J. Korean Inst. Electr. Electron. Mater. Eng.
Vol. 35, No. 6, pp. 523-546 November 2022
DOI: https://doi.org/10.4313/JKEM.2022.35.6.1
ISSN 1226-7945(Print), 2288-3258(Online)

ZRHH DR SO UM SH Y ABE

o TT -

Academic Progress Report

b

1A (MPB) o]l CH

o“
rok

Perspective on Ferroelectric Polymers Presenting Negative Longitudinal Piezoelectric

Coefficient and Morphotropic Phase Boundary

Sungbin Im'2, Sang Don Bu?, and Chang Kyu Jeong'-?

! Division of Advanced Materials Engineering, Jeonbuk National University, Jeonju 54896, Korea

2 Department of Energy Storage/Conversion Engineering of Graduate School (BK21 FOUR),

Jeonbuk National University, Jeonju 54896, Korea

3 Department of Physics, Jeonbuk National University, Jeonju 54896, Korea

(Received August 12, 2022; Revised August 23, 2022; Accepted August 24, 2022)

Abstract: Morphotropic phase boundary (MPB), which is a special boundary that separates two or multiple different phases in

the phase diagram of some ferroelectric ceramics, is an important concept in identifying physics that includes piezoelectric

responses. MPB, which had not been discovered in organic materials until recently, was discovered in poly(vinylidene fluoride-

co-trifluoroethylene (P(VDF-TrFE)), resulting from a molecular approach. The piezoelectric coefficient of P(VDF-TrFE) in this

MPB region was achieved up to -63.5 pC N-!, which is about two times as large as the conventional value of -30 pC N-! of

P(VDF-TrFE). An order-disorder arrangement greatly affects the rise of the piezoelectric effect and the ferroelectric, paraelectric

and relaxor ferroelectric of P(VDF-TrFE), so the arrangement and shape of the polymer chain is important. In this review, we

investigate the origin of negative longitudinal piezoelectric coefficients of piezoelectric polymers, which is definitely opposite

to those of common piezoelectric ceramics. In addition to the mainly discussed issue about MPB behaviors of ferroelectric

polymers, we also introduce the consideration about polymer chirality resulting in relaxor ferroelectric properties. When the

physics of ferroelectric polymers is unveiled, we can improve the piezoelectric and pyroelectric properties of ferroelectric

polymers and contribute to the development of next-generation sensor, energy, transducer and actuator applications.

Keywords: Ferroelectric polymer, Piezoelectric polymer, Relaxor polymer, Negative longitudinal piezoelectric coefficient,

Morphotrophic phase boundary (MPB), Negative ds3
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Fig. 1. (a,b) Schematic illustrations of the converse piezoelectric effect on the external electric field of PZT and PVDF, respectively and (c,d)
Schematics of the direct piezoelectric effect on the external mechanical stress in PZT and PVDF, respectively. For the PVDF with negative
piezoelectric coefficients in (b) and (d), dipoles are assumed to be stiff (p = p’, p is original dipole moment), according to the dimensional
model, which is different from PZT with positive piezoelectric coefficients in (a) and (c). In the electrostriction model, the dipole should shrink
rather than elongate along the electric field, which is corresponding to the negative longitudinal piezoelectric coefficients of PVDF and P(VDE-TtFE).
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Fig. 2. Projective illustration of crystal structures of PVDF-based polymers. (a) a phase, (b) p phase, (c) y phase, and (d) 6 phase. Reprinted
from [185].
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Fig. 3. (a) Ferroelectric displacement (D) versus electric field (E) curve. Solid line is the fitting curve according to the model, (b) strain-electric
field (S3—E), (c) strain-displacement (S;-D), (d) strain-displacement squared (S3—D?) curves. Different colors mean different measurement
steps. The dotted lines are fitting curve as S3 = Q33D The solid lines are fitting curve with the Equation (3), and (e,f) measured strain and
electrostrictive term, Q33D? (solid lines), and the interface coupling terms (dotted line) as a function of electric field and electric displacement,

respectively. Reprinted from [48].
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gt o 2 F51A MPBE Alete] MeAY nRAL A OPREASS APV ARNOR SYY 4 gooe,

2OAME GPtAQl dio] & 25 ot A olsisty, AN Al Qe AFHez 53] Fash] wEEn

o B2 FoAA % AHA AErtee]l nAds A ne  [45.48]. 2oz 2=5(2 3(a). 4(a FE(H

K} 7 aro]] TAlS 71Al 2 9lg Zjo 2 y|thstet 3(b), 4(b))2 &Alol F7sHoF gttt P(V FE) 5%

