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ABSTRACT

n this study, the dielectric parameters of E7 coded nematic liquid crystal (NLC) composites

containing the different amounts of rubrene fluorescent dye were investigated. E7, E7+0.5
wt.% Rubrene, and E7+1.0 wt.% Rubrene samples were prepared. Frequency dependent di-
electric constants (¢’ and €"), dielectric anisotropy (Ag'), and ac conductivity (o, ) graphs of
rubrene doped E7 NLC composites were obtained by dielectric spectroscopy method and
compared with pure E7 NLC. By using these graphs, relaxation frequency (f), relaxation
time (1), dielectric strength (3¢'), and crossover frequency (f) parameters of the E7 NLC
and its rubrene doped composites were determined. An increase in f, from 3.045 MHz to
3.697 MHz for 0 V and from 627 kHz to 686 kHz for 40 V was observed with increasing
rubrene concentration. On the other hand, a decrease in T, from 0.052 ps to 0.043 ps for 0
V and from 0.254 ps to 0.232 ps for 40 V was seen with increasing rubrene concentration.
Furthermore, an increase in f_from 1.145 MHz to 1.298 MHz was obtained with increasing
rubrene concentration. The results show that the dielectric parameters change with the con-
centration of rubrene and it is thought that this study will provide a basis for investigating the
dielectric properties of rubrene doped NLC composites. Moreover, it is concluded that the

produced composites are a suitable base material for electro-optical device applications such

Article History:
Received: 2022/12/29
Accepted: 2023/06/17
Online: 2023/09/30

Correspondence to: Gulsum Kocakulah,
E-mail: gulsum.kocakulah@gmail.com,
Phone: +90 380 541 2404;

Fax: +90380 541 2403

This article has been checked for similarity.

http://creativecommons.org/licenses/by-nc/4.o,

This is an open access article
under the CC-BY-NC licence

as smart displays, photonics and electrical circuit elements.
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INTRODUCTION

Liquid crystals (LCs) are known as materials who-
se properties are between isotropic liquid and
anisotropic crystal [1-3]. This fascinating feature of
LCs has attracted the attention of many research gro-
ups for broad applications in various fields of science
and technology. This materials widely used in smart
windows [4, 5], displays [6, 7], sensors [8, 9], and other
electro-optical device applications. Especially, ne-
matic liquid crystal (NLC) is technologically consi-
derable phases within LCs and it is broadly used in
the field of display [10-12]. The molecular orientation
of NLCs is quite responsive to external stimuli like
electric and magnetic fields [13, 14]. In recent years,
the physical properties of NLCs can be also develo-
ped with several dopant materials such as polymers
[15, 16], dyes [17, 18], and nanoparticles [19-21]. The-
se dopant materials affect the molecular orientation
of NLCs and can change their physical properties.
Although there are studies examining the electro-
optical and dielectric properties of dye doped NLC
composites in the literature, the number of studies

Cite as:

investigating the dielectric properties of fluorescent
dye doped NLCs is very few. Therefore, the use of
fluorescent dye was preferred in order to observe the
change in dielectric properties of E7 NLC in this re-
search. Fluorescent dyes are defined as materials that
both absorb and strongly emit in the visible region of
the electromagnetic spectrum. Moreover, dyes with
fluorescent properties are known as materials that
distinguish from fluorescent brighteners that emit
visible light but absorb ultraviolet [22]. The absorp-
tion characteristics of fluorescent dyes influence the
orientation mechanisms of NLCs. Thus, the physical
properties of LC based composites are significantly
affected [23].

Rubrene, which is known as 5,6,11,12-tetrapheny-
Inaphthacene, is composed of tetracene backbone and
four phenyl groups substituted at the 5, 6, 11, 12 posi-
tions. Rubrene powder is red or light brown and has
strong absorption in the blue-violet to green spectrum
[24]. Moreover, this fluorescent dye is important due to
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emission properties, electrical conductivity and mobility
[25]. It is a p-type organic semiconductor with an emissi-
on wavelength of 550 nm [24, 26]. In addition, the carrier
mobility in organic field effect transistors is quite high [27,
28]. Rubrene, which has unique physical and chemical pro-
perties, has been used in many electro-optical device app-
lications such as field-effect transistors [29], organic light-
emitting diodes [30], and solar cells [31, 32] until today.

