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The comparison analysis of electric properties of dye-doped ionic lyotropic liquid crystals before and after applying dc volt-
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Our recent experimental researches of ionic lyotropic liq-

uid crystals (ILLC) pure and doped ones have showed that

these materials posses some interesting spectral, electro-

and nonlinear optical properties [1] and they are considered

to be perspective media for applications in optical informa-

tion technologies. ILLC form a smectic mesophase at a

room temperature, possess high intrinsic ionic conductivity

as well as they can be used as universal solvents (matrices)

for many inorganic and organic doping substances (e.g.

polymethine dyes, electro-chromic impurities, transient and

rare-earth metals). The luminescence, holographic record-

ing, and laser generation have been already obtained in

ILLC doped by polymethine dyes and a fluorescein. How-

ever, to well understanding spectral, nonlinear optical and

electro-optical characteristics of DILLC it is necessary to

have the information about mobility of charge carriers,

conductivity, and interionic interactions. The influence of

external electric fields of different voltages on the changes

of electrical and dielectric parameters in DILLC samples is

studied in the presented paper. It was shown that the ap-

plied dc electric field, which increased a certain “thresh-

old” voltage (U � 6 V), causes an irreversible bleaching of

dyes. At the smaller dc voltage (U � 2 V), practically the

whole voltage is enclosed in the near-electrode areas, as it

is followed from the current-voltage characteristics [2]. For

the higher voltages U > 2 V, the field inside a sample be-

gins sharply to increase. The analysis of contribution of the

electrode – DILLC boundary layer as well as electrochemi-

cal processes to the electric effects was one more goal of

this study.
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The more typical representatives of ionic class of meso-

genes are alkanoates with a uni- or divalent metal [3]
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In this work a water solution of potassium kaproate

(C9H19COOK) with different ionic polymethine dyes [cat-

ion type (N1) and anion type (N2)] and fluorescein [4]

were investigated at a room temperature. The structural for-

mulae of dye molecules are shown in Fig. 1. The impurity

concentration was 0.01wt. %. The structure of DILLC cor-

responds to that of a thermotropic smectic A. The water

molecules settle down in electro-static charged cation-

-anion layers.

The samples of DILLC films had a sandwich-like struc-

ture. Transparent ITO layers were covered onto the glass

substrates to make the electrodes. A thickness of DILLC

films (60 µm) is given by the stripe spacers. The electric

properties of dye-doped ILLC were studied at the applica-

tion of a stationary as well as an alternating voltage.
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Like in the work [5], we measured the values of the resis-

tance R and the capacity C of the samples by the oscillo-

scope method within the range of the frequency of the elec-

tric field of 10–3–106 Hz. On the basis of the obtained data,

dependence of the complex dielectric permittivity compo-

nents �' and �" versus frequency has been carried out.

These measurements were made before and after applying
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a stationary voltage of 6 V on the samples. After action of

6-V voltage, the coloured DILLC samples become trans-

parent. In the process, the DILLC absorption band is van-

ished in a visible spectrum [5]. This effect is connected

with electro-chemical destruction of the doped molecules

in DILLC.

In Fig. 2, the frequency dependencies of �' (curve 1)

and �" (curve 2) for DILLC with fluorescein are presented.

Analogous dependencies were obtained for DILLC with

polymethine dyes. Like in the case for pure ILLC [5], the

dispersion of �' is observed for the frequencies f < 105 Hz.

From the analysis of �"(�') functional dependence (the

Cole-Cole diagram), it follows that such low-frequency

dispersion can be approximated by an arc. According to

Ref. 6, the relaxation process corresponds to the Cole-Cole

diagram and is described by the ratio
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where �* is the complex dielectric permittivity, �� and �s

are the dielectric permittivities at f = � and f = 0 respec-

tively, � = 2�f is the cyclic frequency, � is the dielectric re-

laxation time, and � is the Cole-Cole parameter.

As it follows from Fig. 2, �" depends on the frequency

linearly at f > 5�102 Hz. Therefore, it can be used for calcu-

lation of the ac conductivity � at this frequency region

from the next ratio

� = ���"� (2)

where �0 is the dielectric constant of the vacuum. The ob-

tained values of �, �, and � for studied samples are listed in

Table 1. It can be seen that a small dye concentration

changes the sample conductivity insignificantly.
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Fig. 1. The structural formulae of dye molecules: 1 – cation type of

a polymethine dye, 2 – anion type of a polymethine dye,

3 – fluorescein.

