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1

1.1

(PVDF) 1944

1969

Kawai PVDF

2 PVDF

PVDF

2 PVDF

D-E

Tg

PVDF 1980 Furukawa

200 MV/m

Tg

[1]

PVDF Ps

Table 1.1
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Table 1.1: Studies of spontaneous polarization of PVDF Form I.

Rigid dipole 130 mC/m2

Lorentz field 220 mC/m2 (1970, Kakutani et al.)

Point dipole 86 mC/m2 (1982, Al-Jishi, Talor)

Point Charge 127 mC/m2 (1984, Purvis, Talor)

Molecular mechanics 182 mC/m2 (1995, Carbeck et al.)

Density functional theory 178 mC/m2 (2004, Nakhmanson et al.)

CH CF μ = 2.1

D

Ps = 130 mC/m2 [1]

Lorentz Ps 220 mC/m2 [6, 7] Lorentz

I PVDF Ps

[8, 9] Hartree-Fock

[10, 11] (DFT) [12, 13]

I PVDF Ps 170–180 mC/m2

1.2

PVDF -CH2CF2-

PVDF

4

4



I ,[2] II ,[2] III ,[3] IV [4] β, α,

γ, δ I all trans (TT) II

IV trans-gauche-trans-minus gauche (TGTḠ)

III (T3GT3Ḡ) I , III

, IV II

TGTḠ T3GT3Ḡ

”up-up” ”up-down”

α, γ, δ ”up”, ”down”

Figure 1.1, 1.2.

II TGTḠ

up-down

TGTḠ

TT II I I PVDF

Ps

Ps I PVDF

II III II

IV III IV

D–E

Pr

Pr Ps

PVDF

5



(a)

(b)

(c)

Figure 1.1: The three conformations of PVDF chains observed in different poly-

morphs (a) TT, (b) T3GT3Ḡ, (c) TGTḠ.
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(a) (b)

(c) (d)

Figure 1.2: Crystal structures of PVDF. Black rectangle in each crystal is the

crystallographic unit cell. (a) Form I is parallel TT. (b) Form II is antiparallel

and up-down TGTḠ. (c) Form III is parallel and up-up T3GT3Ḡ. (d) Form IV is

parallel and up-down TGTḠ.
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I PVDF 50% Ps

50–80 mC/m2

Pr PVDF Pr 100

mC/m2 [5]

1.3

Coulomb

Coulomb

PVDF

van der Waals

PVDF

(100 mC/m2)

Coulomb

PVDF
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van der Waals

E D D-E

(Figure 1.3) 0

Curie

PVDF Curie

- PVDF

-

Nylon-11

Nylon-11

DOBAMBC

0

PVDF C-H C-F

PVDF
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-150

-100
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100
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D
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C
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2 ]

-200 -100 0 100 200
E [MV/m]

Figure 1.3: Hysteresis loops of the electric displacements (D) versus electric field

(E) for PVDF. The red line is one of typical sample (cyrstallinity 50%). The blue

line is one of coextrusion drawing sample (crystallinity 80%).
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1.4

I

III

IV

1.5

1

2

3 PVDF I

PVDF I

Hartree-Fock

Dunning cc-pVTZ
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SVWN

PBE, BLYP

c 1%

B3LYP PBE0

1% 5%

PBE0 Dunning cc-pVTZ

PBE0/cc-pVTZ X

4 PVDF PBE0/cc-pVTZ

PVDF 4

X

(vXPS)

