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Ferroelectric Polymers 

Andrew J. Lovinger 

Because of their widespread use as  
electrical insulators, synthetic polymers 
have generally come to be regarded as  
electrically passive. However, in the 
past two decades, polymeric materials 
have been developed that can be used as 
active elements of an electrical circuit; 
most of these are piezoelectric, al- 
though, very recently, polymers that can 
be made electrically conductive have 
also appeared. Piezoelectric polymers 

nonpolar; other, noncentrosymmetric, 
crystal classes can exhibit polarization, 
and it is these that are rigorously defined 
as  piezoelectric. Some such piezoelec- 
tric crystals develop polarization only 
when stressed, while others are perma- 
nently polar; the latter crystals will re- 
spond not only to  stress but also to  
changes in temperature, and are  there- 
fore termed pyroelectric. A final subdivi- 
sion yields the ferroelectric crystals: 

Summary. Piezoelectricity and pyroelectricity, traditionally encountered in certain 
single crystals and ceramics, have now also been documented in a number of 
polymers. Recently, one such polymer-poly(viny1idene fluoride)-and some of its 
copolymers have been shown to be ferroelectric as well. The extraordinary molecular 
and supermolecular structural requirements for ferroelectric behavior in polymers are 
discussed in detail, with particular emphasis on poly(viny1idene fluoride). Piezoelec- 
tric, pyroelectric, and ferroelectric properties are also briefly reviewed, as are some 
promising applications of such polymers. 

have elicited much interest because of 
their many realized and potential appli- 
cations as electromechanical transduc- 
ers, for which they are particularly well 
suited as  a result of their easy process- 
ability into thin, light, tough, and flexible 
films. 

By the simplest and broadest defini- 
tion, a piezoelectric material is one that 
undergoes a change in electrical polar- 
ization in response to mechanical stress 
(or vice versa). From a solid-state view- 
point, piezoelectricity is defined in a 
much more rigorous and restricted sense 
as  an intrinsic property of only certain 
crystal classes. The criteria can be made 
successively more specific to distinguish 
two important related properties-pyro- 
electricity and ferroelectricity. Of the 32 
crystal classes into which all crystalline 
materials may be categorized, some have 
symmetry elements that render them 
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these also have a unique polar axis, 
whose direction can be reoriented by 
application of an electric field. A ferro- 
electric crystal is thus a pyroelectric one 
that exhibits reversible polarization. 

In view of the complex molecular, 
crystalline, and morphological structure 
of polymers, it may appear surprising 
that any exist which comply with the 
very restrictive requirements of ferro- 
electricity. Nevertheless, in the past few 
years at least one polymer, poly(viny1i- 
dene fluoride), and some of its copoly- 
mers have been shown to be ferroelec- 
tric, while other piezoelectric polymers 
are also likely candidates. Poly(viny1i- 
dene fluoride) (abbreviated PVF?), 
whose molecular repeat formula is 
(CHI-CF2),, exhibits by far the strongest 
piezoelectric and pyroelectric activity of 
all known polymers. These two proper- 
ties were first reported in 1969 and 1971 

( I ) ,  respectively, and many actual and 
potential applications of PVF2 have been 
described since then. 

The primary goal of this article is to 
explain the extraordinary characteristics 
of structure, a t  all its levels, that must be 
combined to render a polymer ferroelec- 
tric. These are illustrated by investigat- 
ing in detail the monomeric, macromo- 
lecular, crystalline, and morphological 
structure of PVF2 and distinguishing it a t  
all these levels from that of other poly- 
mers; copolymers of PVF2 and other 
piezoelectric (and potentially ferroelec- 
tric) polymers are covered more briefly. 
Macroscopic polarization of samples and 
their consequent electrical behavior are 
also discussed; the article then con- 
cludes with a brief description of applica- 
tions of PVF2. The treatment is neces- 
sarily condensed, but extensive reviews 
are available (2-6). N o  attempt is made 
to discuss related materials, such as 
those in the important categories of (i) 
piezoelectric and pyroelectric biopoly- 
mers, and (ii) polymeric transducers 
("electrets") whose piezoelectric behav- 
ior is not of inherent dipolar origin but 
results from injection of charges; com- 
prehensive reviews exist for both catego- 
ries [(7) and (8),  respectively]. 

