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Space Charge Polarization by Ions in a Liquid 
Crystal Material 

ATSUSHI SAWADA~, YUJI NAKAZONO~, KAZUAKI TARUMI~ 
and SHOHEI NAEMURAa 

aAtsugi Technical Center; Merck Japan Ltd, 4084 Nakutsu, Aikuwa, Aikou, 
Kanagawa 243-0303, Japan and bLiquid Crystal Research, Business Unit Liquid 

Crystals, Merck KGaA, Franwrter Strasse 250,64293 Darmstadt, Germany 

The complex dielectric constant of a liquid crystal material, 4-cyano4-alkyl-biphenyl 
(5CB). in a low frequency region was measured by taking the thickness of a specimen as 
parameter. The results were analyzed by introducing an equivalent circuit of a novel concept 
by taking two kinds of contributions into account: one is from the electric double layer and 
the other is from the space charge polarization. It was found that these two effects can be dis- 
tinguished by observing the dependence of dielectric dispersion on the thickness of a speci- 
men. These measurements can be applied to a precise determination of the attributes of plural 
kinds of ions like the diffusion coefficient and the number density. 

Keywords: mobile ions; dielectric constant; dielectric loss factor; diffusion coefficient 

INTRODUCTION 

It is known that the complex dielectric constant of liquid crystal materials 
increases drastically in a low frequency region. The frequency dependent 
property has been analyzed in terms of space charge polarization“’.[*’ or from a 
view point of the effects of electric double layers at the electrode and bulk 
interface.l3’ However, there seems to be no report so far that both effects are 
considered at the same time. Regarding the complex dielectric constant due to 
the space charge polarization, Uemura14’ derived theoretical expressions by 
solving diffusion equation of ions under an alternating electric field, and 
succeeded in the explanation of the anomalous increase of the complex 
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dielectric constant of polymer materials containing ionic impurities. In the 
expressions, the correlation between the complex dielectric constant and the 
attributes of ions such as diffusion coefficient and the density is clearly defined. 
The expressions have also been applied to an analysis of the experimental 
results for liquid crystal materials and the diffusion coefficient and the density 
values were estimated.['l.[*' In these former studies, however, the analysis has 
been done by assuming the existence of only one kind of ions regarding the 
diffusion coefficient. 
In this paper, a novel equivalent circuit will be introduced first, which is 
comprised of the contributions from the space charge polarization and the 
electric double layers, and the frequency dependent dielectric properties will be 
analyzed. In the second part, the analysis will be used to estimate the attributes 
of ions from experimental results. Here, it will be shown that the experimental 
results can be explained more precisely by considering the influences from 
plural kinds of ions in a specimen. 

NUMERICAL SIMULATION OF THE FREQUENCY DEPENDENCE O F  
THE COMPLEX DIELECTRIC CONSTANT 

It is necessary for the analysis of an anomalous increase of the complex 
dielectric constant to distinguish the two kinds of contributions, one is from the 
electric double layers and the other is from the space charge polarization. In this 
sense, we introduce an equivalent circuit A given in Fig. I .  8; ~ R H ~ " ~  ~ RP $ ~ C V  

cH(o) 

CireuitA Circuit B 
FIGURE 1 Equivalent circuit of cell mjected liquid cryad materiala 

Circuit A : CH( 9 ) and Rn( w ) represent the contribution from space charge 
polanzation. while C,, and R,, represent the contnbution fiom electric 
double layer. C,, is the capacitance controlled by the dielectric constant 

# ,, without the contribution from space charge polarization. RH is the 
resistance controlled by conductivity o 11 representing steady state 
current in bulk. 

Circuit B : Capacitance and resistance componenta to be calculated from measured 
complex impedance 
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The complex impcdance,z,. of Circuit A is given as Eq.(l) with angular 
frequency, a,. 

r 1 

As well for Circuit B, the complex impedance, zE , is given by Eq,(2). 