4 X

I : a = 8.58 Å, b = 4.91 Å, c = 2.56 Å,

III : a = 4.96 Å, b = 9.67 Å, c = 9.20 Å, β = 93.0◦,

IV : a = 4.96 Å, b = 9.64 Å, c = 4.62 Å

II : a = 4.96 Å, b = 9.64 Å, c = 4.62 Å, β = 90.0◦,

I : a = 8.691 Å, b = 4.893 Å, c = 2.568 Å,

III : a = 4.829 Å, b = 9.568 Å, c = 9.226 Å, β = 94.06◦,

IV : a = 5.011 Å, b = 9.999 Å, c = 4.645 Å

II : a = 5.029 Å, b = 9.976 Å, c = 4.646 Å, β = 90.04◦,

c 1% a, b 5% β

20 mRad
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C-H 1.090 Å, H-C-H

108.0◦ C-C 1.528 Å, C-C-C 114.4◦, C-F

1.368 Å, F-C-F 105.4◦

I II −2.9 kJ/mol, III −2.7

kJ/mol, IV −2.5 kJ/mol PVDF

5 PVDF PVDF I–III PBE0/cc-

pVTZ// PBE0/cc-pVTZ(d,p)

C-H

3 (I , III ,

IV ) Ps Coulomb

I Ps 176 mC/m2 III IV

71 mC/m2 85 mC/m2

6

PVDF

3 PVDF

PVDF
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2

2

Schrödinger (ab-initio )

Bloch

2.1

(MO) 1

Slater Hartree-Fock

Hartree-Fock

Hartree-Fock

Hartree-Fock (HF) Slater

Slater Fermi

χi(�rj)

‖χ1 . . . χN‖ =
1

N !

∣∣∣∣∣∣∣∣∣∣∣∣

χ1(�r1) . . . χ1(�rN)

...
. . .

...

χn(�r1) . . . χn(�rN)

∣∣∣∣∣∣∣∣∣∣∣∣
(2.1)
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2 0 Fermi

Fermi Slater Pauli

Hartree-Fock

εiχi = F̂χi (2.2)

F̂i = −1

2
∇2

i −
∑
A

ZA

riA
+
∑
j

(2Ĵj + K̂j) (2.3)

Ĵjχi(�ri) =
∫ |χj(�rj)|2

�rij
χi(�ri)d�rj (2.4)

K̂jχi(�ri) =
∫ χ∗

j(�rj)χi(�rj)

�rij
χj(ri)d�rj (2.5)

ε Fock F̂ 1

Coulomb Ĵ Coulomb K̂ Pauli

HF

Schrödinger

(CI)

Slater

HF

2.2

Hohenberg-Kohn

Kohn-Sham
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HF

Thomas-Fermi

Thomas ρ

TTF =
3

10
(3π2)2/3

∫
ρ5/3(�r)d�r (2.6)

(LDA) [1] Weizsäcker TF

(GGA) [2]

TW =
1

8

∫ |∇ρ|2
ρ

d�r (2.7)

Kohn-Sham

Kohn-Sham

Kohn-Sham HF

KS

EKS =
∑
i

〈
χi

∣∣∣∣−1

2
∇2

∣∣∣∣χi

〉
+
∑
A

∫ ZAρ

�r − �rA
d�r+

∫ ∫ ρ(�ri)ρ(�rj)

�rij
d�rid�rj +Exc[ρ] (2.8)

Exc

LDA

LDA Dirac

ELDA
x [ρ(�r)] = −3

4

(
3

π

)1/3 ∫
ρ4/3d�r (2.9)
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GGA

LDA

GGA Becke (B88 B),[4] Pewdew-Wang

(PW-GGA) [5] Perdew-Burke-Ernzerhof (PBE) [6]

PBE

EPBE
x = −3

4

(
3

π

)1/3 ∫
ρ4/3

(
1 + κ− κ

1 + μ
κ
s2

)
d�r (2.10)

s =
|∇ρ|

2(3π2ρ)1/3ρ
(2.11)

Monté Carlo

Vosko-Wilk-Nusair

(VWN) [7] Perdew-Wang (PW-LDA) [8] LDA Lee-

Yang-Parr (LYP) [9] PBE [6] GGA

EPW−LDA
c [ρ] = −2a

∫
d�rρ(1− αrs)

ln

[
1 +

1

2a+ β1r
1/2
s + β2rs + β3r

3/2
s + β4r2s

]
(2.12)