Fig. 2. Dependencies of �' (1) and �" (2) versus frequency of

electric field for DILLC with the fluorescein obtained by

experimental measurements of capacity and resistance of samples.

The frequency region where the conductivity is not dependent

from f is showed by a straight line. The arrow points out the

frequency at which the conductivity kinetics was measured.

Table 1. Parameters characterizing near-electrode relaxation processes for ILLC and DILLC before and after long-time action of the

stationary voltage (6 V).

Sample �
(	–1m–1)


 (6 V)
(	–1m–1)

� (ms)
� (6 V)
(ms)

W (nm)
W (6 V)

nm
��0.02

� (6 V)
�0.02

ILLC 2.7�10–3 2.4�10–3 1.1 3.5 3.1 1.7 0.04 0.07

ILLC+N1 4.0�10–3 1.6�10–3 2.1 4.4 1.4 1.3 0.04 0.06

ILLC+N2 7.2�10–3 9.4�10–4 2.9 40 1.9 1.1 0.06 0.04

ILLC+Fl 3.6�10–3 2.6�10–4 3.5 500 1.5 3.6 0.04 0.09



As it follows from Fig. 2, the values �' and �" become

very large in the region of small frequencies. The basic rea-

son of this could be a non-uniform distribution of electric

field in the samples [6,7], since the absolute values of �'
and �" are inversly proportional to a thickness of a layer of

the actual field stress. Practically, the whole voltage is en-

closed in the near electrode area.

To determine an average thickness of the near-electrode

area W, we take on two following assumptions:

• parameters of near-electrode areas are exactly the same

for the every electrodes,

• dielectric permittivity of a near-electrode area is equal

to that one of a sample volume.

Then [6,7]

W
d

s

� �

2

�

�
(3)

where d is the sample thickness. The values of W for differ-

ent samples are listed in Table 1. One can see that they are

rather small.

We can assume that a relaxation process is connected

with charge exchange on the electrode-DILLC boundary

layer, as it was shown for others LC [8,9]. Ions that take

part in this process accumulate at near-electrode areas and

the relaxation of this near-electrode charge after the field

broke down corresponds to the measured relaxation time �
in Eq. (1). To simplify the analysis of such relaxation, like

in Ref. 8 we assume no external electric field. The primary

equation characterized the charge relaxation is the continu-

ity equation

�	

�t
divJ� � 0 (4)

where 	 is the near-electrode charge density and J is the

current density.

The charge carrier tunneling across the electrode/liquid

interface is described as [9,10]

J J U� 0 exp( )
 (5)

where J0 and 
 are the parameters of the process, U is a

voltage. Since the charge field is localized mainly in the

near-electrode layer, we have

U Edd� (6)

where E is the electric field strength, dd is the thickness of

the dielectric layer where the charge tunneling occurs.

Let the coordinate system be chosen so that x and y axes

lie in a plane parallel to a sample substrate. Since the exter-

nal field is applied perpendicularly to that plane, the charge

relaxation can be considered along the only coordinate z.

Taking into account Eqs. (5) and (6) we can write

�	

�



t

d

dz
J Edd� �[ exp( )]0 0 (7)

The variables 	 and E in Eq. (7) are related according to the

Poisson equation

dE

dz
�


	

� � 0

(8)

Equation (7) is a non-linear one and can be solved, in

general, only numerically. On the basis of Eq. (7), it is in-

teresting to consider the relaxation dynamics of the charge

density. At the initial moment, when the internal electric

field is strong, the tunnel current is also high. Therefore a

rather fast drop of the charge density takes place. The inter-

nal electric field strength drops in time, thus resulting in a

substantial (due to exponential dependence) retardation of

the charge relaxation process. That is, the relaxation time is

not constant but shows a certain statistic distribution. This

qualitative conclusion is confirmed by an experimental

Cole-Cole diagram with � � 0 in Eq. (1).