R ,  and c, can be expressed with the parameters in Circuit A by comparing 
the real part and the imaginary part between Eq.(l) and Eq.(2). The dielectric 
constant,&', and the dielectric loss factor,&", are given as &'= Cpd /&,S and 
E " = ~ / ~ E , R , S ,  where S the area of electrode, d the distance between 
electrodes, and E, the dielectric constant in vacuum. 
The contribution fwm electric double layers can be estimated by numerical 

E;&" 

l.OE+06 

1. 'OE+OS 

1. O E M  

l.OE+O3 

l.OEMJ2 

1. OEMJl 

l.OE+O 
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calculation by using Eq.(l) under the condition of R,(o) += and 
C,(o)+O. The frequency dependence of ED' and E D " ,  which 
correspond to E'  and E" values of this case, was calculated for different 
values of the distance d between electrodes assuming C, = IxlO"(F), 
R ,  =1X109(R), &, = 10.9(C, = & , , ~ , S l d ) ,  
~ , = I x l O ~ ' ( S ~ m ~ ' ) ( R , = d l u , S )  and S=lxlO-'(m'). Here, it is also 
assumed that C, and R, do not depend on d . The results are shown in Fig.2. 
The peak of E," for d = l O O p  is located at the frequency, which is one 
order of magnitude lower than that for d = l o p ,  and the maximum value of 
E," is one order of magnitude larger than that for d = l o p .  
On the other hand, the theoretical expressions of the dielectric constant E, '  and 
the dielectric loss factor E," representing a contribution from space charge 
polarization are given as Eq.(3) and Eq.(4), respecti~eIy.'~'.[~' 

1 +Zexp(A)sin(A)-exp(2A) 
1 +2exp(A)cos(A)+exp(2A) 

1 1 - 2exp(A)sin(A) -exp(2A) q"= - [ 20:][1+ A{l+2exp(A)cos(A)+exp(2A)} 

(3) 

(4) 

n : Density of ions, q : Electric charge, k : Boltzmann constant, 
D : Diffusion coefficient of ions, T : Absolute temperature 

Thus, C,(o) = E , E , ' S / ~  and R,(o) = d  / (w,E,"S) are obtained. 
As are shown in Eqs.(3) and (4), E,' and E," depend on the distance 
between electrodes d . Numerical calculation for E , '  and E," are carried out 
using Eqs.(3) and (4) for d = l o p  and l o o p  by inserting 
D = I.0x IO-"(m' /s) , n = 1 x 10m(m") and T = 3 2 3 K .  The results are 
shown in Fig. 3. The peak of E," for d = l O O p  is located at the frequency, 
which is two orders of magnitude lower than that for d = l o p ,  and the 
maximum value of E," is two orders of magnitude larger than that for 
d = l o p .  Thus, it was found that the the frequency dependent properties of 
the dielectric constant and the dielectric loss factor by space charge polarization 
are different from those by electric double layers with regard to the effects of 
the distance between electrodes. 
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4'.Ei" 

1. O E a  

I . O E t 0 5  

1. O E a  

I .  W*03 

1. WIOZ 

I .  OEIOI 

I .  OE*OO 
0.m1 0.001 0.01 0.1 I 10 I00 low 

EXPERIMENTAL 

Frequency Response Analyzer (FRA) Solartron 1260 is used for 
measurements of the frequency dependence of the complex dielectric constant. 
The measurements are automatically carried out by the software MAP supplied 
from Toyo Corp. Keithley 428 is also utilized as a cumnt amplifier because the 
input signals become too small for FRA by the increase of the impedance with 
decreasing frequency. 4-cyano-l'-alkyl-biphenyl (5CB). Tni=35"C, is chosen 
as the specimen and measurements were performed at 50°C. where it is in an 
isotropic liquid phase. Parallel plate glass cells with lT0. the thickness between 
electrodcs are 9.2pm and 44.0pm and the area of an electrode is lcm', are 
used for the measurement. The glass maFrial is alkali free type 7059 from 
Coming. 

