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Nonlinear Permittivities in Potassium Salt Ionomers of Ethylene Copolymer 
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We report the frequency spectra of complex linear and nonlinear permittivities of potassium ionomer films 
prepared from poly (ethylene-co-methacrylic acid) in the frequency range from 1 kHz to 1 MHz, at room 
temperature. A characteristic conduction relaxation phenomenon was observed in the spectra, which 
suggested the existence of different ion conduction mechanisms between the high and low-frequency regions. 
We also found that the ratio of linear to nonlinear conductivities calculated from nonlinear permittivities was 
closely related to the elementary process of ionic transport. Furthermore, the ratio obtained from nonlinear 
measurements allowed an estimate of the important parameters which characterized ionic transport in 
ion-conducting polymers, such as the hopping distance of ion or the size of a connected cluster of the site 
capable of the ion hopping, without the need for any additional assumptions in potassium ionomer films. 
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Fig.1 The structure model of ethylene ionomer as proposed 
by Longworth et al 1). 
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Fig.2 Charge distribution of LLDPE film. Fig.3 Charge distribution of a potassium ionomer film. 
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Fig.4 Chemical structure of ethylene methacrylic acid
copolymer and potassium ionomer. 

31 1 20074



4 

10kHz 100kHz

6

E-15MAA

3

3*= 3' - j 3"

7 3* 3

3' 3" 80mol%

60mol%

nrelax
12) 

n n

n n 8 (4),(5)
E-15MAA-0.8K

(fitting) D3 = 2.98, E3 = 0.88, 
W3 = 5.03x10-6s, 'V3 = 2.12x10-19SmV-2

'V3

'V3

= 8.01x10-17SmV-2 16)

'V3 = 5.18x10-18

17,18)

3'

3" (4),(5)
3 10 
kHz 3’ 3"

1 kHz 10 kHz 3"
20 kHz

6 " 1 kHz

E-15MAA-0.4K E-15MAA-0.6K

(4),(5)

4.
hopping

I 12,19,20

dynamic percolation 
theory21,22 dynamics

19

12

-1.0x10-9

-0.5

0.0

0.5

1.0

H�

�
H�

(1
0-

20
m

2/
V

2)

6.05.55.04.54.03.53.0

log f (Hz)

 K(80)
 K(80)
 K(60)
 K(60)
 K(40)
 K(40)

3’ of E-15MAA-0.8K

3” of E-15MAA-0.8K

3’ of E-15MAA-0.6K

3” of E-15MAA-0.6K

3’ of E-15MAA-0.4K

3” of E-15MAA-0.4K

Fig.7 Frequency spectra of the third-order nonlinear 
permittivities in potassium ionomers. 
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Fig.6 1"/ 0 spectrum of potassium ionomer, exhibiting a 
change in potassium ion content. 

5



5 

19)

hopping 20)

hopping site hopping
site bond

hopping
hopping site

hopping
variable range hopping model 

(VRHM)20)

hopping a E T
hopping P0 e N

Boltzmann site U
I E

8 a
fitting

1 3
12

1 3 10

hopping a

80mol%

(E-15MAA-0.8K)

1 3 a

a=3nm a=52nm

X
23-26)

nm

hopping a=3nm

(

E-15MAA 80mol%

)6)

60%
27)

hopping a=52nm

(

domain )

40mol%(E-15MAA-0.4K)

60mol%(E-15MAA-0.6K)

3

domain

5

)
2

sinh()exp(2 0 T
eaE

T
UeNaPI

NN
'

� (6)

�� 3
31 EEI VV (7) 

)exp(1
0

22
1 T

UNPae
T NN

V '
� (8)

)exp(
24

1
0

44
333 T

UNPae
T NN

V '
� (9)

22

22

1

3

24 T
ae
NV

V
 (10)

-1.0x10-9

-0.5

0.0

0.5

1.0

H�

�
H�

(1
0-

20
m

2/
V2

)

