
This article was downloaded by: [University of Haifa Library]
On: 20 August 2012, At: 20:24
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals Science and
Technology. Section A. Molecular Crystals and Liquid
Crystals
Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Complex Dielectric Constant of Liquid Crystal Materials
Containing Ionic Impurities in Low Frequency Region
Atsushi Sawada a , Yuji Nakazono a , Kazuaki Tarumi b & Shohei Naemura a
a Atsugi Technical Center, Merck Japan Ltd, 4084 Nakatsu, Aikawa, Aikou, Kanagawa,
243-03, Japan
b Liquid Crystal Research, Business Unit Liquid Crystals, Merck KGaA, Frankfurter Strasse
250, 64293, Darmstadt, Germany

Version of record first published: 04 Oct 2006

To cite this article: Atsushi Sawada, Yuji Nakazono, Kazuaki Tarumi & Shohei Naemura (1998): Complex Dielectric Constant of
Liquid Crystal Materials Containing Ionic Impurities in Low Frequency Region, Molecular Crystals and Liquid Crystals Science
and Technology. Section A. Molecular Crystals and Liquid Crystals, 318:1, 225-242

To link to this article:  http://dx.doi.org/10.1080/10587259808045386

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand, or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259808045386
http://www.tandfonline.com/page/terms-and-conditions


Mol. Crvst. LIq. Crysf., Vol. 318, pp. 22S242 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1998 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Gordon and Breach Science 
Publishers imprint. 

Printed in Malaysia. 

Complex Dielectric Constant of Liquid Crystal Materials Containing 
Ionic Impurities in Low Frequency Region 

ATSUSHI SAWADA', YUJI NAKAZONO", KAZUAKI TARUMIb, and 
SHOHEI NAEMURAa 
aAtsugi Technical Center, Merck Japan Ltd, 4084 Nakatsu, Aikawa, Aikou, 
Kanagawa 243-03, Japan; bLiquid Crystal Research, Business Unit Liquid 
Crystals, Merck KGaA, Frankfurter Strasse 250,64293 Darmstadt, Germany 

The dielectric properties of liquid crystal materials containing ionic 
impurities are analyzed in terms of space charge polarization. The theoretical 
expressions of the dielectric constant and the dielectric loss factor are 
derived by solving a diffusion equation for mobile ions under an AC field. 
Numerical calculations are performed using the theoretical expressions and 
the frequency dependent dielectric behaviors are simulated. The calculated 
curves for the dielectric constant and the dielectric loss factor exhibit a 
dielectric dispersion and a dielectric absorption respectively in a low 
frequency region, and successfully trace the observed curves obtained for 
liquid crystal materials 4-n-pentyl-4'-cyanobiphenyl (5CB) by means of 
curve fitting with the parameters of the diffusion coefficient and the density 
of mobile ions. 

&ywmh: mobile ions; dielectric constant; dielectric loss factor; diffusion 
coefficient 

INTRODUCTION 

It is known that dielectrics containing ionic impurities exhibit an anomalous 

increase in the complex dielectric constant in a low frequency region and a 

dielectric relaxation appears in a lower frequency region, which is 
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226 A. SAWADA ct al. 

characteristic to the behavior of the ions. Similar phenomena can also be 

observed in liquid crystal materials as In case of liquid crystal 

materials, mobile ions are considered to cause deteriorations of display 

q~alit ies '~] '~],  and so it is significantly important to investigate the complex 

dielectric constant of liquid crystal materials, in which the behavior of 

mobile ions is clearly reflected. The increase in the complex dielectric 

constant in a low frequency region is considered to be due to polarizations at 

electrodes, namely due to the space charge polarization. Macdonald'61 and 

FriaufI'] theoretically analyzed the space charge polarization considering 

charge mobilities, but the relations between space charge effects and charge 

mobilities are fairly complicated and the obtained results are not necessarily 

expressed in such a form as we intend to use for comparison with our 

experimental results. 

For polymer materials containing ionic impurities, Uern~ra[*"~' 

simplified the space charge effects and derived the theoretical expression for 

the complex dielectric constant solving a diffusion equation for mobile ions 

under an AC field with DC bias. He applies a kind of perturbation theory in 

order to solve the equation providing that the AC field is weak enough in 

comparison with the JX field. Although Uemura's expression is explained 

to be applicable to the case in the absence of DC bias, as there is no DC field 

in our case, his assumption is no longer valid for our case in a mathematical 

sense. 