4

3
r3s =

1

ρ
(2.13)

GGA HF GGA

LYP
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Becke 3 (B3LYP) [10]

EB3LYP
xc = ELDA

xc + 0.20(EHF
x −ELDA

x ) + 0.72(EGGA
x −ELDA

x ) + 0.81(EGGA
c −ELDA

c )

(2.14)

EHF
x Hartree-Fock

〈
φ
∣∣∣K̂∣∣∣φ〉

x c GGA B88

GGA LYP LDA VWN

Perdew-Burke-Ernzerhof

PBE0 [11, 12]

Exc = EPBE
xc +

1

4

(
EHF

x − EPBE
x

)
(2.15)

2.3

HF CCSD(T)/aug-cc-pVQZ DFT B3LYP/cc-pVTZ

PBE0/cc-pVTZ (Figure 2.1) (Figure 2.2)

CCSD(T) Schrödinger

Hartree-Fock

Hartree-Fock

Ne2, Ar2

B3LYP

Ne2 Ar2

B3LYP
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Figure 2.1: Atomic distance and energy of neon dimer.
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Figure 2.2: Distance and energy of argon dimer.
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PBE0

Ne2, Ar2

van der Waals 2

CCSD(T)

(1 1 eV )

PBE0

2.4

LCAO HF,

s, p, d, f

Gaussian

(GTF)

χ(r;α) =
√
N(x−X)l(y − Y )m(z − Z)n exp(−αr2) (2.16)

N =
22(l+m+n)+ 3

2α
3
2

(2l − 1)!!(2m− 1)!!(2n− 1)!!π
3
2

.

χ

φ(r) =
∑
i

diχ(r;αi). (2.17)

α d

3

22



1 Pople 6-31G** 6-311G**

2 Godbout DFT

DZVP, DZVP2, TZVP

3 HF Dunning correlation consistent po-

larized valence x-zeta, cc-pVxZ HF

cc-pVTZ s Figure 2.3

p Figure 2.4 α, d Table 2.1

d 2 (d*, d**) f

1 (f*) 2s, 2p 3

(2s, s’, s” 2p, p’, p”)
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Table 2.1: cc-pVTZ basis set of Carbon.

α d(1s) d(2s) d(s’) d(s”)

8236. 0.000531 −0.000113

1235. 0.004108 −0.000878

280.8 0.021087 −0.004540

79.27 0.081853 −0.018133

25.59 0.234817 −0.055760

8.997 0.434401 −0.126895

3.319 0.346129 −0.170352

0.9059 0.039378 0.140382 1.000000

0.3643 −0.008983 0.598684

0.1285 0.002385 0.395389 1.000000

α d(2p) d(p’) d(p”)

18.71 0.014031

4.133 0.086866

1.200 0.290216 1.000000

0.3827 0.501008

0.1209 0.343406 1.000000

α d(d*) d(d**) d(f*)

1.097 1.000000

0.3180 1.000000

0.7610 1.000000
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Table 2.2: cc-pVTZ basis set of Fluorine.

α d(1s) d(2s) d(s’) d(s”)

19500 0.000507 −0.000117

2923. 0.003923 −0.000912

664.5 0.020200 −0.004717

187.5 0.079010 −0.019086

60.62 0.230439 −0.059655

21.42 0.432872 −0.140010

7.950 0.349964 −0.176782

2.257 0.043233 0.171625 1.000000

0.8815 −0.007892 0.605043

0.3041 0.002384 0.369512 1.000000

α d(2p) d(p’) d(p”)

43.88 0.016665

9.926 0.104472

2.930 0.317260 1.000000

0.9132 0.487343

0.2672 0.334604 1.000000

α d(d*) d(d**) d(f*)

3.107 1.000000

0.8550 1.000000

1.917 1.000000
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Table 2.3: cc-pVTZ basis set of Hydrogen.

