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The condit ion f o r  t h e  inverse  p i e z o e l e c t r i c  

e f f e c t  i n  polymers i s  discussed and a  thermodynamic 

c r i t e r i a  i s  derived,  The r e s u l t i n g  expression i s  

r e l a t e d  t o  t h e  e l e c t r i c a l  conf igura t ion  of t h e  

polymer and s e v e r a l  promising s t r u c t u r e s  a r e  proposed, 

A dynamical model of the  p i e z o e l e c t r i c  e f f e c t  i s  

given and expressions a r e  der ived f o r  the compliance 

and electromechanical losses .  
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Inverse P iezoe lec t r i c  Effec t  i n  Polymers 

Sumner N, Levine 

S t a t e  University of New York 

Stony Brook, La I,, Nayo 

It i s  wel l  known t h a t  c e r t a i n  inorganic  c r y s t a l s  e x h i b i t  dimen- 

sional charges on a p p l i c a t i o n  of an e l e c t r i c a l  f i e l d .  This inve r se  

> i e z o e l e c t r i c  e f f e c t  has been extensively discussed i n  t h e  ins tance  of 

-norganic ma te r i a l s ,  however, the  corresponding e f f e c t  i n  polymeric 

l a t e r i a l s  has received l i t t l e  a t t e n t i o n ,  It is the  purpose of t h i s  

:ommunication t o  e s t a b l i s h  the  bas ic  requirements f o r  the inver se  piezo- 

? l e c t r i c  e f f e c t  and t o  propose some polymeric ma te r i a l s  capable of 

; a t i s fy ing  these  requirements, I n  add i t ion  a simple molecular model is 

woposed and the dynamical c h a r a c t e r i s t i c s  of t h i s  model i s  explored,  

Condition For t h e  Inverse P iezoe lec t r i c  Ef fec t  

We w i l l  f i rst  e s t a b l i s h  a general  condi t ion  f o r  t h e  inver se  piezo- 

r l e c t r i c  e f f e c t ,  Our ob jec t ive  is  t o  r e l a t e  the  e f f e c t  t o  t h e  s t r u c t u r a l  

: h a r a c t e r i s t i c s  of the  polymer. We consider  a  s o l i d  i n  t h e  presence of 

Ln applied s t r e s s  & and an e l e c t r i c a l  f i e l d  Eo Representing t h e  dimen- 

: ion  of the s o l i d  i n  the d i r e c t i o n  of d b y 4  and t h e  p o l a r i z a t i o n  by P, 

.he f r e e  energy change, under conditions of constant  temperature and 

tressure, i s  given by t h e  wel l  known r e s u l t  



The cross  d i f f e r e n t i a t i o n  i d e n t i t y  g i v e s  

This r e s u l t  r e l a t e s  t h e  inverse  p i e z o e l e c t r i c  coe f f i c i en t ,  on t h e  l e f t ,  

t o  t h e  change i n  p o l a r i z a t i o n  with appl ied  s t r e s s .  The l a t t e r  can be 

expressed i n  a more u s e f u l  way f o r  our p resen t  purposes. Let ri be t h e  

pos i t ion  vec tor  of a  charge qi with reference  t o  an a r b i t r a r y  o r i g i n .  

The p o l a r i z a t i o n  can be expressed a s  (1 ) 

where t h e  sum is taken over t h e  charges i n  a  uni t  volume. I n  t h e  f o l -  

lowing we s h a l l  always assume an equal number of pos i t ive  and negative 

charges, On in t roducing  t h e  pos i t ion  vec to r s  f o r  the  centers  of 

p o s i t i v e  r and negat ive , rn , charge t h e  po la r i za t ion  may be w r i t t e n  
P )  

as 

Where Q is t h e  sum of t h e  p o s i t i v e  charges and 

r -  
Zs.r 1 i 

k - ( 5 )  
Q 



I n  expression ( 5 )  it is ~xnderstood t h a t  t h e  sum is taken over t h e  

pos i t ive  charges and t h e  sum is over t h e  negat ive charges i n  equa- 

t i o n  ( 6 )  The des i red  r e s u l t  fol lows on introducing (43 i n t o  (2 )  