We perform a different kind of perturbation theory in this paper, to find 

out whether Uemura's equations can also be applicable to our case without 

DC bias. Uemura compared his theory with experimental results for 

polymers assuming that the diffusion distance in a period of the external 

field should be smaller than the thickness of the specimen. In this case, it is 
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COMPLEX DIELECTRIC CONSTANT OF LIQUID CRYSTAL 227 

reported that the expression is valid in an appropriate frequency range where 

the condition is hold and can represent the increasing behavior of the 

dielectric constant or the dielectric loss factor, but a dielectric relaxation 

which will appear in a lower frequency region can not be represented by the 

expression. For cases where the condition of the diffusion distance is not 

fulfilled, we performed numerical calculation of the frequency dependence 

of the complex dielectric constant, and found that the dielectric relaxation 

appears in the low frequency region and that the peak frequency for the 

dielectric loss factor becomes higher with decreasing the thickness of the 

specimen. 

In this paper, the simulation results on the frequency dependence of the 

complex dielectric constant will be shown and the results will be compared 

with observed values for the liquid crystal material 5CB. 

THEORETICAL ANALYSIS OF COMPLEX DIELECTRIC 

CONSTANT 

The system under consideration is assumed to be treated by one dimensional 

diffusion equation, 

df dJ 
d t  d x  
c = -- 

with 

J ( x , t ) :  flux of ion at the point of x and time 1 

f ( x , t ) :  distribution function of the ion density 

The flux J can be described to have the form, 
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228 A.  SAWADA ei 01. 

The first term stands for the diffusion with diffusion coefficient D. The 

ionic impurities are assumed to be under the influence of the local 

alternating field with a frequency w,. Taking the friction term (friction 

coefficient 5 ) into consideration and noticing that the ionic particle reaches 

the velocity, given as the ratio between the alternating force and the friction 

force, in a very short scale compared with the time scale under consideration, 

the additional flux term can be described as the second term ( q  :the charge 

of an ion, F, :the amplitude of the local alternating field acting on ions, 

i = f i ) .  
Altogether the diffusion equation is 

As a boundary condition of this diffusion equation no flux condition is 

applied for the sake of simplicity, namely 

The diffusion equation (3) has an explicit time dependence in the second 

term of the right hand side. Therefore, it is difficult to find a general 

expression of the solution without any assumption. We are now interested in 

the behavior of the ionic impurities in the low frequency region. Physically 

speaking we should study the slowly varying behavior of the ionic impurities 

in time. We take a mathematical advantage of it assuming the following 

perturbation, 
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COMPLEX DIELECTRIC CONSTANT OF LIQUID CRYSTAL 229 

f = fo(x)+ Foeion' f , ( ~ , f ) + O ( e * ~ ~ " ' )  fi(xl,t) ( 5 )  

where, 

f,? : the most slowly time varying term, namely steady state solution 

F, eioor f, : the next slowly time varying term as the frequency of 0 ,  

O(eZioa') f 2  : the further higher order term 

Substituting this expansion into the diffusion equation (3), one finds as the 

first order, 

and as the second order. 

af, d'f,  4 df, 
at a x  5 a x  

-+ iw,  f, = D y - - -  

with the belonging boundary condition, 

(7) 

The first order of the steady state solution f, can be simply solved together 

with the boundary condition, 

1 
" d  

f =-  (9) 

with d : the thickness of the specimen. 
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230 A. SAWADA ci UI. 

In order to solve the second order partial differential equation, one can 

assume the following solution form, 

Taking the boundary condition into consideration, one finds the solution as 

the form of 

i 0, 
with z = /y 

All negative real values are allowed as the eigen values of A. It means 

mathematically that all solutions relax with the relaxation constant of 11 / d( 

to the marginal solution, 

The dielectric polarization P due to the displacement of ions in a unit 

volume is 

- -  
P = q n ( x - x I)  ) 

with 

n : number of ions in a unit volume 

x : mean average position of the ions under the AC field, 
- 
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COMPLEX DIELECTRIC CONSTANT OF LIQUID CRYSTAL 23 1 

- 
x u  : mean average position of the ions without the AC field, 

Thus, P can be obtained as the form of 

d 

P = q n F o e i W " ' ~ x f , u k  . 
0 

Since the complex dielectric constant .ci * is defined as the proportional 

constant between P and the external electric field E,, eiU.' , then 

&;*=--- 4ltqnF0 j x ,  dx 
E" 0 

Here, we assume that the local electric field is equivalent to the external 

electric field. This is valid as long as the orientation of the directors of liquid 

crystals does not change and the amount of the ionic impurities is not so 

high. This is guaranteed in case of our experimental system. 