α d(1s) d(s’) d(s”)

33.87 0.006068

5.095 0.045308

1.159 0.202822

0.3258 0.503903 1.000000

0.1027 0.383421 1.000000

α d(p*) d(p**) d(d*)

1.407 1.000000

0.3880 1.000000

1.057 1.000000

2.5

(PBC) PBC

V �R

V (�r) = V (�r + �R) (2.18)

�k

Fourier �R

�R · �k = 2πn (n )

�ai �bi

�b1 = 2π
�a2 × �a3

�a1 · (�a2 × �a3)
(2.19)

�b2 = 2π
�a3 × �a1

�a1 · (�a2 × �a3)
(2.20)
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�b3 = 2π
�a1 × �a2

�a1 · (�a2 × �a3)
(2.21)

Brillouin Wigner-Seitz

�k

L = |∑ni�ai|, ni → ∞
Brillouin �k Pack-Monkhorst

[13]

�R �k Ni, mi

�R =
3∑

i=1

Ni�ai (2.22)

�k =
3∑

i=1

mi

Ni

�bi (2.23)

PBC Bloch

ψn�k(�r) = ei
�k�r · un�k(�r) (2.24)

Bloch un�k(�r)

un�k(�r +
�R) = un�k(�r) (2.25)

ψn�k(�r +
�R) = ei

�k �R · ψn�k(�r) (2.26)

Bloch 1 Schrödinger

ĥψn�k(�r) = εn�kψn�k(�r) (2.27)

εn�k
�k εn(�k)

Brillouin �k

(Density of States, DOS) q(ε)
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ε ε+ dε N(ε, ε+ dε)

q(ε) =
N(ε, ε+ dε)

dε
(2.28)
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Figure 2.3: Carbon s basis functions of cc-pVTZ basis set.
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PVDF I

PVDF I

X (XRD)

c

3.1

PVDF I b

I Kawai

[1] Hasegawa Cc2m

[2]

Furukawa [3]

-

μ =
∑

q · �r
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I

PVDF c 0.01 Å

a -

b

3.2

PVDF I

3.3

Hartree-Fock

PVDF I
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Hartree-Fock LDA LDA

VWN [4] (SVWN) GGA B88

[5] LYP [6] (BLYP) PBE [7]

B3LYP [8] PBE0 [9, 10]
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Table 3.1: The methods and c length of PVDF Form I crystal.

Method c length [Å] Deviation [Å]

Experimental value 2.56

HF/cc-pVDZ 2.562 +0.00

SVWN/cc-pVTZ 2.539 −0.02

BLYP/cc-pVTZ 2.609 +0.05

PBE/cc-pVTZ 2.591 +0.03

B3LYP/cc-pVTZ 2.582 +0.02

PBE0/cc-pVTZ 2.568 +0.01

Pople 6-31G**,[11] 6-311G**,[12]

DGauss DZVP, DZVP2,[13] Dunning cc-pVDZ, cc-pVTZ [14]

CRYSTAL 06[15]

XRD a = 8.58 Å, b = 4.91 Å, c = 2.56 Å [2]

3.4

Dunning cc-pVTZ

p Gauss

α = 0.1209 0.2672 3

1.200 2.930

c Table 3.1 Figure 3.1

HF/cc-pVDZ c 2.562 Å

a, b
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Figure 3.1: The methods and the lattice constants of PVDF Form I crystal.
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cc-pVDZ

SVWN/cc-pVTZ HF

a, b 10%

c

BLYP/cc-pVTZ

a, b, c

PBE/cc-pVTZ GGA

1% van der Waals

B3LYP/cc-pVTZ

GGA PBE0 c

0.02 Å

PBE0/cc-pVTZ

PVDF I

Figure 3.2

c 1%

a 5% b

6-31G**, cc-pVDZ

6-311G** 6-11111**

6-311G** DGauss (Godbout

) TZVP

DZVP, DZVP2 b

cc-pVTZ
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Figure 3.2: Basis sets and the lattice constants of Form I PVDF.
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Table 3.2: Population analysis for PVDF Form I crystal by PBE0/cc-pVTZ.

