0.2017

dx
-0.1666
-0.1286
-0.0608
-0.0483
-0.3654
0.6266

dx

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000

109.59 meV
dy

0.2149
0.0723
0.2363
-0.3318
0.1459
-0.3519

108.16 meV
dy

-0.5830
-0.0904
-0.1933
-0.1180
0.0759
0.5306

57.53 meV
dy

-0.2994
-0.2282
-0.0934
-0.0945
0.5115
-0.0493

52.79 meV
dy

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

-0.5753
-0.0190
-0.0196

dz

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

meV
dz
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

dz

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

dz
0.5962
0.4522
0.1421
0.1420
-0.4468
-0.4474
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Eigenvectors and eigenvalues of the dynamical matrix of PVDF

13*" mode

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

14* mode

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

15" mode

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

16" mode

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

17" mode

0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

f=
Y

0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

f=

Y
0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

f=
Y

0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

f/i=

Y
0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

f/i=
Y

10.481 THz
z

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

6.914 THz
z

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

0.010 THz
Y4

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

0.026 THz
z

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

0.035THz
VA

dx
0.1646
-0.2371
0.5339
0.1167
-0.2230
0.1363

dx

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

dx

-0.1087
-0.1055
-0.0310
-0.0314
-0.1302
-0.1196

dx

-0.4230
-0.4215
-0.1218
-0.1222
-0.5298
-0.5262

dx

43.34 meV
dy

-0.0971
0.1325
0.1911
-0.5338
-0.2859
0.3457

28.59 meV
dy

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.04 meV
dy
-0.4174
-0.4191
-0.1204
-0.1202
-0.5409
-0.5220

0.11 meV
dy
0.1034
0.1027
0.0299
0.0297
0.1263
0.1308

0.14 meV
dy

dz

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

dz
-0.0003
-0.0002
-0.0419
0.0420
0.7061
-0.7057

dz

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

dz

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

dz
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Eigenvectors and eigenvalues of the dynamical matrix of PVDF

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

18" mode

Carbon
Carbon
Hydrogen
Hydrogen
Fluorine
Fluorine

0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

X
0.0140
0.4100
2.7731
1.2302
1.7719
-0.1450

0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

f/i=

Y
0.0260
0.7460
3.2182
4.0662
0.9540
2.0079

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

3.592 THz
z

0.0000
1.2800
0.0000
0.0000
1.2800
1.2800

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

dx
-0.3830
-0.0873
-0.2672
-0.1315
-0.0034
0.4854

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

14.86 meV
dy

0.2216
0.0570
-0.0085
0.2281
-0.5614
0.3190

-0.4315
-0.4320
-0.1249
-0.1249
-0.5459
-0.5459

dz

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Table 92 Eigenvectors and eigenvalues of the dynamical matrix of PADFB

Eigenvectors and eigenvalues of the dynamical matrix of PADFB

1%t mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

2" mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

3" mode

X

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

101.250 THz
z

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

99.600 THz
Z

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

47.319 THz

dx
0.0157
0.2000
-0.0063
-0.0012
-0.0606
-0.7044

dx
-0.0161
-0.1414
0.0063
0.0012
-0.0964
0.6440

418.74 meV
dy

-0.0150
-0.1957
0.0015
0.0058
0.6399
0.1085

411.91 meV
dy

-0.0168
-0.1534
0.0010
0.0069
0.7184
-0.1256

195.70 meV

dz

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

dz

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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Eigenvectors and eigenvalues of the dynamical matrix of PADFB

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

4* mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

5t mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

6™ mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

7" mode

Boron
Nitrogen

X

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.8160
0.1730

Y

0.7701
0.1640
0.4620
2.1472
3.8750
0.3340

z

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

36.090734
z

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

34.248 THz
Y4

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

33.757 THz
z

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

33.03 THz
Z

1.3391
0.0000

dx
-0.0332
-0.1874
0.0058
0.0016
0.6842
0.0890

dx
-0.5880
0.1770
0.2450
0.0732
-0.1737
0.0644

dx
-0.0022
0.0007
0.0010
0.0000
0.0001
0.0001

dx
0.6329
-0.2206
-0.2682
-0.0076
-0.0220
-0.0331

dx
-0.0002
0.0000

dy
-0.0339
-0.1749
0.0017
0.0061
0.0538
0.6731

149.26 meV
dy

0.6203
-0.1877
-0.0871
-0.2490
-0.0541
0.1753

141.64 meV
dy

-0.0019
0.0006
0.0000
0.0009
0.0001
0.0001

139.61 meV
dy

0.5997
-0.2088
0.0080
-0.2694
-0.0317
-0.0202

136.61 meV
dy

0.0005
-0.0001

dz

0.0000
0.0000
0.0000
0.0000
0.0000
0.0001

dz
0.0000
0.0001
0.0000
0.0000
0.0003
-0.0005

dz
0.1754
-0.4363
-0.0209
-0.0234
0.6499
0.5963

dz
0.0002
-0.0012
-0.0001
-0.0001
0.0024
0.0019

dz
0.0081
-0.0173
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Eigenvectors and eigenvalues of the dynamical matrix of PADFB