Altogether the complex dielectric constant due to an ionic contribution 

is obtained as 

&.* = &iI-j&i" , 

where 

1 + 2eR sin(R) - e2R 
1 + 2eR c o s ( ~ )  + e2' 
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232 A. SAWADA e r  (11. 

1 - 2eR sin(R) - eZR 

R { I +  2eR c o s ( ~ )  + e 2 R }  

, which is identical to Uemura's formula as a result. 

We finally obtain Eq.(20) and Eq.(21) for the relative dielectric constant and 

the relative dielectric loss factor of dielectrics containing ionic impurities, 

& I =  & , I + & , '  

&"= E,"+E," 

where &,$'  is the intrinsic value of relative dielectric constant without the 

contribution of mobile ions, and E," is the intrinsic value of relative 

dielectric loss factor as well. 

CALCULATED FREQUENCY DEPENDENCE OF COMPLEX 

DIELECTRIC CONSTANT 

We carried out numerical calculations on the frequency dependence of & I  

and & I 1  by utilizing Eq.(20) and Eq.(21). (For the simulation we eliminated 

E," in Fq(21) this time, because the value is much smaller than the value 

of E , "  in the measurement condition for 5CB used for the experiment.) It is 

found from Eq.(20) and Eq.(21) that the frequency dependence of the 

dielectric constant and the dielectric loss factor depends on the thickness, the 

diffusion coefficient and the density of ions. Under the condition, 

& , I =  10.9(we used this value in accordance with the result for 5CB 

measured at IkHz,SO"C), D =  I.OxlO-'(cm* / .s) ,  n =  l . O ~ I O ' ~ ( c r n ~ ~ ) ,  we 

simulated the frequency dependencies of E" and E" changing the thickness 
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COMPLEX DIELECTRIC CONSTANT OF LIQUID CRYSTAL 233 

value. 

1. 

1. 

1. 

1. 
E' 

1. 

1. 

1. 

FIGURE 1 Calculated Dielectric Constant for Different Cell Thickness 

~,'=10.9 D =  I.OxlO-'(crn2/s) n =  1.0~1O'~(cm~~) 
Values 

I. OEt06 

1.OE+05 

l.OE+04 

1.OEt03 

l.OEt02 

l.OEt01 

E" 

1. OEtOO 
0.001 0.01 0.1 1 10 100 

Frequency (Hz) 

FIGURE 2 Calculated Dielectric Loss Factor for Different Cell 
Thickness Values 
D = LOX 10-'(rmZ / s) n = LOX ~ ~ ' ~ ( c m - ' )  
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234 A. SAWADA ct ul 

l.OEt06 

1.OEt05 -- - 

1.OEt04 , . . , 
l.OEt03 

1.OEt02 -- - 

1 .  , . ~. =T. Oe-md/ Sl 
I' : ' 4 : A ' " '1 &' - 

I 

- + D=l.Oe-Pl(Cd/s) 4 

I - .  I * .  
. I  . 

1. OEtOl  I=l.Oe-8(c#/s) ' + . . I f L L U  
I 

1. O E t O O  

The results are given in Fig1 and Fig.2. The E' for 500,u m thickness 

monotonously increases with decreasing frequency in the range between 

0.001Hz and IHz, but E' for 50,u m or 5 ,u m thickness show relaxations of 

the increase, and the curve of E' moves to higher frequency side and the 

saturated value in a low frequency range decreases with decreasing the 

thickness value. On the other hand, E" for 500 ,u m thickness monotonously 

increases with decreasing frequency in the range between 0,001 Hz and 

100Hz, but E" for 50,u m thickness gives a maximum value at around 

0.007Hz and E" for 5,u m thickness gives a maximum value at around 

0.7Hz. The maximum value decreases with decreasing the thickness value. 