This paper reports the effect of rubrene concentration
on the dielectric parameters of E7 NLC. The frequency de-
pendent dielectric parameters (dielectric constants: ¢’ and €”,
dielectric anisotropy: A¢’, and ac conductivity: o, ) of pure
and rubrene doped samples were investigated for Planar-
state (V=0 V) and Homeotropic-state (V=40 V). In addition,
relaxation frequency (f,), crossover frequency (f.), relaxati-
on time (1), and dielectric strength (3¢’) parameters of the
samples were obtained using these data. The results showed
that rubrene caused a significant change in dielectric para-
meters of E7 NLC.

MATERIAL AND METHODS

The E7 NLC (n =1.521 and n =1.746) used in the expe-
riment was purchased from Instec. This material con-
sists of 4-cyano-4'-n-pentyl-biphenyl (5CB, 51 wt.%),
4-cyano-4'-n-heptyl-biphenyl (7CB, 25 wt.%), 4-cyano-4/'-
n-octyloxy-biphenyl (80CB, 16 wt.%), and 4-cyano-4'-
n-pentyl-p-terphenyl (5CT, 8 wt.%). The phase transition
temperature of E7 NLC nematic phase to isotropic phase
(T,.) is 60.5 °C. Rubrene fluorescent dye (sublimed grade
and A =550 nm) was provided from Sigma Aldrich. The
molecular formulas of the E7 and rubrene were given in
Figure 1(a-b). Also, indium thin oxide (ITO) coated pla-
nar aligned LC cells has been used for the measurements
and purchased from Instec. The 18 pum spacer was used
in the cells, and the surface resistance of the ITO coated
glass plates was given as a 25 Q/cm2

Schematic representation of the sample preparations
and measurements procedure was given in Figure 2(a-d).
Firstly, rubrene doped NLC composites were prepared with
a concentration of 0.5 wt.% and 1.0 wt.% (Figure 2(a)). Then,
composites was homogenised in an ultrasonic bath for 5
hour at 80 °C (Figure 2(b)). Finally, pure E7 NLC and rub-
rene doped E7 NLC composites were filled into the LC cells
with the above specifications by capillary method (Figure
2(c)). Produced samples were coded as: E7, E7+0.5 wt.% Rub-
rene, and E7+1.0 wt.% Rubrene.

Dielectric parameters of pure and rubrene doped E7
NLC was determined with a computer-controlled Novo-
control Alpha-A Dielectric/Impedance Analyzer between 1
kHz and 10 MHz with a test signal of 100 mV, __for 0 V and

40V at room temperature (Figure 2(d)).
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Figure 1. The molecular formula of the (a) E7 NLC and (b) Rubrene
fluorescent dye.
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Figure 2. Schematic representation of the sample preparations and
measurements.

RESULTS AND DISCUSSION

Dielectric response of LC materials show complex be-
haviour and provides information about molecular po-
larizability and dipole moment when an electric field is
applied. The complex dielectric constant acts as the most
considerable parameter in determining the dielectric be-
haviour of LCs and is given by the following formula [33,
34]:

& =g —ig" o

where, ¢ and €" is real and imaginary parts of the
complex dielectric constant, respectively. Also, €' is energy
stored in materials and defines as [35]:

, Cd C
f=—= @
A C,

where, Cis the capacitance and C_is the capacitance of
the free space. Also, d is the thickness and A is the area of
the LC cell. g is dielectric constant of free space. Besides, €”
denotes loss of energy in materials and defines as [35]:
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where, w is the angular frequency and G is the conduc-
tance.