and using HookeTs law 

I n  (7 )  Y is  Youngvs modulus, E t h e  s t r a i n ,  t h a t  is  t h e  e longat ion  

pe r  un i t  length ,  and d the  d i s t a n c e  vec to r  between t h e  cen te r s  of 

pos i t ive  and negative charge, 

It is  evident from ( 7 )  t h a t  t h e  e s s e n t i a l  cond i t ion  f o r  t h e  

inverse  p iezoe lec t r i c  e f f e c t  i s  t h a t  a ne t  displacement of t h e  pos i t ive  ~ 
and negative cen te r s  of charge occurs when the  ma te r i a l  is  sub jec t  t o  

a s t r a i n ,  Thus it i s  required t h a t  a n  elongat ion i n  t h e  d i r e c t i o n  of 

t h e  applied s t r e s s  must produce an e l e c t r i c a l  asymmetry i n  the  s o l i d  

A number of polyampholyt,es passes t h i s  property as is  i l l u s t r a t e d  i n  

f i g u r e  1. The expressions f o r  t h e  molecular dipole  moment dm i s  

a l s o  given where N i s  t h e  number charges of a  g iven  s i g n  per  mole- ! 
I 
b ,  

cule  and the  dimensions, a ,  and 4 , a r e  defined as shown. Application I 

of a s t r e s s  r e s ~ x l t s  i n  an increase  i n  t h e  length  of the  molecule and 
I 

! 
hence i n  t h e  d ipole  moment, For an o r i e n t e d  system of d i p o l e s  t h i s  i 
must a l so  r e s u l t  i n  an increase  i n  t h e  p o l a r i z a t i o n  s ince  t h e  l a t t e r  

I 
1 

is defined as t h e  dipole  moment p e r  u n i t  volume, I n  t h e  case of t h e  
I ,  I 

I I 
l i n e a r  s t r u c t u r e  shown i n  ? a  no i n v e r s e  p i e z o e l e c t r i c  e f f e c t  i s  t o  



be  expected a t  l e a s t  i n  d i rec t ions  p a r a l l e l  t o  the long a x i s ,  We a l s o  

note t h a t  t h e  charge configurat ion shown i n  I c  should r e s u l t  i n  a 

more pronounced e f f e c t  than t h a t  shown i n  Ib ,  Actual ly  t h e  charge 

d i s t r i b u t i o n  shown i n  I c  is  e n e r g e t i c a l l y  unfavorable f o r  t h e  l i n e a r  

configurat ion shown and t h e  chatn would tend t o  f o l d  i n t o  t h e  more 

ene rge t i ca l ly  favorable  configurat ion indica ted  i n  Id ,  

A second c l a s s  of polyarnpholytes with t h e  requi red  e l e c t r i c a l  

asymmetry a r e  the  so-called "snake-cage p o l y e l e c t r o l y t e s n  (2 ) .  

These c o n s i s t  of a cross  l inked matr ix  of one poly-ion i n  which is  

interspersed a  poly-count e r  ion,  The two p o l y e l e c t r o l y t e s  c  an e lec-  

t r i c a l l y  n e u t r a l i z e  one another so  t h a t  small mobile counter  ions  a r e  

not necessary, I n  s t r u c t u r e s  permitt ing t h e  r e l a t i v e  motion of t h e  

poly-ions, po la r i za t ion  may occur i n  the  presence of a n  e l e c t r i c a l  

f i e l d  together  wi th  displacement of the  charge c e n t e r s ,  

Dgnamical Behavior I n  An E l e c t r i c a l  F i e l d  

A simple model of t h e  behavior of a polyampholyte i n  an a l t e r -  

nating e l e c t r i c a l  f i e l d  w i l l  be developed here ,  I n  o rde r  t o  be 

s p e c i f i c  we s h a l l  consider  a po lye lec t ro ly te  of the  kind shown i n  

f i g u r e  l c  cons i s t ing  of anionic  and ca ton ic  segments each segment 

bearing N univalent  f i x e d  charges of magnitude q, I n  t h e  genera l  

case the  f ixed  charges w i l l  be surrounded by counter  i o n s  which form 

a n  atmosphere of Debye length  k-I i n  a  medium of d i e l e c t r i c  constant  