Aol VDF gtafe] haet o o] & SAI¥etE 11

3.1 Hef Aol AE o, 27 4(a)ot 2ol &= ol F419f Bgo] FRAd

(T ol =)ol A W54 /d (antiferroelectric) 73

ok Al (1)~(3)ll }2W &, g0 Y Zoriz pE (0]% ol"ZA)AH et} (VDF = 45 mol%). T2 X|gt

Table 1. Comparison of PVDF-based polymers with various piezoelectric polymers.
Materials Thickness [1m] ds3 [pC N'] Ref.
PVDF-based polymers
Drawn PVDF 10-30 -26.0 [45]
Spin-coated PVDF 0.45 -37.7 [48]
Undrawn P(VDF-TrFE) 81/19 mol% 19-22 -18.0 [102]
Drawn P(VDF-TrFE) 75/25 mol% 20-80 -38.0 [35]
Spin-coated P(VDF-TtFE) 75/25 mol% 0.05 -21.9 [103]
LB ® P(VDF-TtFE) 70/30 mol% 0.015 -22.0 [104]
Ultrathin P(VDF-TrFE) 70/30 mol% 0.004 -46.4 [105]
Drawn P(VDF-TrFE) 65/35 mol% 10-30 -35.0 [45]
Undrawn P(VDE-TrFE) 65/35 mol% 10-30 -30.0 [45]
Spin-coated P(VDF-TrFE) 65/35 mol% 0.45 -31.4 [48]
Drawn P(VDF-TrFE) 52/48 mol% - -28.0 [106]
Undrawn P(VDF-TrFE) 52/48 mol% 10-30 440 [45]
Undrawn P(VDF-TrFE) 52/48 mol% 20 -30.0 [107]
Undrawn P(VDF-TrFE) 50/50 mol% 60 -63.5 [50]
Other semicrystalline polymers
Nylon 11 30-35 3.9 [108]
Nylon 13 30-35 -4.1 [108]
Parylene-C 50 -2.0 [109]
Polyurea 0.5 10.0(d31?) [110]
Amorphous piezoelectric polymers

Polyimide (B-CN)APB/ODPAY 30 -16.5 [11]
Polyimide (B-CN)APB/ODPA - 2.7 [112]
Polyvinyl chloride (PVC) 1000 -1.0 [113]
P(VDCN/VAc)? - 5.0(ds1”) [114]
P(AN-MA)® 10-15 3.0(ds1?) [115]
poly(meth)acrylate - 1.5(d31?) [116]
poly(1-bicyclobutanecarbonitrile) 25 0.3(ds1?) [117]

9 LB means Langmuir-Blodgett, ® d31 means the transverse piezoelectric coefficient, © Polyimide made from 2,6-bis(3-aminophenoxy)
benzonitrile ((3-CN)APB) and 4,4 oxidiphthalic anhydride (ODPA), 9 Poly(vinylidene cyanide-alt-vinyl acetate), and © poly(acrylonitrile-

co-methyl acrylate).
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MPBO] EXE st Lobd 4 ATt [147].

A2t HE & o 5ast A3 Ak 12X}
AtE AAIHAE ®igtol oJslf P(VDF-TrFE)olA] 3/1 4
A1%H(3/1-helical phase)o] eHgeteth= Aojtt. th&
227" DEANAE AL PE GRFA ol BAHY
X9t [54,148-150], P(VDF-TrFE)Q} &rad= sixpr| Yy
(nuclear magnetic resonance, (NMR)) 931 [151-153]
ofl oJsfiAl AA T do] ekl olelA] otk VDF
2 TrFE ©afA|o] 24 A Z-%-3Hcopolymerization)
2 “F NMR A3 E 30| A £45}= P(VDF-TrFE)e] H-
H/T-T (H: head, T: tail) ¢ X2 regiodefects) X &
| &A AsHregioirregular defects)?] &xj 2 o] o] &l
t}. 7]& NMR d+9] A= P(VDF-TrFE) 1&A}F 5%
SA7F 30~75 mol% WL VDF & ojshA]l H-T
VDF-TrFE v G o] XJgjAo]2tal of 7]+= A o]t} [151]. 7
2 NMR 3} ij20] w5 24 127} Af 2 LEhA]
QorTHe 21 7]lslof gtk E5, ~CHF- 841 @]
7)0] & D AJ6I T -CF,-9] Al gjolut majetqirte 2
Al It [151]. AupA o &2 )X #A]/d (regioregularity)
o] At g HdYEA] eAdS2 S0, AR AAIF