6.05.55.04.54.03.53.0

log f (Hz)

 K(80)
 K(80)

 theory

3’ of E-15MAA-0.8K

3” of E-15MAA-0.8K

theory

-1.0x10-9

-0.5

0.0

0.5

1.0

H�

�
H�

(1
0-

20
m

2/
V2

)

6.05.55.04.54.03.53.0

log f (Hz)

 K(80)
 K(80)

 theory

3’ of E-15MAA-0.8K

3” of E-15MAA-0.8K

theory

Fig.8 Comparison of observed (circles) and fitted
(solid lines) frequency spectra of the third-order 
nonlinear permittivities of E-15MAA-0.8K.

31 1 20076



7

6 

hopping

nm
hopping a=3nm

(Elementary Process)
a=52nm E-15MAA-0.8K

(domain)

1)

2)

5.
1) R. Longworth, D. J. Vaughan, Nature, 218 (1968) 85 
2) Eisenberg, B. Hird, R. B. Moore, Macromolecules, 23

(1990) 4098 
3) E. Hirasawa, Y. Yamamoto, K. Tadano, S. Yano, J. Appli 

polym. Sci., 42 (1991) 351 
4) P. Vanhooren, R. A. Register, Macromolecules, 29 (1996) 

602 
5) S. Yano, N. Nagano, M. Hattori, E. Hirasawa, K. Tadano, 

Macromolecures, 25, 368 (1992) 
6) H. Tachino, H. Hara, E. Hirasawa, S. Kutsumizu, S. Yano, 

Polym. J., 26 (1994) 1170 
7) N. Maki, S. Nakano, H. Sasaki, Packag. Technol. Sci., 17

(2004) 249 
8) T. Takada, IEEE Trans. DEI, 6 (1999) 519 

9) Y. Li, T. Takada, IEEE Electrical Insulation Magazine, 10

(1994) 16 

10) T. Maeno, K. Fukunaga, IEEE Trans. DEI, 6 (1996) 754 

11 , , , 

, 2005, P223, (2005) 

12) Y. Tajitsu, J. Mater. Sci., 31 (1996) 2081 
13

, 31, 134 (2006) 
14) ,

, (2004) 
15 N. Maki, S. Nakano, M. Kanasaki, and Y. Tajitsu, The 

8th SPSJ International Polymer Conference 
(IPC 2005), 145 

16) Y. Tajitsu, J. Materials Sci. Lett., 18, 1287 (1999). 

17) Y. Tajitsu, J. Electrostatics, 55, 299 (2002). 

18) Y. Tajitsu, J. Electrostatics, 62, 257 (2004). 

19) J. R. MacCallum and C. A. Vincent, ed.: Polymer Electrolyte 

Reviews-2, Elsevier Appl. Sci., London and New York (1989). 

20) N. F. Mott and E. A. Davis:Electronic Processes in Non- 

crystalline Materials, 2nd. Ed., Clarendon (1979). 

21) S. D. Druger, M. A. Ratner and A. Nitzan, Phys. Rev., 

B31, 3939 (1985) 

22) A. K. Harison and R. Zwanzing, Phys. Rev., A32, 1072 

(1985) 

23) S. Kutsumuzi, H. Tagawa, Y. Muroga, S. Yano, 

Macromolecules, 33, 3818 (2000) 

24) S. Kutsumuzi, K. Tadano, Y. Matsuda, M. Goto, H. 

Tachino, H. Hara, E. Hirasawa, H. Tagawa, Y. Muroga, S.

Yano, Macromolecules, 35, 9044 (2000) 

25) J. H. Laurer, K. I. Winey,  Macromolecules, 31, 9106 

(1998) 

26) B. B. Sauer, R. S. McLean, Macromolecules, 33, 7939 

(2000) 

27 E. Hirasawa, Y. yamamoto, K. Tadano, S. Yano, J. 

Appl. Polym. Sci., 42, 351 (1991)