Figure 3(a-b) demonstrates the frequency dependent &'
comparison graphs of the samples for 0 V and 40 V. Small
changes occurred in ¢’ value for both 0 V and 40 V depen-
ding on the increasing rubrene concentration. These small
increases and decreases were seen in the low frequency regi-
ons. The reasons for these changes will be given in the exp-
lanations of Figure 4(a-b). Furthermore, in order to observe
the voltage dependent €' values of the pure E7 NLC and rub-
rene doped E7 NLC composites, the frequency dependent €’
variation graphs were given in Figure 3(c-e) for each sample.
As seen in the figures, the &' parameters of all samples inc-
reased due to the increase in voltage. This increment can be
clarified by the regular orientation of both LC and rubrene
molecules in the electric field direction with changing volta-
ge. Moreover, it is seen that the &’ parameters of the samples
at 0 V are almost the same 1 kHz-1 MHz frequency range,
but decrease rapidly after 1 MHz. Therewithal, for 40V, it is
also observed that the &' parameter does not almost change
in the 1 kHz-100 kHz frequency range for all samples and
reduces after 100 kHz. The results show that samples will
show relaxation after these frequency values.

The €'-f comparison graphs of the samples at 1 kHz-10
kHz frequency range that changes depending on the rubre-
ne concentration were given in Figure 4(a-b). The ¢’ increa-
sed for E7+0.5 wt.% Rubrene while it decreased for E7+1.0
wt.% Rubrene. Some interactions are thought to occur in
the composites when E7 NLC doped with rubrene: NLC-
NLC, rubrene-rubrene and NLC-rubrene. The interactions
between E7 NLC and rubrene dye molecules can be dipo-
lar, electrostatic, and van der Waals. In this study, €' value
increases in the low frequency region given in the graph for
E7+0.5 wt.% Rubrene compared to pure E7 NLC for 0 V and
40 V. The reason for this behaviour is the increased dipole
moment due to molecular interactions between NLC and
rubrene. On the other hand, the number of domains in the
composites decreases with increasing rubrene concentrati-
on. Thus, the distance between the domains increases and
the dipole-dipole interactions decrease. For this reason, ¢’
low for E7+1.0 wt.% Rubrene than for E7+0.5 wt.% Rubrene
[36].

In Figure 5(a-b), the frequency dependent &” compari-
son graphs of the samples were given for 0 V and 40 V. Si-
milar to the &’ parameter, it is seen that small changes occur
in €” values depending on the increasing rubrene concentra-
tion. In addition, it was desired to examine the €” variation
graphs of the samples depending on both voltage and fre-
quency, separately for each sample. For this reason, graphs
of the variation of ¢” parameter with voltage were given in
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Figure 3. ¢'-f comparison graphs of the samples (a) V=0V and (b) V=40
V. Also, ¢'-f single graphs of (c) E7, (d) E7+0.5 wt.% Rubrene, and (e)
E7+1.0 wt.% Rubrene.
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Figure 4. ¢'-f comparison graphs of the samples at 1 kHz -10 kHz
frequency range for (a) 0 V and (b) 40 V.
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Figure 5. ¢"-f comparison graphs of the samples (a) V=0V and (b) V=40
V. Also, ¢'"-f single graphs of (c) E7, (d) E7+0.5 wt.% Rubrene, and (e)
E7+1.0 wt.% Rubrene.
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Figure 5(c-¢) for pure E7 NLC and rubrene doped E7 NLC
composites. It is seen that the " values increase in all samp-
les depending on the regular molecular arrangement with
increasing voltage. Additionally, a single peak was observed
between 1 kHz and 10 MHz for E7 NLC and its rubrene
doped composites. This behaviour indicates that the samp-
les have a single relaxation frequency in the examined fre-
quency range. The relaxation frequency (f,) of the samples
is determined using the frequencies corresponding to the
peak points of the "-f graphs. The f values of E7 NLC and
rubrene doped E7 NLC composites were given in Table 1.
From the table, it is seen that the fR increases with increa-
sing rubrene concentration for 0 V and 40 V. The increase
in f, values of rubrene doped E7 NLC composites compared
to pure E7 NLC may be owing to the increased availability
of free space for molecular motion due to the presence of
rubrene. Also, it is thought that the reduction in rotational
viscosity with the addition of rubrene is also effective in the
increase of f, [37].