=

mlo
i |
ol
—==1

e gAsA Qs ok Z1E olgd da)
P(VDF-TrFE) 24 358A Uoldel 712 ads

VDF-TrFE 9+ Laﬁ} o] fol7]&= sttt [154-157].
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Fig. 7. (a) Unconditional probabilities of different regiosequences according to the VDF content, (b) unconditional probabilities of normal H—
T sequences composed of the VDF-VDF, VDF-TrFE and TrFE-TrFE segments, (c) illustration of chain tacticity in TrFE-TrFE segments, (d)
NMR results of -CHF- resonances in P(VDF-TrFE) copolymers. Ball-and-stick models of PVDF chains corresponding to MPB formation, (e)
intramolecular status within a single molecular chain, and (f) intermolecular status between mixed chains with all-trans and 3/1-helical

conformations. Reprinted from [50].
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ool mhat
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3A 7RIt A4S & 4 9o, £3] VDF < 49 mol%
ol = i A<l v &% VDF-TrFE ©9jo] uls] wolxl
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(PTrFE)Qt GALSH AbE 12 U JEfS Y 4 ohe
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deloel g DRn e YA YE w0l
ATt (WA G (AT] QB8] syndiotactic)S rr, 5 Uuj
d(o}o] AEHE] 1sotact1c) mmOo 2 ®7|stct). 2 7(d)
‘= ~CHF-ojlAo] “F NMR A5 E 3 Auto|o], watu| <,
=dujE & S5 S (G E| 2 E, heterotactic, mr+rm
2 BT A 719 B4 35 BAsto] YUl
(stereosequence)g ZAFRH Ziolt} [50,150]. P(VDF-

A Yol VDFe| gtego] 243t ofet 5
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TrFE) e TrFE-TrFE Al 2912 §uio] 5715}
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Qe WAEA SUNAR FAL uPECHE AL Lt
]_H o) =t

o, o]= Al LA A= 2 ATt =R [50].
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Fig. 8. Electric field-derived strain in the mixture of diverse
compositions at room temperature. The polymer blend consists of the
ferroelectric copolymer P(VDF-TrFE) 65/35 mol% and the relaxor
terpolymer P(VDF-TrFE-CFE) 61.5/30.3/8.2 mol%. The dotted
arrow line shows the increasing strain according to the terpolymer
content. Reprinted from [158].
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Fig. 9. Scheme of external electric field-induced conformation change from 3/1-helical to trans-planar conformations. Cyan arrows mean the
projections of each -CF dipole orientation on the plane defined the CF2 groups. The black arrows present the net polarization direction. The
upper panels the side views of the 3/1 helical and all-trans conformations, respectively, in which the cyan arrows indicate the in-plane

polarization directions.
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Fig. 10. (a) Left panel: schematic of electrospinning process for P(VDF-TrFE) nanofiber membranes. Right panel: dielectric property
characteristics of P(VDF-TrFE) nanofibers with two different co-polymeric compositions and (b) left panel: piezoelectric characteristics of
P(VDF-TrFE) nanofibers with two different co-polymeric compositions. Right panel: energy harvesting results from P(VDF-TrFE) nanofibers-
based devices with two different co-polymeric compositions. Reprinted from [186].