Structure 

Monomeric. Macromolecular chains 
consist of many elementary repeating 
units, called monomers, that have been 
chemically linked during polymerization. 
Many monomers contain polar chemical 
groups. To  yield useful piezoelectric 
polymers, their constituents should not 
be so bulky as  to prevent crystallization 
of the macromolecules or to force them 
into shapes (such as helical) that cause 
extensive internal compensation of po- 
larization; the resulting macromolecules 
should also be chemically stable and not 
cross-linked into infusible and insoluble 
solids. In light of these considerations, 
fluorocarbons are highly appropriate 
monomers to yield piezoelectric polymer 
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Fig. 1. Schematic representation of polymer 
chain segments in different conformations: (a) 
ttt and (b) g+tg-. 

crystals. The fluorine atom is very small, 
its van der Waals radius (1.35 angstroms) 
being only slightly larger than that of 
hydrogen (1.2 A), and it forms highly 
polar bonds with carbon, having a dipole 
moment p. = 6.4 x coulomb-me- 
ter [the traditional unit of p.-the de- 
bye-is expressed in the metric system 
as 3.34 x loT3' C-m]. Common resulting 
polyfluorocarbons are PVF,, plus poly- 
(vinyl fluoride) [PVF, molecular formula 
(CH2-CHF),] and polytrifluoroethylene 
[PF3E, (CF2-CHF),]. Other polar groups 
that can be expected to lead to useful 
piezoelectric polymers include C-CI 
(p. = 7.0 X C-m) and C-CN 
(p. = 12.9 x C-m); typical poly- 
mers incorporating these groups are 
poly(viny1 chloride) [PVC, (CH2- 
CHCI),], poly(viny1idene chloride) 
[PVC2, (CH2-CC12),], and polyacryloni- 
trile [PAN, (CH2-CHCN),]. A further 
possibility is associated with the highly 
polar hydrogen bond, C = 0---H-N 
(p, = 12.0 x C-m) found in poly- 
amides. We will see how successively 
higher levels of structure affect all these 
possibilities and how PVF2 has emerged 
as the strongest piezoelectric and pyro- 
electric polymer with clearly demon- 
strated ferroelectric behavior. 

Chain conjiguration. This term per- 
tains to the stereochemical manner in 
which monomers are linked together; it 
thus describes characteristics of a mac- 
romolecule that can be altered only by 
cleavage of chemical bonds and that are, 
in effect, immutable after polymeriza- 
tion. The monomers listed above have a 
directionality (9); if we use PVF2 as an 
example and denote -CH2 as the 

"head" of the monomeric unit and 
-CF2 as its "tail," we usually have 
regular head-to-tail sequences but can 
also have reversed monomeric addition 
leading to head-to-head and tail-to-tail 
defects. Evidence from nuclear magnetic 
resonance spectroscopy shows that most 
monomers are added "isoregically" 
(that is, head to tail in the same direc- 
tion) during polymerization of PVF, (95 
to 97 percent), but less regularly so in the 
case of some other polymers-for exam- 
ple, 88 to 90 percent in PVF and 87 to 89 
percent in PF3E (10). Moreover, head- 
to-head defects are generally followed by 
tail-to-tail addition (lo), which causes 
the average dipole moment of the chain 
per monomeric unit to be reduced by 
only 6 to 10 percent in PVF2 but 20 to 24 
percent in PVF and 22 to 26 percent in 
PF3E. 

A second type of configurational de- 
fect commonly seen in vinyl polymers 
and trifluoroethylene results from their 
stereochemically asymmetric carbon at- 
oms. Using PVC as an example, we can 
see with the aid of Fig. l a  that the 
chlorine atoms could be either always on 
the same side of an extended carbon 
chain (positions A and B or C and D), or 
regularly alternating (A and D or B and 
C), or randomly located. Although spe- 
cial techniques and catalysts exist that 
promote stereoregular addition, vinyl 
polymers are most commonly available 
only in "atactic," or random, configura- 
tions that render them (with few excep- 
tions, such as PVF) incapable of entering 
into crystallographic lattices and thus 
excluded from possible ferroelectric be- 
havior. On the other hand, vinylidene 
polymers, not having asymmetric carbon 
atoms, are immune from such consider- 
ations of tacticity . 

Chain conformation. In the melt or in 
solution, polymer chains have randomly 
coiled shapes (conformations), which 
configurationally disordered macromol- 
ecules are, to a great extent, forced to 
retain in their solid state as well; howev- 
er, chains free from configurational de- 
fects can crystallize into regular confor- 
mations when cooled from the melt. This 
is accomplished by rotation about single 
bonds in a manner that minimizes the 
potential energy of the chains arising 
from internal steric and electrostatic in- 
teractions. The most favorable torsional 
bond arrangements have substituents at 
180" to each other (called trans or t) or at 
i. 60" (gauche' or gT);  actual torsional 
angles commonly deviate somewhat 
from these values. A sequence of three t 
bonds is illustrated in Fig. l a  and a 
g+tg- in Fig. lb.  