FIGURE 3 Calculated Dielectric Constant for Different Diffusion 
Coefficienl Values 

E % ' =  10.9 n = 1 . 0 ~  [O''(c.m ' ) +  d = 

The simulated results for &' obtained by changing the diffusion 

coefficient under the conditions, &,I= 10.9, n = 1 . 0 ~  1 O i S ( c r i 3 ) ,  

d = l o p  are given in Fig.3 and the results for &'I  as well is given in Fig.4. 
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COMPLEX DIELECTRIC CONSTANT OF LIQUID CRYSTAL 235 

1. 

1. 

1. 
&'I 

1. 

1. 

1. 

1. 

OEt06 

OEt05 

OEt04 

OEt03 

OEt02 

OEt01 

OEtOO 
0.001 0.01 0.1 1 10 100 

Frequency (Hz) 

FIGURE 4 Calculated Dielectric Loss Factor for Different Diffusion 
Coefficient Values 
n = LOX 10'5(cm-3) d = l o p  

The curve of &' moves to higher frequency side with increasing the 

diffusion coefficient but there is no change for the saturated values of &' . 
The curve of &'I moves to higher frequency side with increasing the 

diffusion coefficient but there is no change for the maximum value of El ' .  

The results for E' obtained by changing the density under the conditions, 

&,I= 10.9, D=1.0X10-7(cm2/s), d = l o p ,  are given in Fig.5 and the 

results for &'I as well are given in Fig.6. The relaxation frequency for E' 

does not change against the increase of the density but the saturated value 

increases. The frequency, at which El' becomes a maximum value, does not 

change but the maximum value increases with increasing the density in the 

whole frequency range. 
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236 A. SAWADA rt a!. 

1. OE 

1. OE 
E' 

l.OEt06 

l.OEt05 

04 

03 

l.OEt02 

l.OEt01 

1. O E t O O  1 1 1 1 1 

0.001 0.01 0 .1  1 10 100 

Frequency (Hz) 

FIGURE 5 Calculated Dielectric Constant for Different Density Values 
€,I= 10.9 D = LOX 10-7(cm2 / s) d = i o p  

l.OEt06 

l.OEt05 

l.OEt04 

l.OEt03 
E" 

l.OEt02 

1. O E t O l  

1. O E t O O  
0. 

FIGURE 6 

001 0.01 0.1 1 10 100 

Frequency ( H r )  

Calculated Dielectric Loss Factor for Different Density Values 
D = 1 . 0 x 1 O - ' ( c m 2 / s ) ,  d = l O p m  
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COMPLEX DIELECTRIC CONSTANT OF LIQUID CRYSTAL 237 

EXPERIMENTAL 

We measured the frequency dependence of E' and E" for a liquid crystal 

material 5CB applying AC 0.03V in the range between 0.1 Hz and 1 OOOHz at 

50°C where it is in isotropic phase, utilizing the impedance measuring 

system Solartron 1260 with MAP software supplied from Toyo Technica. 

Parallel plate glass cells with lT0, the thickness 4.4,~ m and 9 . 0 , ~  m, were 

used for the measurement. The results for El are given in Fig.7. The 

dielectric relaxations are observed for both 4.4~ m and 9 . 0 , ~  m cells, and as 

expected from the simulated results, the curve of E' for 4 . 4 ~  m cell exists 

at higher frequency side than that of 9 . 0 ~  m cell and the saturated value of 

E' for 4.4,~ m cell becomes smaller than that of 9.0 ,u m cell. 

lo00 

100 

E' 

10 

1 

* .  

0.1 1 10 100 1000 

Frequency(H2) 

Frequency Dependence of Dielectric 
Constant of 5CB at 50°C 

FIGURE 7 
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238 A. SAWADA et al. 

1000 

100 

E" 
10 

1 

0.1 
0.1 1 10 100 1000 

Frequency (Hz) 

FIGURE 8 frequency Dependence of Dielectric Loss Factor of 

5- at 50°C 

The results for &" are given in Fig.8. The frequency giving maximum E" 

value for 4 . 4 , ~  m cell exists at higher frequency than that of 9.0p m cell and 

the maximum value of E" for 4 . 4 , ~  m cell becomes smaller than that of 9.0 

,u m cell. 