Taking into account Eqs. (7) and (8) for non-linear re-

laxation process, � must depend on the 	 value at the initial

moment of time t = 0. Since the charge density at the

near-electrode area is formed due to ion transport from the

sample volume [5], 	 should be proportional to the sample

conductivity �. The higher is �, the greater is 	 and E val-

ues at t = 0 and the faster is the charge relaxation.

After long time action (t ~103 s) of a stationary electric

field (U = 6 V) the value of � is decreased (see Table 1).

The analysis of frequency dependencies of the values �' and

�" after a long time action of the stationary electric field

shows that these values can be described by Eq. (1) but

with the distinctive � parameters. These parameters are

also given in Table 1. From the qualitative analysis of the

Eqs. (7) and (8) it is followed that the time of the relaxation

process � increases with decrease of � that makes the relax-

ation process slower. This increasing of � is rather consid-

erable for the DILLC contained the fluorescein. As one can

see from Table 1, the decreasing � leads only to the smaller

changes of the values W and � in comparison with �. So, it

follows from the experimental results that the applied dc

electric field (6 V) caused the destruction of doped mole-

cules in DILLC leads to noticeable changes of parameters

of all system.
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One can see from Fig. 2, that �" �� �' in the frequency

range 104 < f < 106, i.e., the conductivity current is much

more than the displacement current. Therefore just the con-

ductivity current will give the main contribution to the ac

current. In such a case the kinetics of the ac current will

correspond to the kinetics of the conductivity. But as it was

noted above, the conductivity of DILLC is decreased at

long-time action of dc voltage. It leads to the frequency

range of the condition �" >> �' to be reduced. To investi-

gate the conductivity kinetics and satisfy the required con-
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ditions at dc electric field action, in our experiments we use

the medium frequency equal to 90 kHz (in Fig. 2 this fre-

quency is marked by an arrow).

The conductivity kinetics normalized on the value �0,

where �0 is the conductivity without the electric field, for

the DILLC with the impurity N1 is shown in Fig. 3. One

can see, that under the action of the dc voltages U = 2 V

and U = 4 V the conductivity is not changed with the time.

In the case of applied U = 6 V, the value � is rapidly de-

creased. As it is followed from Fig. 3, this kinetics of � can

be presented as a sum of two exponential functions with

different time constants
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where �t is the conductivity value at the moment time t,

��1 and ��2 are the absolute values of conductivity

changes for the first and the second processes accordingly,

�1 and �2 are the time constants of those processes.

The obtained values ��1/�0, ��2/�0, �1 and �2 are

shown in Table 2. It is followed from the experimental data

that one can observe the two processes of the conductivity

changes with different time constants not only for dye

doped ILLC, but also for pure ILLC. It means that physical

mechanism of these processes should be the same for

doped and pure ILLC, but the presence of dyes will influ-

ence on the parameters of the processes.

Table 2. Parameters of conductivity kinetics at applied dc electric

field (6V).

Sample ��1/�0 ��2/�0 �1 (s) t2 (s)

ILLC 0.23 0.74 5.16 5016

ILLC+N1 0.07 0.6 21.16 1049.15

ILLC+N2 0.31 0.66 4.18 620.92

ILLC+Fl 0.88 – 10.34 –

According to the conventional knowledge about the

conductivity in liquids, the decreasing of the � can be ex-

plained by electrolytic deposition of ions on electrodes. If

the voltage is less than 6 V, the double electric layers lo-

cated near the electrodes prevent to the deposition because

of the electric barrier of these near-electrode layers. It is

known that a near electrode layer consists of diffuse and

dense parts. Therefore one can consider, that the faster

change of the �t is determined by the “break” of the diffuse

layer, and the slower processes is determined by “break” of

the dense layer.

Aside from the mechanism described above, the ob-

served kinetics of the �t in the DILLC can be explained by

the presence of ions having essentially different mobility

(by one order and more). In the DILLC, the cations of the

potassium are more mobile, and the anions of the kaproate

have much less mobility.
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It is obtained from the oscillograms at low frequencies

(f < 0.1 Hz) that the action of dc electric field leads to the

sample capacity becomes to depend on the value and polar-

ity of the voltage. Similar dependence was observed previ-

ously for the glycerin [11] but its conductivity increased af-

ter the action of electric field in contrast to the effects ob-

served in DILLC. For glycerin, explanation of the effect of

conductivity changes was based on formation of asymmet-

rical double electric layers (DEL) which had distinct pa-

rameters because of the ion desorption occurred only from

the surface of one electrode to a sample volume. For

DILLC, such a reason for emerging an asymmetric DEL is

not suitable, as the conductivity decreases after the action

of dc electric field.