RESULTS AND DISCUSSIONS 

The experimental results for d=9.2pm and 44.0,um on the Gequency 
dependent properties of E ' and E 'I and the best fitted curves by 
numerical calculations utilizing the equivalent circuit A are shown in Fig. 4 . 
The numerical calculations were carried out by assuming that the relaxation 
phenomenon, which appears in a higher frequency region X, is due to the 
contribution from the space charge polarization and the relaxation in a lower 
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frequency region Y is due to the contribution from the electric double layers. It 
was found from Fig.4 that the calculated values of E ' and E " are in fairly 
good agreement with the experimental results for both d values. By the 
curve fittings. D=3.4~10-~~(rn~/s),n=1.8xIO"(m-~) were obtained in the 
analysis of X region for d-9.2 ,u m, and 
D = 3 . 5 ~ 1 0 - ~ ~ ( m ~  /s) .n =1.9xIO"(m") were obtainedford=44.0,um. 
Moreover, the same value of C, = 1.25~10"(F) was obtained in the analysis 
of Y =@on for both d=9.2,um and 44.0,um cases and this value is 
significantly close to the result obtained by M~rakami'~]. The results, where no 
significant difference was found for the values of D, nand C, between the 
two cases with different d values. support the assumption that the relaxation 
phenomenon in X region is due to the space charge polarization and that in Y 
region is due to the electric double layers. 

E'.E" 

o.mi 0.01 0.1 I 10 im iom mi omi M I  ai I 10 im icm 

FNqlnacYw -aW 

m&%2z!z:~~h~~tF:r- 
l i ~ r  mpmmnt calculated d u s a .  

There exist small disagreement between the measured values and the calculated 
values in Fig.4. This is considered to be due to the assumption. that there exists 
only one kind of ions in the specimen from a view point of diffusion coefficient. 
Under the assumption that plural kinds of ions exist, curve fitting was carried 
out again for the measured values for d = 9 . 2 ~  given in Fig.4, assuming an 
additivity in Eqs.0) and (4) with regard to the contribution from each ion kind 
tothe E ' and E " values. 
The results are given in Fig.5. It was found that the agreement between the 
measured values and calculated values becomes even better than that in Fig.4 
for both E ' and E 'I. From the best fitting. three sets of characteristic values 
of ions were obtained: ( I ) D = 7.1 x 10-",n = 3.9x10i9, (II) 
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D = 2 . 0 ~  IO-",n = I .5 x 10". ( IU ) D = 2.7 x 10-",n = 5 . 4 ~  10". The 
same argument was made for the case of d = 4 4 . 0 ~  in Fig.4 and three sets of 
values were obtained: ( I ) D = 7 . 2 ~ 1 0 - " , n = 4 . 5 ~ 1 0 ~ ~ ,  ( JI ) 

D = 2 . 0 ~  lo-" .n = 1.6 x 10". ( III ) D = 2.7 x lo-'* ,n = 3 . 0 ~  loM . There is 
no significant difference of the D value between the two cases and it seems 
to be reasonable to conclude that three kinds of ions exist in 5CB from a view 
point of the diffusion coefficient. 

E ' , & "  

l.OE*W 

I .  OE-05 

1. OE+W 

1. OE.03 

1. OE.02 

1. OE*OI 

I. 0E.W 
0.WI 0.01 0. I I 10 100 lo00 

Frequew (HI) 

FIGURE K R+tabymeuu ofeurn5ttingintmddagthneM 

Closed cvclen and open circles represent measured values of the 
dielectric mnstant and the dielectric loss factor respectively, while 
the solid LIE and the dotted line represent calculated values. 

ofwmr 011 qum ehurs poLrintiDn ( @ A r m  ) 

CONCLUSION 

The anomalous increase of the complex dielectric constant in a low frequency 
region can be analyzed by utilizing the equivalent circuit, considering both 
electric double layers and space charge polarization. Regarding the space 
charge polarization, a theoretical analysis, in which influences from plural 
kinds of ions in terms of diffusion coefficient are taken into consideration. 
gives a better quantitative explanation of the experimental results. By applying 
this analysis, attributes of three kinds of ions were obtained for a liquid crystal 
material, 5CB. 
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