D. I n  what fol lows we cons ider  t h e  e l e c t r i c a l  i n t e r a c t i o n  of a s i n g l e  

polyanion-polycation p a i r ,  However, the  inf luence  of o t h e r  polymer 



m o l e c u l e s  is  t a k e n  i n t o  account by means of a molecular  v i s c o s i t y  

and e l a s t i c i t y  ( s p r i n ~ )  c o e f f i c i e n t  des igna ted  by N, and Y, 

r e s p e c t i v e l y .  The l a t t e r  a l s o  t akes  i n t o  account t h e  r e s t o r i n g  ten-  

dency  due t o  c r o s s l i n k a g e s .  Consider an  a r b i t r a r y  f i x e d  an ion  

d e s i g n a t e d  by 4. i n  f i g u r e  2. Assuming the usua l  Debye-Huckel approxi-  

m a t i o n ,  t h e  p o t e n t i a l  a t  < due t o  t h e  f i x e d  c a t i o n s  

I n  t h e  above t h e  SUM i s  t aken  over a l l  of t h e  anions  and r is  t h e  
4 i 

41 

d i s t a n c e  between anion,  d, 2nd t h e  jth c a t i o n ,  The t o t a l  e l e c t r o -  

s t a t i c  f o r c e  i n  t h e  d i r e c t i o n  perpendicular  t o  t h e  two chains  i s  

g i v e n  by F = - V@ i . e . ;  

where  w is t h e  e q u i l i b r i u m  d i s t ance  between t h e  cha ins ,  This model 
0 

assumes r i g i d  p o l y e l e c t r o l y t e s  cha ins ;  a n  assumption which seems 

j u s t i f i e d  because of t h e  rnutual e l e c t r o s t a t i c  r epu l s ions  b etween l i k e  

ions ,  Represent ing t h e  displacement from t h e  equ i l i b r ium pos i t i on ,  

W,, 
by t h e  v a r i a h l e  x ( s o  t h a t  w = wo + x ) ,  t h e  a p p l i e d  f i e l d  by 

E ( t ) ,  t h e  e f f e c t i v e  mas!; of each cha in  by M and t h e  t o t a l  charge 

an each  c h a i n  by Q, t h e  e q ~ . ~ a t i o n  of motion i s  



Here R ( w )  i s  a s h o r t  range repulsive force  which w i l l  be approximated 1 
I 

by a s t e p  func t ion  which vanishes a t  f o r  w >wo and b ecomes i n f i n i t e  

at W<W o. This repuls ive  fo rce  depends i n  par t  on t h e  sorbed solvent  

molecules which fo.rm an-incompressible s h e l l  about each polymer chain.  

I n  order  t o  so lve  t h e  equation of motion it i s  necessary t o  

l i n e a r i z e  the  expression by expanding F i n  a Taylor s e r i e s  about 

and t o  r e t a i n  only t h e  l i n e a r  term. The resu l t ing  expression is Wo F 

& '  

t h e n  v a l i d  f o r  only small displacements from woe To t h i s  approxima- 

t i o n  we have 

where the  d e r i v a t i v e  is evalua ted  a t  w . The equation of motion now 
0 

may be w r i t t e n  f o r  t h e  region w >wo a s  

It i s  ev iden t  t h a t  t h e  condi t ion  w)wo implies  t h a t  a n e t  extensive 

f o r c e  i s  a c t i n g  on t h e  polymer tending t o  increase w so t h a t  we 

must have 



This l a s t  exp re s s ion  t o g e t h e r  with ( 9 )  determines,  i n  p r i n c i p l e ,  t h e  

minimum f i e l d  E, r equ i r ed  f o r  t h e  i nve r se  p i e z o e l e c t r i c  e f f e c t ,  

One d i f f i c u l t y  wi th  t h i s  type of c a l c u l a t i o n  i s  t h a t  of  e s t ima t ing  

wo t h e  average equ i l i b r ium d i s t a n c e  between t h e  polymer molecules.  