'4 

tgttg- All-trans 

Fig. 2. Schematic depiction of the two most 
common crystalline chain conformations in 
PVF,: (a) tg'tg- and (b) all-trans. The arrows 
indicate projections of the -CF, dipole direc- 
tions on planes defined by the carbon back- 
bone. The tg+tg- conformation has compo- 
nents of the dipole moment both parallel and 
perpendicular to the chain axis, while the all- 
trans conformation has all dipoles essentially 
normal to the molecular axis. 

The molecular chains of most poly- 
mers are restricted by steric and electro- 
static intramolecular interactions into 
one regular conformation of lowest po- 
tential energy. In this regard PVF2 
stands out from its counterparts, in that 
it can adopt at least three regular confor- 
mations (of similar potential energies) for 
reasons associated with the van der 
Waals radii of its constituents. PVF2 is in 
the middle of a family of polyfluoroethy- 
lenes, whose general repeat formula is 
(CHaF2-n-CHbF2-b)n with a and b = 0, 
1, or 2. Macromolecules of that class that 
are rich in hydrogen (the smallest possi- 
ble chain substituent)-that is, polyeth- 
ylene, (CH2-CH2),, and PVF, (CH2- 
CHF),-will encounter only low rota- 
tional barriers separating their possible 
conformations; as a result, they will easi- 
ly reach the lowest-energy conformation 
(the all-trans) and adopt only that. At the 
other end of the spectrum are members 
rich in the somewhat bulkier fluorine- 
that is, PF3E, (CF2-CHF),, and polyte- 
trafluoroethylene, (CF2-CF2); in these, 
rotation is now sterically quite hindered, 
so that they are forced to adopt the one 
conformation of least discomfort (such a 
conformation is invariably helical or qua- 
si-helical). PVF2 molecules, containing 
two hydrogen and two fluorine atoms per 
repeat, are intermediate between these 
two extremes: they have a choice of 
multiple conformations, as do their hy- 
drogen-rich counterparts, yet because 
rotational barriers are now high, the 
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chains can also be stabilized into favor- 
able conformations other than that of 
lowest energy. 

The three known conformations of 
PVF2 (11-13) are all-trans, tg'tg-, and 
tttg+tttg- (in all cases there are slight 
deviations from the 180" and 260" tor- 
sional angles). The first two conforma- 
tions are by far the most common and 
important ones and are depicted sche- 
matically in Fig. 2. Because of the align- 
ment of all its dipoles in the same direc- 
tion normal to the chain axis, the all- 
trans is the most highly polar conforma- 
tion in PVF2 (7.0 x l ~ - ~ ~  C-m per 
repeat). The tg'tg- conformation is also 
polar, but because of the inclination of 
dipoles to the molecular axis (Fig. 21, it 
has components of the net moment both 
perpendicular (4.0 x C-m) and 
parallel (3.4 x C-m) to the chain; 
approximately the same values also 
characterize the tttg'tttg- conforma- 
tion. 

It is interesting to note that, for the 
reason discussed above, PVF differs 
from other stereoirregular macromol- 
ecules in that its atacticity does not pre- 
vent it from crystallizing with a regular 
conformation (all-trans); while its dipole 
moment per repeat is about 50 percent 
that of PVF2, regicity defects reduce its 
overall value for the chain still further. 

Chain packing. The ability of mole- 
cules of PVF2 and of other polymers to 
adopt polar conformations is not suffi- 
cient to ensure polarity of their resulting 
crystals, for these molecules may be 
crystallographically packed in a lattice 
so as to cancel each other's moment. For 
instance, the most common polymorph 
of PVF2, the a-phase, which may be 
obtained by melt-solidification at all tem- 
peratures, suffers from exactly such can- 
cellation. As may be seen in Fig. 3a, the 
unit cell of the lattice of a-PVF2 consists 
of two chains in the tgftg- conforma- 
tion, whose dipole components normal 
to the chain axes are antiparallel, thus 
neutralizing each other (11). The disposi- 
tion of axial components of the dipole 
moment has been controversial, with 
suggestions of a regular antiparallel 
packing (11) (that is, one chain as in Fig. 
2a, adjacent to one whose C-F dipoles 
point up) or of a statistical arrangement 
(12); however, recent evidence (14) lends 
support to both by showing that a-chains 
are generally under statistical packing, 
which becomes regularly antiparallel 
upon heat treatment at high tempera- 
tures. 