COMPARISON WITH THEORETICAL CURVES AND 

DISCUSSION 

We compared the experimental results with theoretical curves on the 

frequency dependencies of &' and &'I for 5CB obtained by using 9.0p m 

cell. The calculated curves are derived by fitting to the experimental values 

changing the parameters, the diffusion coefficient D and the density n. 
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COMPLEX DIELECTRIC CONSTANT OF LIQUID CRYSTAL 239 

The results are given in Fig.9. It is found from Fig.9 that the calculated 

curves successfully trace the experimental results. By means of curve fitting, 

we obtained 4.7 x IO-'(cm2 / s) for D value and L O X  10'4(cm-3) for n 

value. 

Frequency( H z) 

FIGURE 9 Frequency Dependence of and &" of 5CB at 50°C 

Symbols : Observed values, Lines : Calculated values 

There have been many studies of transient current for 5CB in the 

nematic phase, and the density and the drift mobility of mobile ions are 

estimated to be in the order of 1 0 " ( ~ m - ~ )  or 10'4(cm-3) "0"''' and in the 

order of 104(cm2 / Vs) 11-[131 respectively. The obtained value 

1 . 0 ~  10'4(cm13) for the density is in the range, of the values by transient 

currents studies. The drift mobility y can be evaluated from the value of 
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240 A. SAWADA ct ul. 

diffusion coefficient using Einstein’s relation p = qD / kT . We obtained 

1.7 x (cm2 / Vs) for the p value in the isotropic phase at 50°C. 

For the derivation of theoretical expression of the complex dielectric 

constant, we assumed that the ions do not interact. It is essential to confirm 

whether the assumption is suitable for the condition of ions density value 

1 . 0 ~  10i4(cm-’). In case the interaction among the ions is negligible, the 

Coulomb potential, q2 / 4m,,~, r , should be smaller than the thermal 

energy, kT. We evaluated the relation utilizing following expressions in 

accordance with Debye-Huckel theory. 

E,  E ,  RT 
2 p  N A 2  q 2  I 

ro2 = 

where r, is the Debye length, E,, the dielectric constant in vacuum, E ,  the 

relative dielectric constant of solvent, R the gas constant, p the density of 

solvent, N ,  the Avogadro constant, I the ionic strength. The value of ion 

density, LOX 10’4(cm-3), corresponds to the molarity value, 

1.66~10-~(mol.  k g - ’ )  , and the ion strength, I ,  is equal to the molarity 

value in case of 1: 1 electrolyte. As the result of calculations, we derived 

rD = 2.9 x lO-’(m) and X = 0.016 assuming p = 1 . 0 ~  10’kgm and 1: 1 

electrolyte, and confirmed that the Coulomb potential is significantly smaller 

than the thermal energy in the condition discussed here. 
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COMPLEX DIELECTRIC CONSTANT OF LIQUID CRYSTAL 24 1 

In the above discussions, we have not taken the effect from the electric 

double layer at the interface into consideration. It is reported that the 

capacitance of the double layer at the interface between IT0 and liquid 

crystal material (5CB) are estimated to be 15(@ / cm2) .[31 We investigated 

the influence from the electric double layer with the capacitance value 

considering an equivalent circuit of series connection between the electric 

double layer and liquid crystal layer, and found that there is no significant 

influence of the electric double layer to the theoretical curves on E' and 

E" given in Fig.9. 

CONCLUSION 

We performed numerical calculations for the frequency dependence of E' 

and E" in a low frequency range, using theoretical equations in terms of 

space charge polarization generated by diffusive motion of mobile ions, and 

found that the dielectric relaxation appears in the low frequency region and 

that the peak frequency for the dielectric loss factor becomes higher with 

decreasing the thickness of the specimen. 

The thickness dependent dielectric behavior was observed in the 

experiment for the liquid crystal material 5CB. The observed curves for the 

dielectric constant and the dielectric loss factor can be successfully traced by 

means of curve fitting with the parameters of the diffusion coefficient and 

the density of the mobile ions, and we obtained D = 4.7 x IO-'(cm2 / s) and 

n =  l .O~ lO '~ (c rn -~ )  for the ionic impurity in 5CB at 50°C. Thus the 

complex dielectric constant of liquid crystal materials in a low frequency 

region is found to be affected by the diffusion coefficient and the density of 

ionic impurities. 

We believe that the present method for calculating the contributions of 
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242 A. SAWADA et ol 

ions to the complex dielectric constant is quite helpful for not only the 

analysis of a dielectric behavior of liquid crystal materials in a low frequency 

region but also the evaluation of the attribute of ionic impurities contained. 
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