Table 1. Relaxation frequency (f,), relaxation time (t,), and dielectric
strength (8¢’) parameters of the E7, E7+0.5 wt.% Rubrene, and E7+1.0
wt.% Rubrene for 0 Vand 40 V.

v=0V V=40V
fa T, (ns)  o¢' fe T, (ns)  o¢'
(MH2z) R (kHz) R
E7 3.045 0.052 5.581 627 0.254 20.679
E7+0.5
)
wt.% 3.322 0.048 5.773 657 0.242 21.201
Rubre-
ne
E7+1.0
0,
wt.% 3.697 0.043 5.541 686 0.232 20.409
Rubre-
ne

The complex dielectric constant is also defined with
Cole-Cole equation [38, 39]:

, £ —c
g=g +—5 "=

@)

1+ (iowz,) ™

where, €’ is the low and ¢'_ is the high frequency limit
of the €' 7, is relaxation time and a is relaxation distribution
parameter. If a=0, the Cole-Cole model called as Debye mo-
del. In this case, the system has a single relaxation time. And
if a0, the relaxation behaviour fits non-Debye model and
system has a more than one relaxation processes [40, 41].

Figure 6(a-b) indicates the Cole-Cole comparison
graphs of E7 NLC and rubrene doped E7 NLC composites
for 0 V and 40 V. Moreover, Cole-Cole graphs obtained at 0
Vand 40V for each sample were given in Figure 6(c-¢). It has
been observed that the samples almost complete the semi-
circle and behave according to the Debye model. The T, of

E7 NLC and rubrene doped E7 NLCs were calculated using
the Cole-Cole plots and their values were given in Table 1. It
is observed that the T, increases in both E7 NLC and rubre-
ne doped E7 NLC composites depending on the increasing
voltage. The cause for this attitude is that the molecular ori-
entation increases with increasing voltage, thus increasing
the time it takes for LC and rubrene to return to their ini-
tial state. Besides, it is seen that T, reduces with increasing
rubrene concentration in E7 NLC for 0 V and 40 V. This
behaviour can be explained by the fact that the trapping of
free ions in the rubrene doped composites. As a result of the
decrease in ion concentration, the viscosity of the composi-
tes decreases, thus the relaxation time of the system is also
reduced [42]. This result is important in that E7 NLC doped
with rubrene shows relaxation behaviour in a shorter time.

Dielectric strength (5¢’) is determined using the Cole-
Cole graphs of the samples and calculated by the following
equation [37, 41]:

Sc'=¢.—¢, (5)

The 8¢’ values of the samples were given in Table 1. Ac-
cording to table, ¢’ of pure E7 NLC and rubrene doped E7
NLC composites increase depending on the voltage. The
main reason for this increase is that €' increases with incre-
asing voltage. According to the change in rubrene concent-
ration, there is a small increase in E7+0.5 wt.% Rubrene and
a small decrease in E7+1.0 wt.% Rubrene when compared
with the d¢’ value of E7 NLC. The results indicate that rub-
rene concentration causes a change in the d¢’.