Although the dipole moments of 
tgftg- chains in the a-unit cell are inter- 
nally compensated, a polar analog 

(called the &phase) can be obtained by 
application of a high electric field to films 
of this polymorph (15); in effect, this 
involves rotation of every second chain 
by 180" about its axis, so that molecules 
are now packed with the transverse com- 
ponents of their dipole moments pointing 
in the same direction (Fig. 3b). It is 
unlikely that chains rotate as physically 
rigid units; dipole reversal may rather 
involve propagation of a twist wave 
along the chains (16) or small intramolec- 
ular rearrangements (17). 

The most highly polar phase of PVF2 
is the P-phase, whose unit cell consists 
of two all-trans chains packed with their 
dipoles pointing in the same direction 
(11) (Fig. 3c); an antipolar analog of this 
phase is not known. Packing of chains in 
$-PVF2 is such that fluorine and hydro- 
gen atoms of neighboring chains are ap- 
proximately at the same level parallel to 
the a-axis of the unit cell (Fig. 3c); this 
very favorable intermolecular contribu- 
tion to the potential energy plays a major 
role in stabilizing the crystalline struc- 
ture of P-PVF2. Chains of the tttg'tttg- 
conformation are packed in a polar fash- 
ion to yield the y-phase of PVF2 (13). Its 
unit cell has the same base dimensions as 

that of its a-counterpart (Fig. 3a), a fact 
that enables a solid-state transformation 
from a-PVF2 to the thermodynamically 
more stable y-phase to occur at high 
temperatures (- 160°C) solely through 
limited intramolecular motions (18). A 
nonpolar analog of y-PVF2 has also been 
reported but may exist only within a 
mixture of phases obtained at very high 
temperatures (14). This wealth of crys- 
talline phases for PVF2 is very unusual 
among polymers (where one or two poly- 
morphs are common) and is another re- 
flection of its unique molecular struc- 
ture. PVF, on the other hand, crystal- 
lizes with only one unit cell that is essen- 
tially identical to that of p-PVF2. 

Morphology. We have seen so far that 
polarization of individual chemical 
groups can survive in a noncompensa- 
tory manner through successively higher 
levels of structure to yield individually 
polar crystals. However, polymer crys- 
tals are extremely small and, when 
grown from the melt, are arranged into 
essentially spherically symmetric pol y- 
crystalline aggregates that have no net 
polarization. These aggregates are called 
spherulites and result from nucleation of 
primary crystals within the melt, fol- 

Fig. 3 (left). Unit cells of (a) the a-phase, (b) 
the &phase, and (c) the P-phase of PVF2 
shown in projection parallel to the chain axes. 
Arrows indicate dipole directions normal to 
the molecular axes. Fig. 4 (right). (a) Typi- 

a=8.58 A 
- 

cal appearance in the polarizing microscope 
of spherulites of PVF, crystallized from the 

melt at 160°C. The large spherulites are of the antipolar a-phase: the small ones belong to the 
polar y-phase. The dark crosses correspond to the optical polarization directions of the 
microscope. (b) Schematic representation of the structure of polymer spherulites. 
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lowed by radial growth outward from 
these nuclei in spherical envelopes (19). 
PVF2 melts a t  - 170" to 200°C (depend- 

Melt solidified PVF, Ferroelectricity in PVF2 
ipherulites 

of the Whether PVF2 is a true ferroelectric 
nonpolar 

ing on polymorphic form and crystalliza- 
tion temperature) and when cooled from 
the melt crystallizes in the form of spher- 

rather than a trapped-charge electret was 
a controversial issue for about a decade 
after the discovery of its strong piezo- 

a-phase 

ulites of the nonpolar a-phase; a t  high 
temperatures of crystallization, y-spher- 
ulites are also obtained (18). The P-phase 

electricity; despite its clearly dipolar 
crystalline structure, there was evidence 
that polarization is inhomogeneous 
across the thickness of PVF2 films (being 
much higher at  the side facing the posi- 
tive electrode), so that piezoelectricity 

Uniaxiallv oriented PVF? is not usually from the melt -. .. . 

Oriented 
molecules 

of the polar 
B-phase 

since that requires high pressures (20) or 
epitaxial techniques (6 ) ,  but is obtained 
by mechanical deformation or  electrical might simply have been a result of 

[jC Random dipole directions poling as  described in the next section. 
Typical spherulites of a -  and 7-PVF2 are 
seen in Fig. 4a, and a schematic repre- 

trapped charges injected by the elec- 
trodes (24). It has now been shown that 
this anisotropy disappears at  high poling 
fields, that dipoles are, in fact, reorient- 
ed during application of an electric field, 
and that other typical phenomena ac- 
companying ferroelectricity-hysteresis 
loops and Curie transitions-are also 
seen in PVF2. 