Fluorine
Fluorine
Hydrogen
Hydrogen

8" mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

9" mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

10" mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

11 mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen

2.1772
0.5879
0.5600
3.9009

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.8160
0.1730
2.1772
0.5879
0.5600

0.4620
2.1472
3.8750
0.3340

1.3391
1.3391
0.0000
0.0000

24.605 THz
z

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

23.644 THz
z

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

23.351 THz
Z

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

12.950 THz
z

1.3391
0.0000
1.3391
1.3391
0.0000

0.0002
0.0001
-0.0001
0.0000

dx
0.0915
0.3966
-0.3867
0.0221
-0.3834
0.1840

dx
-0.0004
0.0049
-0.0057
0.0012
0.0015
0.0013

dx
0.0611
-0.4535
0.5069
-0.1074
-0.1109
-0.1190

dx
0.0006
0.0006
0.0005
-0.0016
0.0000

0.0000
-0.0002
-0.0001
0.0000

101.76 meV
dy

-0.0967
-0.4199
0.0007
0.3843
-0.1622
0.3791

97.78 meV
dy

-0.0003
0.0051
0.0015
-0.0063
0.0014
0.0010

96.57 meV
dy

0.0577
-0.4295
-0.1379
0.5151
-0.1134
-0.1028

53.56 meV
dy

0.0004
0.0009
-0.0016
0.0003
0.0002

-0.0369
0.0349
-0.6825
0.7289

dz
0.0004
-0.0003
-0.0001
0.0000
-0.0002
-0.0001

dz
0.8124
-0.4348
-0.0569
-0.0572
-0.2674
-0.2699

dz
0.0095
-0.0049
-0.0007
-0.0007
-0.0031
-0.0032

dz
-0.3794
-0.6370
0.4488
0.4491
-0.1537
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Eigenvectors and eigenvalues of the dynamical matrix of PADFB

Hydrogen

12" mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

13*" mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

14* mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

15% mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

16" mode

3.9009

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.3340

0.0000

12.870 THz
z

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

12.536 THz
Y4

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

7.141 THz
z

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

3.303 THz
Z

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

0.050 THz

0.0002

dx
-0.1872
-0.3006
-0.1359
0.5882
-0.0571
-0.0856

dx
0.1789
-0.2644
0.3038
-0.0648
-0.5441
0.0052

dx
-0.0003
-0.0002
-0.0004
0.0003
0.0002
-0.0001

dx
0.0050
0.1915
0.1494
-0.6626
0.0831
0.0452

0.0004

53.23 meV
dy

-0.1582
-0.3072
0.5859
-0.1387
-0.0812
-0.1054

51.85 meV
dy

-0.2070
0.2483
0.1047
-0.3125
0.0173
0.5404

29.53 meV
dy

0.0001
0.0000
-0.0002
0.0002
0.0000
-0.0003

13.66 meV
dy

-0.0092
-0.2077
0.6529
-0.1149
-0.0514
-0.0876

0.21 meV

-0.1536

dz
-0.0009
-0.0017
0.0014
0.0011
-0.0004
-0.0005

dz
0.0001
0.0003
-0.0005
0.0003
0.0001
0.0000

dz
0.0001
0.0002
-0.7063
0.7061
0.0358
-0.0360

dz
-0.0002
-0.0003
-0.0006
0.0000
-0.0001
-0.0001
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Eigenvectors and eigenvalues of the dynamical matrix of PADFB

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

17" mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen
Hydrogen

18" mode

Boron
Nitrogen
Fluorine
Fluorine
Hydrogen

X

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.8160
0.1730
2.1772
0.5879
0.5600
3.9009

0.8160
0.1730
2.1772
0.5879
0.5600

Y

0.7701
0.1640
0.4620
2.1472
3.8750
0.3340

f/i=

Y
0.7701
0.1640
0.4620
2.1472
3.8750
0.3340

f/i=

Y
0.7701
0.1640
0.4620
2.1472
3.8750

z

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

0.219 THz
z

1.3391
0.0000
1.3391
1.3391
0.0000
0.0000

0.863 THz
Y4

1.3391
0.0000
1.3391
1.3391
0.0000

dx

0.0022
0.0025
0.0029
0.0028
0.0006
0.0007

dx

0.2942
0.3372
0.3872
0.3770
0.0906
0.0905

dx

0.2939
0.3890
0.4224
0.2263
0.1205

dy

0.0007
0.0007
0.0009
0.0009
0.0002
0.0002

0.91 meV
dy
0.2889
0.3314
0.3705
0.3805
0.0889
0.0893

3.57 meV
dy
-0.2999
-0.3987
-0.2356
-0.4211
-0.1049

dz

-0.4064
-0.4632
-0.5429
-0.5428
-0.1243
-0.1243

dz

0.0020
0.0023
0.0025
0.0028
0.0006
0.0006

dz

0.0010
0.0011
0.0011
0.0016
0.0003
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PVDF phonon dispersion