Dielectric anisotropy (Ae') is the significant parameter
for LC-based electro-optical devices and defined as the dif-
ference between parallel (¢',) and perpendicular (¢', ) compo-
nents of the €' values [23, 38]:

A =g —¢, (6)

In Figure 7, the frequency dependent Ae’ change graph
of the samples was given. It is seen from the graph that the
Ag' value of E7+0.5 wt.% Rubrene increases slightly compa-
red to E7 NLC at 1 kHz-100 kHz frequency range. In E7+1.0
wt.% Rubrene, it is observed that there is a small decrease
in Ae' compared to E7 NLC in the same frequency range.
In addition, the crossover frequency (f.) of the samples is
determined using the Ae'-f graph. The f__values of E7, E7+0.5
wt.% Rubrene, and E7+1.0 wt.% Rubrene were determined in
the 1 MHz-2 MHz frequency range where the A¢’-f graph
changed from positive to negative. Using the data inset of
the graph, the fc values of E7, E7+0.5 wt.% Rubrene, and
E7+1.0 wt.% Rubrene were calculated as 1.145 MHz, 1.250
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Figure 6. Cole-Cole comparison graphs of the samples (a) V=0 V and
(b) V=40 V. Also, Cole-Cole single graphs of (c) E7, (d) E7+0.5 wt.%
Rubrene, and (e) E7+1.0 wt.% Rubrene.

MHz and 1.298 MHz, respectively. According to the data,
it can be seen that the f. values of the rubrene doped E7
NLCs increased when compared to E7 NLC. In rubrene do-
ped E7 NLCs, the interactions between rubrene and NLC
molecules cause some changes in the molecular structure
of the composite. Furthermore, these interactions change
with increasing rubrene concentration. Depending on these
changes, the interaction of the molecules with the longitu-
dinal and transverse dipole moments in the electric field
changes with frequency. Accordingly, it is thought that the
increase in the f_ values of the rubrene doped composites is
related to the change in the phase structure.

The ac conductivity of materials is given by the follo-
wing equation [43, 44]:

o-au = 800)8" ' (7)

Figure 8(a-b) depicts that frequency dependent o, com-
parison graphs of the E7 NLC and its rubrene doped com-
posites for 0 V and 40 V. The small increases and decreases
in the o, parameter of the samples with increasing rubre-
ne concentration cannot be clearly seen from the graphs.
However, it is seen that the o, values of both E7 NLC and
rubrene doped E7 NLC composites increase with increasing
frequency for 0 V and 40 V. For a more detailed analysis,
o, -f graphs for each sample were given in Figure 8(c-e). The
o, values increased with increasing voltage. Moreover, in
Figure 8(f), o, value of the samples at 1 kHz was given. As
seen in the graph, there is a minor increment in the o, _of the
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Figure 7. Ae'-f graph of the E7, E7+0.5 wt.% Rubrene, and E7+1.0 wt.%
Rubrene.

E7+0.5 wt.% Rubrene compared to the E7 NLC. This beha-
viour can be explained by the mobility of NLC and rubrene
molecules. However, it is observed that the o, value of the
E7+1.0 wt.% Rubrene is quite close to the E7 NLC and is less
than E7+0.5 wt.% Rubrene. This reduction may be related to
the restriction caused by feeble aggregations in E7+1.0 wt.%
Rubrene [11].
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Figure 8. o -f comparison graphs of the samples (a) V=0 V and (b)

V=40 V. Also, o_-f single graphs of (c) E7, (d) E7+0.5 wt.% Rubrene, and
(e) E7+1.0 wt.% Rubrene. And (f) o, value of the samples at 1 kHz.

CONCLUSION

In the current study, the dielectric parameters of rubrene
doped E7 NLC were investigated. In order to observe the
rubrene effect, two different concentrations were used
and the dielectric parameters of the produced E7+0.5
wt.% Rubrene and E7+1.0 wt.% Rubrene composites were
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compared with the pure E7 NLC. Dielectric measure-
ments were carried out at 0 V and 40 V, depending on
the frequency. As a result of the experimental evaluati-
ons, it was concluded that fR increases and T, decreases
with increasing rubrene concentration in E7 NLC. In ad-
dition, it was observed that the frequency dependent Ae’
of the samples were quite close to each other and f_. was
calculated from the Ae'-f graphs. It was found that the f.
increased with rubrene concentration in E7 NLC. Accor-
dingly, rubrene doped E7 NLCs will be considerable for
the production of electro-optical devices with low rela-
xation time that can operate in the high frequency region.
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