n 
Electrical 

poling 

G 
sentation of their microstructure is de- 
picted in Fig. 4b. This microstructure is 
such that what appear in the optical Polarized PVF2 film 

Oriented 
molecules 

of the polar 
B-phase 

microscope as radial fibers are, in fact, 
stacks of very thin, platelet-like crystals 
called lamellae (about 10 nanometers 
thick and several micrometers in lateral 
dimensions). These lamellae consist of 
macromolecular segments that are 

Dipolar reorientation has been proved 
by x-ray (4) and infrared (25) techniques; 
results from the latter are depicted in 
Fig. 6a. Here, the ratio of infrared inten- 
sity from a P-PVF2 sample parallel to the 
molecular chains (Iil) and perpendicular 

Dipoles normal to film 

Fig. 5. Schematic representation of the pro- 
cesses commonly employed to obtain piezo- 
electrically and pyroelectrically active films 
of PVF2. 

packed crystallographically, while the 
intervening amorphous regions contain 
chain segments in disordered conforma- 
tions; this two-phase structure of the 
solid state is typical of crystallizable 
polymers. In PVF2, crystalline lamellae 

to them (I,), the latter parallel to  the 
-CF2 dipole moment, is seen to vary 
with electric field and to be reversible in 

fore, mechanical extension at low tem- 
peratures has the advantages of produc- 

represent about 50 percent of the total 
mass, the other half being amorphous. In 
summary, our review of structure has 

ing not only a molecularly oriented mor- 
phology, but also one belonging to the 
polar P-phase. However, as  may be seen 
with the aid of Fig. 5, the dipole vectors 
are still not uniquely oriented but lie 
randomly in planes normal to  the molec- 

a hysteresis-like fashion typical of a fer- 
roelectric. Simultaneously obtained 
curves of dielectric constant, E, versus 
poling field show similar behavior (Fig. 
6b). What has broadly been considered 
the most characteristic experimental 

shown that, while some polymers can 
form polar crystals, their three-dimen- 
sional arrangement in macroscopic spec- 
imens results in internal electrical com- ular chains. The final step that is there- manifestation of ferroelectricity is the 
pensation. To  overcome this, such speci- 
mens must then be externally polarized. 

fore required to  produce a macroscopi- 
cally polar specimen is to align these 
dipoles in the direction of an externally 
applied field normal to the film. This is 
usually accomplished by evaporating 
electrodes on the sample and connecting 

hysteresis behavior of polarization as  a 
function of electric field. Such a curve is 
also observed for P-PVF2 in Fig. 6c, 
which shows that polarization rises with 
applied field, that a "remanent polariza- 
tion" (P, in Fig. 6c) persists after the 

Polarization 

The most common technique for ob- 
taining macroscopically polar films in 
PVF2 involves first mechanical exten- 
sion and then electrical poling (see Fig. 
5). Mechanical drawing causes a break- 
down of the original spherulitic structure 
into an array of crystallites whose mole- 
cules are oriented in the direction of the 
force. When such deformation takes 
place at  high temperatures (for instance, 
140" t o  150°C), the original tg+tg- chains 
are free to slide past each other without 
altering their conformation, so that the 
resulting structure is still of the nonpolar 
a-phase. However, when the deforma- 
tion is conducted below - 90°C, where 
the polymer is much stiffer, the molecu- 
lar chains are also forced into their most 
extended possible conformation, which 
is the all-trans: its monomeric repeat 
corresponds t o  2.56 A compared to 2.31 
A for the tgttg- (see also Fig. 2). There- 

them to a high-voltage source supplying 
a field of a t  least 0.5 megavolt per centi- 
meter (21), or by using plasma or  corona 
poling (22). The facility of field-induced 
dipole reorientation in P-PVF2 is related 
to the pseudohexagonal packing of its 
chains (23) (a check of the unit cell base 
dimensions in Fig. 3c will confirm that 
they differ only by about 1 percent from 
hexagonal); this is obviously a factor of 
major importance in facilitating ferro- 
electric switching in P-PVF2, and sug- 

field has been returned to zero, that a 
negative "coercive field" (E, in Fig. 6c) 
is required to  depolarize the sample, and 
that polarization can be repeatedly re- 
versed by cycling the field between ~2 
MVIcm. 