As it was shown for the first time in Ref. 10, a barrier

is formed on the interface of LC-electrode and prevents to

the charge exchange between ions and electrodes. The

higher voltage has the barrier which is localized near the

anode and it is connected with the electron transfer from a

neutral molecule to the electrode. Hence, the largest

changes of parameters should be for such a DEL which is

near the “+” power source. Just this mechanism is respon-

sible for distinctive parameters in opposite DEL after the

action of dc electric field and it is more reasonable to ex-

plain the dependence of the DILLC capacity on the volt-

age polarity.

The voltage-capacity (C-V) characteristic of DILLC

doped by the dye N1 is shown in Fig. 4 in the coordinate

C–2(U). It is seen that experimental data for most applied

voltages get on a straight line. With frequency increasing,

this straight line is moving up along the ordinate axis. As in

the case of the glycerin, this effect can be explained by the

influence of a series resistance which leads to the displace-

ment of the C-V curve relative to the curve at the f = 0 and

can be described by the following expression [10]
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Fig. 3. The conductivity kinetics for DILLC with the polymethine

dye N1 at action of the stationary voltages 2, 4, and 6 V.



�C r� �2 2 22) � (10)

where r is the series resistance of the sample and �C–2 is

the displacement value of the C-V curve.

On the basis of the data presented in Fig. 4 and from

Eq. (10) we have obtained the value r = 2.8 M	 that was

more than one order less to compare with the glycerin. On

the basis of the conductivity value for DILLC doped by the

dye N1 we found the resistance of the sample volume being

equal to 200 	. Therefore, like in the case of the glycerin,

the series resistance is not determined by the volume resis-

tance of the sample, but it is defined by the resistance of

such DEL layer which has less barrier height and it pre-

vents to current transport much more than in the sample

volume.

With the help of the known value r, we can find the lo-

cation of the C-V curve at f = 0 (curve 3 in Fig. 4). The

point of intercept of this curve with the ordinate axis gives

the capacity of the dense part of DEL being equal to

4.2�10–5 F. Taking into account the known geometric pa-

rameters and according to the formula of the plane capaci-

tor, we found that the thickness of the dense part of the

DEL is WB = 0.34 nm. It was in 6 times less than for the

glycerin samples. By crossing of the C-V curve at the ex-

trapolation frequency f = 0 with the abscissa axis, we ob-

tained the barrier height on the DILLC-electrode boundary

equal to �B = 0.3 +0.02 V, that was on 0.1 V less than it

was obtained for the glycerin.

Likewise in Ref. 11, from the incline of the C-V curve,

and according to the expression

d C

dU eN SB

( )�

�

�
2

0
2

2

� �
(11)

where e is the electron charge, NB is the ion concentration

in the dense part of the DEL and S is the electrode area, we

obtained the value NB = (3.0 �0.5)�1027 m–3. Such large

value NB shows that practically all molecules in the dense

part of the DEL are ionised.

The electrolysis of water solutions of alkanoic acids in-

cludes two main electro-chemical reactions, namely the ox-

idation of water molecules and the oxidation of the car-

bonyl acid anions. The later reaction is known as the anode

condensation or Kolbe electro-synthesis that results in cre-

ation of hydrocarbons with doubling carbon atoms com-

pared to initial compound. The reaction can be described

by the following scheme:

2CnH2n+1COO– + 2e �
� 2CnH2n+1COO� � 2CnH2n+1 + 2CO2 � C2nH4n+2.

The process is dominant for the voltages being more

than 2 V, but at the low voltages there are water oxidation

reactions which pick up hydrogen and oxygen. Alkanoic

radicals are created by the electrolysis as interim products.

They provoke generation of new radicals, by this way to

initiate chin radical reactions that leads to creation of

high-molecular compounds (resine-like substance). The de-

position of such phase on the anode was observed at appli-

cation of the stationary voltage (6 V) on DILLC.
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In pure ILLC and DILLC doped by polymethine dyes and

fluorescein, the dielectric dispersion is observed at low fre-

quencies and can be described by the Cole-Cole equation.