1s 2s s’ s” 2p p’ p”

CH 2.002 1.414 0.002 −0.355 3.651 −0.041 −0.281

CF 1.998 1.358 0.016 −0.358 2.833 −0.010 −0.465

d* d** f*

CH 0.017 0.068 0.004

CF 0.052 0.274 0.030

1s 2s s’ s” 2p p’ p”

F 1.990 1.885 0.016 0.013 5.394 −0.091 −0.036

d* d** f*

F 0.001 0.013 0.001

1s s’ s” p* p** d*

H 1.379 −0.388 −0.315 0.008 0.024 0.002

I PVDF PBE0/cc-pVTZ Mulliken

Table 3.2

+0.289e −0.481e

−0.185e

+0.273e

39



3.5

PBE0/cc-pVTZ a = 8.691 Å( 8.58 Å), b = 4.892 Å(4.91 Å),

c = 2.568 Å(2.56 Å) a +1.3%,

b −0.3%, c +0.3% −276.9385 hartree

HF PBE0 c

HF

b -

6-311G** TZVP -

van der Waals cc-pVTZ 2df, 2pd

Mulliken

CF

PBE0/cc-pVTZ PVDF

40



[1] H. Kawai, The Piezoelectricity of Poly (vinylidene Fluoride)”. Jpn. Jour.

Appl. Phys., 8, 975–976 (1969).

[2] R. Hasegawa, Y. Takahashi, Y. Chatani, and H. Tadokoro, Crystal Structures

of Three Crystalline Forms of Poly(vinylidene fluoride). Polym. J., 3, 600–610

(1972).

[3] T. Furukawa, Ferroelectric properties of vinylidene fluoride copolymers. Phase

Transitions, 18, 143-211 (1989).

[4] S. H. Vosko, L. Wilk, and M. Nusair, Accurate spin-dependent electron liquid

correlation energies for local spin density calculations: a critical analysis. Can.

J. Phys., 58, 1200–1211 (1980).

[5] A. D. Becke, Density-functional exchange-energy approximation with correct

asymptotic behavior. Phys. Rev. A 38, 3098–3100 (1988).

[6] C. Lee, W. Yang, and R. G. Parr, Development of the Colle-Salvetti

correlation-energy formula into a functional of the electron density. Phys.

Rev. B, 37, 785–789 (1988).

[7] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized Gradient Approxima-

tion Made Simple. Phys. Rev. Lett., 77, 3865–3868 (1996).

[8] A. D. Becke, A new mixing of Hartree-Fock and local density-functional the-

ories. J. Chem. Phys., 98, 1372–1377 (1993).

41



[9] J. P. Perdew, M. Ernzerhof, and K. Burke, Rationale for mixing exact ex-

change with density functional approximations. J. Chem. Phys., 105, 9982–

9985 (1996).

[10] C. Adamo, and V. Barone, Toward reliable density functional methods with-

out adjustable parameters: The PBE0 model. J. Chem. Phys., 110, 6158–

6170 (1999).

[11] R. Ditchfield, W. J. Hehre, and J. A. Pople, Self-Consistent Molecular-

Orbital Methods. XII. Further Extensions of Gaussian-Type Basis for Use in

Molecular-Orbital Studies of Organic Molecules. J. Chem. Phys., 56, 2257–

2261 (1972).

[12] R. Krishnan, J. S. Binkley, R. Seeger, and J.A. Pople, Self-consistent molecu-

lar orbital methods. XX. A basis set for correlated wave functions. J. Chem.

Phys., 72, 650–654 (1980).

[13] N. Godbout, D. R. Salahub, J. Andzelm, and E. Wimmer, Optimization of

Gaussian-type basis sets for local spin density functional calculations. Part I.

Boron through neon, optimization technique and validation. Can. J. Chem.,

70, 560–571 (1992).