At this stage we may inquire as  to 
what renders PVF2 a ferroelectric in- 
stead of simply a pyroelectric material 
whose dipole directions are stable rather 
than reversible. For  the P-phase, the 
pseudohexagonal character of its lattice 

gests that this phenomenon takes place 
in 60" increments (23). Films of the a- 
phase can also be poled: a t  intermediate 
fields (1 to  3 MVIcm), the tg+tg- chains 
preserve their conformation, but are 
packed in a polar unit cell (a  -+ 6 trans- 

clearly plays a major role (23). However, 
the exceptional molecular structure of 
PVF2 detailed above is also a critical 
factor, for chains of highly anisotropic 
cross section, with bulky protrusions or  
pendant groups, would most likely be 

formation), whereas at higher fields (- 5 
MVIcm) they are further transformed 
both intra- and intermolecularly to the P- 
phase. 

locked in place and not allow facile inter- 
or intramolecular dipole reorientation. 
The importance of chain structure in this 
regard is seen in the ferroelectric switch- 
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ing of the 8-phase, whose unit cell is far 
from hexagonal (Fig. 3, a and b), and 
where dipole reversal occurs almost cer- 
tainly through an intramolecular mecha- 
nism (16, 17). 

Ferroelectric behavior similar to  that 
of f3-PVF2 has also been demonstrated in 
copolymers of vinylidene fluoride with 
trifluoroethylene or  tetrafluoroethylene; 
these are randomly added copolymers 
containing commonly 60 to 80 mole per- 
cent VF2. Since they contain a greater 
proportion of the comparatively bulky 
fluorine atoms than PVF2, their molecu- 
lar chains cannot accommodate the 
tg+tg- conformation and are therefore 
forced to crystallize directly with the 
more extended all-trans conformation 
(26). Copolymers of vinylidene fluoride 
and trifluoroethylene also exhibit anoth- 
er important aspect of ferroelectricity 
that so far has not been convincingly 
demonstrated in PVF2. This is the Curie 
temperature at  which a ferroelectric 
crystal undergoes reversibly a solid-state 
transformation to a nonpolar (paraelec- 
tric) state. In these copolymers, the Cu- 
rie transition was found (27) to involve 
primarily intramolecular changes of di- 
pole directions through introduction of 
g' bonds that alter the polar all-trans 
conformation to a somewhat disordered 
arrangement of tg' and tt sequences. 
Moreover, by extrapolating the observed 
Curie temperatures as functions of VF2 
content to  100 percent VF2, the expected 
ferroelectric-to-paraelectric transition in 
P-PVF2 would be in the vicinity of 205°C 
(27)-about 20°C above its melting 
point-a fact that explains its experimen- 
tal elusiveness; however, as the confor- 
mational changes characterizing these 
transitions in VF2 copolymers were 
found (27) to  span a wide temperature 
range (30°C or  more), the earliest mani- 
festations of such a transition in P-PVF2 
should occur in the vicinity of its own 
melting point. 

Other Piezoelectric Polymers 

Our discussion of structure has shown 
that most potentially ferroelectric poly- 
mers have been eliminated primarily for 
reasons associated with their chain con- 
formation and packing. Poly(viny1idene 
chloride), while potentially similar in 
electrical activity to  PVF2, suffers from 
the presence of bulky chlorine atoms 
(van der Waals radii, 1.80 A) which 
prevent its chains from adopting the 
highly polar all-trans conformation, forc- 
ing them instead into one approximating 
tg'tg- or 2,-helical. Another polyfluoro- 
carbon, PVF, although atactic, adopts a 

\ 
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Fig. 6 (left). Variation with applied electric 
field of (a) infrared absorption at 1273 cm-' 

I I I I corresponding to the - C F ~  dipole moment of 
-2 -1  0 1 P-PVF2, (b) dielectric constant, and (c) polar- 

Electric field (MVlcrn) ization of a film of P-PVF2. All curves show 
the hysteresis behavior typical of ferroelectric materials. (e) Initial poling results, (0) results 
from subsequent poling cycles. [Data from Takahashi et al. (25) with permission from E. 
Fukada] Fig. 7 (right). Schematic depiction of hydrogen-bonded sheets in the crystal lattices 
of (a) even and (b) odd polyamides, showing the dipole directions associated with the hydrogen 
bonds in each case. 

structure similar to that of P-PVF2 and is 
expected to  be ferroelectric (although 
data are lacking). Other polar atactic 
polymers (such as  PVC) are amorphous, 
yet some piezoelectric response is ob- 
tained if an electric field is applied above 
their glass-transition temperatures (at 
which molecular motions and rotation of 
dipoles become possible) and held while 
the sample is cooled to room tempera- 
ture to  freeze the now oriented dipoles in 
place. Among the cyanide-containing 
polymers, polyacrylonitrile suffers from 
intra- and intermolecular association at 
its - C = N  groups and poly(viny1idene 
cyanide) is chemically unstable, al- 
though a copolymer of the latter with 
vinyl acetate has been found to exhibit 
considerable piezoelectric activity (28). 