5730] LEAE BRI AR FEHE E7] A ¥H  TrFE) 5 33 SAl0A & BA /o] YEY7] & oFA]
o2 da] AF2E 1 9tk I3 10(a)oflA] BChA|D] =o uF aEbd ozl P(VDE-TrFE-CFE), P(VDF-TrFE-
R717%o] AiA A7t BtEolRl= A7IHAE 578014 CTFE) (94714 CTFE= ZE2EZF=2oZd
T A7) 295t P(VDF-TrFE)e] MPB £7240] S-X]E]  (chlorotrifluoroethylene)) £2] Ar&3kxjofj A A
v A2 Flstot. &, alild AtolA= A7WAF A7 54d0] Bol UetyY, 2] Zol= P(VDF-TrFE-CFE-FA)
E olgstleng, YRo] EXst= B2 §l5ito] R4 (o714 FAE =% Z(fluorinated alkynes)?l) AHE-&F
A F AAA &5 E-ol 42 31T o] 4 11 A|(tetrapolymer)of] gt ZHA FRd 2 AW §4d A
219l MPB @42 AlA, olJA] S| AR A} 59 of & o] FolRTt [187].
It & AR 5 Tl 719E + AsZ2 E & AU gtst /o] whE RAA ] oo EAE7] & st 1A
o (™ 10(b)) [186]. AQl 28 A7tol E Aletr]o] JA S/t 2, 4
FAA LEALe] B A F2 DAL FAF] FAA 0
oJgttt= Zlo] z]of 9fsiRch L&A} AFE Q] 7to]ZAg
4. 1EX AbE F=2| 710| 2 M(chirality) 2} (= 724 o] A Exdo] BAF Ylo] LAIAE Quls)
EM ZRHAH SN =gl otF é ALZ ot [188]. Aol =, BHA &
42 UrEJr 2 Qs HHAER olFo%l (1™ 1l(a))
AU YotArd BHA T DA F{AA7F of  PVDF A2 9 J_TK}EQ A5t %’4811*1 =+ Uk ¥
o3t dajo oJsf WAsH=Al= 7|1& Aate] A 2okolAl  H(polar nano region, PNR)2] 7'd3 =45t &,
L E2]/8etAl o g oA AHSHA YRt & o glth. SpetA ol AW ARl Aol oot 1A ﬁﬂr(plnmng
&0 aFAA ] BHAA E/dof tigh 22AQl o]sl  effect)’t =/ U= G olut tF5 =0l (multi domain)
+ oAl E QAT AEfolt}. AA AFEI AL P(VDF-  #&25 LAAZICh L AZTE QIS HEof, 27841 v)A
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Fig. 11. (a) Illustrations of VDF, TrFE, CTFE and CFE monomers. TrFE, CTFE and CFE are chiral, in contrast to non-chiral VDF, (b) X-ray
diffraction (XRD) 6~26 scans of certain selected polymers at room temperature, (c) temperature-dependent XRD scans of P(VDF-TtFE) 65/35
mol% copolymer. The black dotted lines of (b) and (c) represent the (001) plane characteristics of long-distance ferroelectric phase, and the
gray dotted lines show the characteristic peaks resulting from either relaxor or paraelectric phases, respectively, (d) calculated energy difference
(AE) between various conformations (isotactic and syndiotactic) and the lowest energy isotactic 3/1-helical conformation in PTrFE, and (e)

schematic diagrams of local disorder causing local ferroelectric instability. The distortion angle &t represents the deviation from the 60° gauche
torsion angle formed by the C-C-C-C bonds in the regular 3/1 helix. Reprinted from [188].
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SHA|QF P(VDF-TrFE-CFE) ¥ P(VDF-TrFE-CTFE) ﬁ 4 BF(8/1 L%* *o( ). B(b) & vA(g))oll T o A]
A 59 XRD 4 Aol = fAFsHA Exfgtct. 4 o
RO g UEA FF A =73 Aojoll oJgh vt 4R ﬁxﬂ =
-FEA FRAAY e 1™ 11(b))= 2= st s A A
RAA -SR] R0l (2™ 11(c))t FAMSHH. o] & &6l L&At Ur & émﬂ st 9gdZ o= A
PVDF Al 9] 124} 2R = DA Ak FAA A &0 7tolZ24d2 12stA] o2 A4t Zab= olet o=
o] 3] vt 244 +&2 W AMS 1R E VM & o YEUY, *‘od Autere] m2]7t Qltt. BjEo] XRD &4
I EES SN Ao o3f A 1 DFT AlAto] o] 314 &= &l e = 3/
oAl 28 11(a)2 Zol7F B ¥, TrFEo= VDFe} 2] WAdde] FAld2 1194 HEY  Zr%(gauche
H| )& EtA JAPFER| SIS 212 & 4 Qlck. & PVDF  torsional angle)Q] 24191 F & (9] 7+ )of| ]t 7
9} o] PTrFEO|A = 19381 7toj&Ao] whAlst 1, & 42 QIX|5fof stc}. of 7)o A 9= Zre2t 7]&E ZF =91 60°
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Fig. 12. (a) Schematic illustration of monomer structures of VDF, TrFE, CFE and FA in P(VDF-TrFE-CFE-FA) tetrapolymer, (b) induced
strain of the tetrapolymer at 1 Hz AC field under 30 and 40 MV m! bias field. The slope clarifies the piezoelectric coefficients of the
tetrapolymer, and (c) electrostrictive coefficients of the tetrapolymer, compared to those of P(VDF-TrFE-CFE) terpolymer. Reprinted from
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