[14] T. H. Dunnign Jr., Gaussian basis sets for use in correlated molecular calcu-

lations. I. The atoms boron through neon and hydrogen. J. Chem. Phys., 90,

1007–1023 (1989).

[15] R. Dovesi, V.R. Saunders, C. Roetti, R. Orlando, C. M. Zicovich-Wilson, F.

Pascale, B. Civalleri, K. Doll, N.M. Harrison, I.J. Bush, P. D Arco, and M.

Llunell, in CRYSTAL 06 User’s Manual, (University of Torino, Torino, 2008).

42



4 PVDF

PBE0/cc-pVTZ 4

X

4.1

PVDF 4 I II Hasegawa

I Cm2m

II TGTḠ up-down P21/c

[1] III Lovinger Cc

[2] IV Davis

II P21cn [3]

II , III , IV up-down

4.2

2,2,4,4,6,6-hexafluoroheptane (Figure 4.1)

MP2/aug-cc-pVTZ (DOS)
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CH3 CH3

F

F

F

F

F

F

Figure 4.1: The strucuter of 2,2,4,4,6,6,-hexafluoroheptane

X (vXPS) Gellius [4, 5]

CRYSTAL 09,[6] Gaussian 03 [7]

4.3

CH2CF2 I −276.9385 hartree, II −276.9396

hartree, III −276.9395 hartree, IV −276.9394 hartree

I II −2.9 kJ/mol, III

−2.7 kJ/mol, IV −2.5 kJ/mol

4.4

[1, 2] Table 4.1 Table

4.2–4.5

PBE0/cc-pVTZ c 1% a, b

5% 3 kJ/mol

44



Table 4.1: The lattice constants of PVDF polymorphs. Calculated value (reference

value) for each column.

Form I Form III Form IV Form II

Orthorhombic Monoclinic Orthorhombic Monoclinic

Cm2m Cc P21cn P21/c

a 8.691 (8.58) 4.892 (4.96) 5.011 (4.96) 5.029 (4.96)

b 4.893 (4.91) 9.568 (9.67) 9.999 (9.64) 9.976 (9.64)

c 2.568 (2.56) 9.226 (9.20) 4.645 (4.62) 4.646 (4.62)

β 94.06 (93.0) 90.40 (90.0)

Table 4.2: Calculated atomic coordinates of Form I PVDF.

a = 8.6915 Å, b = 4.8929 Å, c = 2.5675 Å

Atoms x/a y/b z/c

C 0.00000 0.00000 0.00000

C 0.00000 0.16922 0.50000

F 0.12518 0.33861 0.50000

H 0.10140 −0.13091 0.00000
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Table 4.3: Calculated atomic coordinates of Form III PVDF

a = 4.8923 Å, b = 9.5677 Å, c = 9.2259 Å, β = 94.0618◦

Atoms x/a y/b z/c

C 0.05221 0.01228 0.00573

C 0.14279 −0.11365 −0.07845

C 0.04666 −0.12082 −0.23867

C 0.13111 −0.00037 −0.33272

F 0.16399 0.13109 −0.04893

F −0.22582 0.02980 −0.01751

F 0.14793 −0.24434 −0.28910

F −0.23256 −0.13677 −0.25221

H 0.06739 −0.20835 −0.02863

H 0.36628 −0.11754 −0.06936

H 0.04106 0.09536 −0.29321

H 0.35336 0.01087 −0.31781
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Table 4.4: Calculated atomic coordinates of Form IV PVDF

a = 4.6008 Å, b = 8.7785 Å, c = 4.5582 Å

Atoms x/a y/b z/c

C 0.23015 0.18237 −0.15136

C 0.33130 0.18466 0.16506

F 0.23331 0.05079 0.28839

F −0.37093 0.17527 0.17682

H 0.31052 0.07723 −0.24980

H −0.00735 0.17932 −0.15434

Table 4.5: Calculated atomic coordinates of Form II PVDF.

a = 5.0294 Å, b = 9.9762 Å, c = 4.6462 Å, β = 90.4027◦

Atoms x/a y/b z/c

C 0.23270 0.19295 −0.14389

C 0.32210 0.19084 0.16994

F 0.22361 0.07318 0.27958

F −0.40758 0.17731 0.18435

H 0.30505 0.10007 −0.23812

H 0.01615 0.18939 −0.14954
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Table 4.6: The bonding parameters of Form I PVDF.