However, there exists another class 
of polymers from the above, whose 
recently discovered piezoelectric activ- 
ity is second only to that of PVF2 and 
which may, in fact, be ferroelectric in 
nature. This is the class of polyamides 
(or nylons) of molecular repeat 
- HN(CH2)2nC0 - . Polyamides crystal- 
lize in all-trans conformations and are 
packed so as  to maximize the number of 
hydrogen bonds possible between adja- 
cent amine and carbonyl groups, as  seen 
schematically in Fig. 7 for two polya- 
mides containing an even and an odd 
number of carbon atoms per repeat. The 
dipoles are clearly associated with the 

resulting hydrogen bonds, but, as seen in 
Fig. 7, cancel their net moments in the 
case of even nylons; it is therefore only 
the odd members-of which nylon 11, 
[HN(CH2)loCO]n, is the most common- 
that possess a net polarization in their 
hydrogen-bonded sheets. These sheets 
are arranged in a polar manner with 
triclinic symmetry in the common a- 
phase of such polyamides (29); however, 
a t  high temperatures (> 90°C) or  in rap- 
idly quenched samples the symmetry be- 
comes pseudohexagonal through what is 
believed to be a randomization of hydro- 
gen bonding, yielding the y-phase. It has 
been found (30) that films of y-nylon 11 
display high piezo- and pyroelectric ac- 
tivity when poled, while the response of 
the a-phase is significantly lower. These 
phenomena are interpreted by breaking 
of the existing hydrogen bonds and their 
re-formation in (at least partial) align- 
ment with the field, a process which is 
indeed more favorable in the pseudo- 
hexagonal y-phase and may explain its 
higher electrical response (30). It should 
be noted that there exists another cate- 
gory of polyamides having molecular re- 
peats of the type -HN(CH2),NHOC- 
(CH2),C0 - which also crystallize in 
much the same manner; of these, only 
the "odd-odd" members (those with x 
and y odd) have their dipoles arranged in 
a polar unit cell and should thus be 
expected to behave similarly to nylon 11. 
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Piezoelectric and Pyroelectric Properties 

Although the main purpose of this 
article is to explain the structural charac- 
teristics needed to render a polymer fer- 
roelectric, the piezoelectric and pyro- 
electric properties of synthetic crystal- 
line polymers are also briefly presented 
and compared with those of the common 
ceramics and single crystals. 

The piezoelectric and pyroelectric ef- 
fects are commonly described in terms of 
compliances between electrical polariza- 
tion (P) and stress (cr) or temperature (T) ,  
respectively, yielding the piezoelectric 
constant, d, and the pyroelectric con- 
stant, p 

d = ( E ) E , T  and P = ( % ) E , ~  

where E is the electric field. The d con- 
stant is a tensor whose major compo- 
nents for polymers such as PVF2 are d3,, 
d32, and d33, the first subscript defining 
the electric field direction and the second 
that of mechanical stress; as seen in Fig. 
5, in an oriented sample direction 1 is the 
stretch direction, 2 the transverse, and 3 
the film normal. 

Realizable values of d and p in PVF2 
depend on a number of parameters, most 
important of which is the poling field 
strength; poling temperature plays a 
small role, while the effects of poling 
time are significant only up to fields of 
about 2 MVIcm (21). Typical values of 
the piezoelectric and pyroelectric coeffi- 
cients, as well as of other physical prop- 
erties, of materials that have been used 
as transducers are given in Table 1. The 
three-dimensional anisotropy of the pi- 
ezoelectric effect is seen clearly for ori- 
ented PVF2. The d constant associated 
with the molecular direction (d3,) is an 

Table 1. Typical phy 

6 Button 

Snap-disk strip 

Fig. 8. Schematic drawing of an electrical 
keyboard with a metallized and polarized 
PVF2 film. [From (37) with permission from 
T. R. Meeker] 

order of magnitude greater than that 
transverse to the polymer chains (d32); 
both are positive because a stress in the 
film plane reduces the specimen thick- 
ness, thus increasing the surface charge, 
whereas d33 is negative because a stress 
normal to the film increases its thick- 
ness. 