Th is  problem has  been discussed by Katchalsky and Lifson ( 3 )  as w e l l  

as by Rice and Harris ( 4 ) .  For t h e  p resen t  purposes it i s  s u f f i c i e n t  

t o  no te  t h a t  Em w i l l  decrease  wi th  i nc rea s ing  i o n i c  s t r e n g t h ,  d i e l e c -  

t r i c  cons tan t  and degree  of s o r p t i o n  of so lven t ,  

Turning t o  t h e  s o l u t i o n  of (12 )  we assume t h a t  t h e  app l i ed  f i e l d  

c o n s i s t s  of s t e a d y  s t a t e  component upon which i s  superimposed a small 

a l t e r n a t i n g  component of frequency O and magnitude Eo i . e . ,  

It i s  ev iden t  t h a t  t h i s  app l i ed  f i e l d  s a t i s f i e s  (13), With t h i s  

app l i ed  f i e l d  t h e  s o l u t i o n  t o  (12 )  i s  ( f o r  t h e  i n i t i a l  cond i t i ons  
C 

where 
N 



So lu t ion  (15 ) holds provided # 0.  When t h e  l a t t e r  i s  t h e  case  

t h e  s o l u t i o n  may a l s o  be r e a d i l y  ob ta ined  but  i t  w i l l  not  be 

requi red  here ,  

DISCUSSION 

Cer t a in  f e a t u r e s  of t h e  above s o l u t i o n  a r e  worthy of comment, 

The e l e c t r o s t a t i c  f a c t o r  ( F/ , l o  s e r v e s  t o  modify t h e  sp r ing  

constant  Y s o  t h a t  t h e  s i g n i f i c a n t  q u a n t i t y  is now def ined 
m 

above. The t r a n s i e n t  p o r t i o n  of t h e  s o l u t i o n  decoys i n  an o s c i l l a -  

t o r y  manner when 

and exponen t i a l l y  when 

It must a l s o  be noted t h a t  an i n s t a b i l i t y  occurs when = o  s o  

t h a t  



Physica l ly  t h i s  condi t ion corresponds t o  t h e  s i t u a t i o n  where 

E j u s t  exceeds t h e  e l e c t r o s t a t i c  and e l a s t i c  counter-force. A s  a  
m 

r e s u l t  x w i l l  tend t o  increase i n d e f i n i t e l y  u n t i l ,  checked by 

f a c t o r s  e x t e r n a l  t o  t h e  present formulat ion.  

The s teady s t a t e  so lu t ion  may be expressed somewhat d i f f e r -  

en t ly  by wr i t ing  t h e  compliance K ( & )  ) ,  as 

where 

The frequency do is  t h e  resonant frequency f o r  a hypothet ical  polymer 

with z e r o  v i scos i ty .  Introducing t h e  above notat ion t h e  steady s t a t e  

so lu t ion  becomes 

T h e v i s c o e l a s t i c  p roper t i e s  of t h e s y s t e m m a y n o w b e c a l c u l a t e d a s  . 

usual,  Thus t h e  energy l o s s  FT per c y c l e  i s  



This  l o s s  has a maximum a t  

S imi lar ly  t h e  l o s s  pe r  second is 

We s e e  from equation ( 2 1 )  t h a t  the re  i s  no l o s s  whenlo= O 0  
1 

1 

However, i n  t h e  case of po lye lec t ro ly tes  w i t h  small  mobile counter ions I 
I *  

add i t iona l  l o s s e s  w i l l  occur due t o  dc  conductivity and a r e  given by 1 1  , .  
8 .  

t he  wel l  known expression I ~ R  where I is  the  dc current  and R t h e  
I 
I 

1 .  
e l e c t r i c a l  r e s i s t a n c e  of the  media, This l o s s  w i l l  not he s i g n i f i c a n t  i n  

' 

systems i n  which ions  of both s igns  a r e  l a r g e  polye lec t ro ly tes ,  I 
j 

Small ions  w i l l  a l t e r  t h e  change on t h e  polymer i n  the presence 

of weakly ioniz ing  groups or  when complex formation occurs. This  

e f f e c t  w a s  a l s o  neglected i n  the above treatment though with a  l i t t l e  1 :i 
I .  t 

add i t iona l  a lgebra ic  complexity it could read i ly  be taken i n t o  account. i ,I 

I 
I '  

I 
! 

11, 
; - 

j/ 
I i  
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The dipole moment associated with various charge confi~urations. I 
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Figure 2 

Forces Acting On Polyampholyte Molecule 