Oligomer Crystal

C-C length [Å] 1.525 1.528

C-F length [Å] 1.363 1.368

C-H length [Å] 1.090 1.090

C-C-C angle [deg.] 114.4 114.4

F-C-F angle [deg.] 107.0 105.4

H-C-H angle [deg.] 108.7 108.0

4.5

2,2,4,4,6,6-hexafluoroheptane MP2/aug-cc-pVTZ 3–5

PBE0/cc-pVTZ I Table 4.6

180◦

I PBE0/cc-pVTZ

III 59.2◦ II

IV 61.2◦, 61.9◦

H-C-H 109.5◦ C-H 1.09

Å C-C-C 112◦ c

2.54 Å

F-C-F

-

F-C-F

2.176 Å

vdW 1.35 Å 1.33 Å 2
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C-F 0.77 Å

0.64 Å 1.34 Å

–

1.368 Å

C-F

4.6

Figure 4.2 I CH2CF2

1 16

CH2CF2 4 64

1s

I Γ

n

18–25 eV a∗3

C-C σ

a3

45, 43 eV 2 F2s

2 eV 1 2
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Figure 4.2: The band structures of polymorphs of PVDF (a) Form I, (b) Form III,

(c) Form IV, and (d) Form II.
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Figure 4.3: DOS of the four polymorphs of PVDF.

4.7 X

(DOS) Figure 4.3 4 DOS

II , IV 15 eV Form I, Fom III

TT

Table 4.7 Yeh [8] vXPS

Figure 4.4 15 eV 25 eV

π F2p 8–15 eV
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Table 4.7: Relative photoionization cross section of each atomic orbital for H, C,

and F atoms (relative to C 2s).

Atom Atomic orbital Al Kα cross section

H 1s 0.0041

C 2s 1.0000

2p 0.0323

F 2s 4.2797

2p 1.0256

σ F2p 10 eV F2p

4.8

PVDF PBE0/cc-pVTZ

0.01 Å 5 %

PVDF

vXPS

CF2 PVDF
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Figure 4.4: Comparison of compensated DOSs and experimental vXPS of the

polymorphs of PVDF.
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5 PVDF

PVDF

Debye

5.1

PVDF

PVDF I Ps

μ = 2.1 D, Ps = 130 mC/m2

Lorentz Ps 220 mC/m2 Lorentz

I
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PVDF Ps

Hartree-Fock

(DFT) I PVDF Ps

170–180 mC/m2

PVDF I III , IV III

, IV

I

III , IV

5.2

3 (I–III )

PBE0/cc-pVTZ

cc-pVTZ cc-pVDZ cc-pVTZ(d,p)

PBE0/cc-pVTZ//PBE0/cc-pVTZ(d,p)

Debye

3 (I , III , IV )

Wannier Wannier Wn(�r)

Wn�R(�r) =
V

(2π)3

∫
BZ

ψn�ke
−i�k·�Rd�k. (5.1)

V Brillouin

ψn�k Bloch

P =
e

V

∑
A

ZA
�RA − 2e

V

∑
n

〈wn |�r|wn〉 (5.2)
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5.3

I Γ [2] Table 5.1

II Table 5.2 III Table 5.3

I PVDF τ (CH2) (980 cm−1) (1195 cm−1)

Raman

C-H ν (CH2)

τ (CH2)

1210 cm−1

τ (CH2)

(Figure 5.1) 980 cm−1 B2 CF2

1 Brillouin 1500 cm−1

0.9869

II , III

I 508 cm−1, 880 cm−1 509 cm−1, 897 cm−1, III

442 cm−1 406 cm−1 II 531

cm−1 536 cm−1, 612 cm−1 615 cm−1, 766 cm−1 773 cm−1, 795 cm−1

801 cm−1, 976 cm−1 1015 cm−1

5.4

(Figure 5.4) II

II

I

I
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Table 5.1: Vibrational frequencies at Γ point of PVDF Form I.