In comparing the piezoelectric and py- 
roelectric strengths of the various mate- 
rials in Table 1, we see that although 
PVF2 and its copolymers stand out 
among other polymeric materials, their 
activity is an order of magnitude lower 
than that of the traditional piezoelectric 
ceramics. However, if we calculate the 
electromechanical coupling coefficient 
k3, (a quantity reflecting the transduc- 
ing capability of a material) from 

sical, piezoelectric, and pyroelectric properties 

k31 = d3,2/CIE (where c is the stiffness 
and E the permittivity), we see in Table 1 
that, as a result of their very low dielec- 
tric constant, PVF2 and its copolymers 
appear comparably efficient to ceramics. 
Moreover, PVF2 films can sustain about 
100 times higher fields than ceramics, so 
that their power output per unit volume 
and their maximum elongation per unit 
field strength (quantities that are propor- 
tional to d2c~ ' )  are about four to five 
times greater than in ceramics. Never- 
theless, PVF2 and other polymers are 
inferior to ceramics in regard to highest 
temperature of use: piezoelectric con- 
stants in PVF2 reach a maximum at 
- 80"C, where activity begins to fall as a 
result of increased molecular motions 
and consequent depolarization; this can 
be retarded to - llO°C by cross-linking 
the molecules with about 40 megarads of 
y-radiation (31). However, at even high- 
er temperatures, chemical degradation 
sets in with loss of K F  that increases 
from a- to y- to P-PVF2 as a result of 
greater steric and electrostatic intramo- 
lecular repulsions within trans-segments 
(6,  32). 

Theoretical models have been devel- 
oped to describe the macroscopic polar- 
ization in films of PVF2 and to predict 
values of d and p. The two most applica- 
ble models treat PVF2 as a two-phase 
system (based on its crystallinity of ap- 
proximately 50 percent) containing ei- 
ther spherical, charged particles (33) or 
platelet-like polar crystals (34) dispersed 
within an amorphous, nonpolar matrix. 
Macroscopic piezoelectricity was found 
to be due not only to the contributions of 
polar crystallites, but also to a major 
contribution from the mechanical and 
electrical heterogeneity between crystal- 
line and amorphous phases (33). 

of various materials. 

Electro- Acous- Pyro- 
electric Den- Elastic Dielectric mechanical tic Piezoelectric sity, mod- con- coupling 

Material coefficient, d coeffi- imped- 
(PCIN) P ulus, c stant, coeffi- cient, p eieo cient, 

ance (Ggl 
( p ~ i ~ - m ~ j  (gicm3) (GNlm2) 

k (5%) 
m2-s) 

PVF2 (P-phase) d,, = 20-30 30-40 
d32 = 2-3 
d33 = -30 

PVF2 (8-phase) d,, = 10-17 10-15 
d32 = 2-3 
d33 = 10-15 

Other polymers 
VF2-trifluoroethylene copolymers d3, = 15-30 30-40 - 
Poly(viny1 fluoride) d3, = 1 10 
Poly(viny1 chloride) = 1 1-3 
Nylon 11 (y-phase) d3, = 3 3 

Ceramics and single crystals 
Lead zirconate titanate d3, = 100-300 50-300 
Barium titanate d3, = 80 200 
Quartz d l ,  = 2 
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Applications 

Piezoelectric and pyroelectric applica- 
tions of polymers are for the moment 
confined to PVF2 (6) and take advantage 
of its extraordinary combination of elec- 
trical, mechanical, and acoustical prop- 
erties. Primary among them are its thin- 
ness, light weight, flexibility, toughness, 
and ability to be formed into intricate 
shapes. In addition to these and to its 
good electromechanical coupling dis- 
cussed above, Table 1 shows that PVF2 
has a much lower acoustical impedance 
than ceramics (this quantity is propor- 
tional to the product of density and stiff- 
ness) and is therefore verv suitable for 
acoustical applications in such media as 
air or water. Such applications have 
been reviewed (5, 6) and include micro- 
phones, loudspeakers, headphones, and 
omnidirectional tweeters, all having es- 
sentially flat responses over a broad 
range of frequencies (35). Useful similar 
applications have also been described in 
ultrasonics (36), particularly as hydro- 
phones (that is, underwater transducers) 
for which PVFz is most appropriate be- 
cause it consists of light atoms and has 
therefore a tenfold better acoustical cou- 
pling with water than do ceramics. Elec- 
tromechanical applications include pres- 
sure switches, detectors in printing 
equipment, coin sensors, variable-focus 
mirrors, impact detectors, medical 
probes, as well as push buttons and 
keyboards. The structure of one such 
keyboard (37) is seen in Fig. 8: it consists 
of a metallized polar PVFz film in a 
holder; films as thin as 16 pm were able 
to withstand 15 million pushes without 

failure or deterioration (37). Finally, the 
pyroelectric properties of PVF2 may be 
utilized in such devices as infrared detec- 
tors, vidicon cameras, security and 
alarm systems, and electrostatic copiers 
(38). 

All of the above demonstrate the use- 
fulness and versatility of PVF2 and show 
how the study of structure in polymers 
can aid in understanding and exploiting 
the properties of this new class of ferro- 
electric materials. 
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