Phonon Dispersion for PYDF 1p4 structure
100 T T T T T T T

0 r b

60 b

50 b
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Figure 25 Phonon dispersion for PVDF - 1p4

Phonon Dispersion for PVDF 2ad4 structure
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Figure 26 Phonon dispersion for PVDF — 2ad4
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Phonon Dispersion for PVDF 2au4 structure

100 T T T T T T T

Frequency THz
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Figure 27 Phonon dispersion for PVDF - 2au4

Phonon Dispersion for PVDF 2pd4 structure
100 T T T T T T T

90 B

80 1

70 | ]

60 1
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Figure 28 Phonon dispersion for PVDF - 2pd4
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Phonon Dispersion for PYDF 2pu4 structure

Wave Number

Figure 29 Phonon dispersion for PVDF - 2pu4
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Figure 30 Phonon dispersion for PVDF - 3ad4
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Phonon Dispersion for PVDF 3pd4 structure
100 T T T T T T T

90 4
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Figure 32 Phonon dispersion for PVDF - 3pd4

Phonon Dispersion for PVDF 3au4 structure
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Figure 31 Phonon dispersion for PVDF - 3au4
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Phonon Dispersion for PVDF 3pu#4 structure
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Figure 33 Phonon dispersion for PVDF - 3pu4
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PADFB phonon dispersion
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Figure 34 Phonon dispersion for PADFB - 1p4
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Figure 35 Phonon dispersion for PADFB — 2ad4
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Phonon Dispersion for PADFB 2au4 structure
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Figure 37 Phonon dispersion for PADFB - 2au4

Phonon Dispersion for PADFB 2pd4 structure
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Figure 36 Phonon dispersion for PADFB - 2pd4
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Phonon Dispersion for PADFB 2pu4 structure
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Figure 38 Phonon dispersion for PADFB - 2pu4

Phonon Dispersion for PADFB 3ad4 structure
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Figure 39 Phonon dispersion for PADFB - 3ad4
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Figure 41 Phonon dispersion for PADFB - 3au4

100

80

60

Frequency THz

Phonon Dispersion for PADFB 3pd4 structure

Wave Number

Figure 40 Phonon dispersion for PADFB - 3pd4
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Phonon Dispersion for PADFBE 3pud structure
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Figure 42 Phonon dispersion for PADFB - 3pu4
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APPENDIX V DYNAMIC STABILITY CONTINUUM APPROACH
For any solid material that is under tension, there is a relation between the
applied stress and the strain response that the material shows. This relation is first
described by Hook and named as Hook’s law. given by Eq. 61 (linear response is
assumed)
o=F¢ Eq. 61
The position of atoms (u) with reference to x (for single dimension) will change

through relation given in Eq. 62

du

€=a

Eq. 62

Equation 14 relates the change in atom position with respect to their original
positions through a constant. For a bar with cross-section A and density of p (as shown in
Figure 43 Newtons law of motion for a bar under stress (c) in u direction can be written

as in Eq. 63

p = density | u

d x A = cross section area

Figure 43 Newtons law of motion for a bar under stress (o) in u direction

0%u
(pAdx) 7 = (o(x + dx) — o(x))xA Eq. 63

Rearranging the terms and using the limit form of the change in the stress to be
the derivative with respect to x along with both Eq. 61 and Eq. 62, the Eq. 63 can be

rewritten as Eq. 64
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p 0*u _0%u Fo. 64
E 0t ox? 7
This is a second order differential equation with the solution in the form of Eq.

65.

U = Aeilkx—wb) Eq. 65

Where o (27v) is the angular frequency and (k = 27/A) is the wave number. Since
the product of frequency and wavelength yields the speed of propagation in a medium.
the relation between angular frequency and wavenumber is given by:

= Vsouna- k Eq. 66

This relation, between o and k shown in Eq. 66, is called the dispersion relation.

Using the results of Eq. 64, one gets the relationship shown in Eq. 67

E Eq. 67
Vsouna = ;

It is worth mentioning this linear velocity relation holds for optical waves in

vacuum through

Eqg.
w=ck g 68

The relation, in Eq. 68, was based on an isotropic material assumption. For an
anisotropic material, this relationship can be used to determine elastic modulus of the
material in different directions. The energy of phonons is found to be quantized as a

result of Debye theory that is

Ephonon = hw Eq. 69
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Here  natural frequency and 7 is planks constant. Phonons are also named
sound waves due to its relation to sound transportation in mediums. These traveling
waves carry a momentum along with their energy. The momentum of a phonon is given

by the relation

Pphonon = hk Eq. 70
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