Calculated Experimental Symmetry Description

value [cm−1] value [cm−1]

43 70 B2 Librational mode

260 260 A2 τ (CF2)

418 442 B2 ρ (CF2)

451 468 B1 ω (CF2)

510 508 A1 δ (CF2)

858 840 A1 νs (CF2)

897 880 B2 ρ (CH2)

1082 1071 B1

1189 1177 B2 νa (CF2)

1195 980 1210 A2 τ (CH2)

1317 1273 A1

1428 1398 B1 ω (CH2)

1454 1428 A1 δ (CH2)

3133 2980 A1 νs (CH2)

3212 3022 B2 νa (CH2)

τ : twisting, ρ: rocking, ω: wagging, δ: bending,

νs: symmetric stretching, νa: asymmetric stretching
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Table 5.2: Vibrational frequencies of Form II crystal PVDF.

Ag mode

21 30 79 203 283

384 486 618 812 886

1104 1162 1260 1322 1441

1460 3116 3215

Au mode

7 140 288 348 383

536 773 869 887 1015

1189 1215 1345 1412 1454

3136 3213

Bg mode

47 88 289 322 361

439 790 868 875 1004

1163 1244 1352 1428 1457

3099 3202

Bg mode

74 207 284 389 482

615 801 882 1110 1162

1266 1324 1438 1461 3123

3220
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Table 5.3: Vibrational frequencies of Form III crystal PVDF.

A′ mode

36 76 111 159 195

264 300 365 389 414

477 545 449 786 828

880 889 906 989 1087

1138 1178 1192 1267 1277

1360 1407 1434 1444 1458

3123 3136 3182 3195

A′′ mode

17 44 105 133 222

226 256 309 339 395

424 519 551 617 734

802 854 888 902 1049

1067 1105 1157 1223 1267

1307 1341 1419 1438 1460

3124 3135 3183 3194
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Figure 5.1: Phonon dispersion of Form I PVDF. Left chart is phonon dispersion

along a∗3 direction. Right chart is experimental Raman spectrum.
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Figure 5.2: Temperature dependency of chemical potentials of PVDF polymorphs.
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Table 5.4: Atomic charge of PVDF Form I.

Classical model Mulliken Polulation

Electronegativity Oligomer Chain Crystal

CH −0.134 −0.284 −0.254 −0.481

H 0.067 0.121 0.105 0.289

CF 0.438 0.491 0.381 0.273

F −0.219 −0.191 −0.172 −0.185

5.5

I Ps Wannier 176 mC/m2

III , IV Ps 71 mC/m2, 85 mC/m2 III

I 40%, IV 48%

I 50%

IV III

I Nakhmanson Berry 178 mC/m2

[3, 4]

Mulliken C-H

130 mC/m2 176 mC/m2

35%

PVDF

C-H

0.2e

HSAB
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5.6

PVDF I , II , III PBE0/cc-pVTZ(d,p)

IR/Raman

Γ

Debye

II

I

I

vXPS

PBE0/cc-pVTZ Wannier

I III

IV

PVDF
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6

(DFT)

CRYSTAL 09

X Raman

PVDF

DFT

PVDF I DFT

PVDF I DFT

Hartree-Fock

Perdew-Burke-Ernzerhof zero-parameter (PBE0)

correlation consistent polarized valence

triple-zeta (cc-pVTZ)

DFT PBE0/cc-pVTZ

X

(vXPS)
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