It was shown the relaxation process is caused by charge ex-

change on the electrode-DILLC boundary. Long-time ac-

tion of a stationary voltage leads to decrease in conductiv-

ity as well as to significant increase in the time of relax-

ation process. The mechanism of the relaxation process is

the same as without the voltage.

On the basis of an analysis of dielectric spectra, the

method to investigate the conductivity kinetics in ILLC un-

der the action of dc electric field is proposed. It was shown

that the behaviour of conductivity decreasing both in pure

ILLC and in DILLC with polymethine dyes can be de-

scribed by two exponent functions which have different

time constants distinguished by more than one order.

It was shown, that long-time action of dc electric field

leads to different changes of DEL parameters near the cath-

ode and near the anode that leads to creation of non-

symmetrical DELs. The DEL of higher barrier voltage is

formed near the anode. From the analysis of C-V character-
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Fig. 4. C-V characteristics of DILLC with the polymethine dye N1

at the frequencies 10–3 Hz (1) and 1.5�10–3 Hz (2). Straigt line 3

corresponds to the theoretical C-V characteristics at f = 0,

calculated according to Eq. (10).



istics, obtained for DILLC with the dye N1, the parameters

of the dense part of the DEL are estimated: the thickness

WB = 0.34 nm, the barrier height �B = 0.30 + 0,2 V, the

concentration of ionised molecules NB = (3.0 � 0.5)

�1027 m–3. The deposition of a new polymer-like phase on

the anode was observed after application of the stationary

voltage (6 V) to DILLC.

'��������

1. N. Volynets, N. Derevynko, A. Ishchenko, G. Klimusheva,

T. Mirnaya, G. Yaremchuk, and L. Yatsenko, “Influence of

interionic interaction on spectral and nonlinear optical prop-

erties of doped metal alkanoate (DMA) systems”, Proc.

SPIE 4418, 38–43 (2001).

2. N. Volynets, N. Derevynko, A. Ishchenko, G. Klimusheva,

A. Koval’chuk, T. Mirnaya, G. Yaremchuk, and L.

Yatsenko, “Specific optical properties of doped ionic

lyotropic smectics”, Proc. SPIE 4938, 148–152 (2002).

3. T.A. Mirnaya, V.D. Prisyazhnyi, and V.A. Shcherbakov,

“The liquid-crystalline state of salt melts containing organic

ions”, Chem. Rev. 58, 1429–1450 (1989).

4. A.A. Ishchenko, Structure and Spectral Luminescent Prop-

erties of Polymethine Dyes, Naukova Dumka, Kiev, 1994.

5. G. Klimusheva, A. Koval’chuk, N. Volynets, and A.

Vakhnin, “Electrooptical properties of metal organic ionic

liquid crystals”, Opto-Electron. Rev. 10, 39–42 (2002).

6. A.V. Koval’chuk, “Low-frequncy dielectric spectroscopy as

an investigation method of electrode-liquid interface”,

Functional Materials 5, 428–430 (1998).

7. A.V. Koval’chuk, “Low and infralow – frequency dielectric

spectroscopy of the liquid crystals – solid substrate inter-

face. Sliding layers”, Ukr. J. Phys. 41, 991–998 (1996).

8. A.V. Koval’chuk, “Low-frequency dielectric relaxation at

the tunnel charge transfer across the liquide/electrode inter-

face”, Functional Materials 8, 690–693 (2001).

9. A.V. Koval’chuk, “Relaxation processes and charge trans-

port across liquid crystal-electrode interface”, J. Phys.:

Condensed Matter 13, 10333–10345 (2001).

10. A.V. Koval’chuk, “Mechanism of charge exchange at a liq-

uid crystals-electrode interface”, JETP Letters 72, 542–546

(2000).

11. A.V. Koval’chuk, “Generation of charge carrier and forma-

tion of antisymmetric double electric layers in glycerine”, J.

Chem. Phys. 108, 8190–8194 (1998).

Electric properties of ionic metal alkanoate smectics with different dyes

186 Opto-Electron. Rev., 12, no. 2, 2004 © 2004 COSiW SEP, Warsaw


