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Abstract: This paper studies the effective dielectric properties of heterogeneous materials of the type
particle inclusions in a host medium, using the Maxwell Garnet and the Bruggeman theory. The
results of the theories are applied at polymer-dispersed liquid crystal (PDLC) films, nanoparticles
(NP)-doped LCs, and developed for NP-doped PDLC films. The effective permittivity of the com-
posite was simulated at sufficiently high frequency, where the permittivity is constant, obtaining
results on its dependency on the constituents’ permittivity and concentrations. The two models
are compared and discussed. The method used for simulating the doped PDLC retains its general
character and can be applied for other similar multiphase composites. The methods can be used to
calculate the effective permittivity of a LC composite, or, in the case of a composite in which one of
the phases has an unknown permittivity, to extract it from the measured composite permittivity. The
obtained data are necessary in the design of the electrical circuits.

Keywords: effective permittivity; liquid crystal; polymer-dispersed liquid crystal; nanoparticle

1. Introduction

Composite electro-optic materials, such as polymer/liquid crystal (LC) blends cover a
large area of two phase mixtures as, for example: polymer-Ddspersed liquid crystal (PDLC)
films [1], liquid crystal dispersed in an electrospun cellulose acetate network [2,3], cellulose
film/LC composite [4], polymer balls/nematic LC films [5].

Polymer-dispersed liquid crystal (PDLC) films consist of micrometer or sub-micrometer-
sized nematic droplets dispersed in a polymer matrix [6]. Their optical transmission re-
sponse is based on the electrically controlled light scattering properties of the droplets. An
applied electric field aligns the nematic droplets, and due to the refractive index match
of the polymer and the aligned LC, a transparent non-scattering state is obtained. In the
absence of the field, the molecules inside the droplets return to their original orientation
and results in a scattering opaque state.

The reorientation of the LC molecules depends on the electric field across the droplet [6,7],
and at a macroscopic scale, it depends on the dielectric permittivity. The LC droplets inside
the polymer matrix form a bi-phase system, and to study the dielectric permittivity, the
Maxwell Garnet [8] and the Bruggeman [9,10] effective medium models are considered in
this paper. Generally, the permittivity has frequency dispersion, but conductivity effects
become unimportant compared to dielectric effects at relatively high frequencies, where the
ionic motion is frozen out, and at high resistivities, where the small number of mobile ions
will not give rise to a significant depolarization field [1], and the present study considers
this situation.

At present, many studies are dedicated to nanoparticles (NPs)-doped LCs [11] and
PDLC films, in order to take advantage to each constituent beneficial contribution [12–14].
The contribution of the third phase formed by the dispersed NPs both in the LC droplets
and in the polymer matrix is taken into account at the calculation of the effective dielectric
permittivity of NPs-doped PDLC films.

Molecules 2021, 26, 1441. https://doi.org/10.3390/molecules26051441 https://www.mdpi.com/journal/molecules

https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://doi.org/10.3390/molecules26051441
https://doi.org/10.3390/molecules26051441
https://doi.org/10.3390/molecules26051441
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules26051441
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/1420-3049/26/5/1441?type=check_update&version=2


Molecules 2021, 26, 1441 2 of 12

It is generally accepted that the LC form droplets encapsulated in the polymer up till
a concentration of about 50%. For greater concentrations, interconnecting channels will
form between the LC droplets, the structure passing gradually in a sponge-like one.

Because LC doping with small fractions of NP is a very delicate process that might
lead to tricky experimental results, it is important to use models to gain information about
the effective dielectric constant of NPs containing multiphase systems.

2. Theoretical Models

The investigated medium is a heterogeneous composite at microscopic scale, where we
can evaluate the effective dielectric function of the macroscopic uniform medium depending
on the permittivity of the individual components and their respective volume fractions.
Two of the most used effective medium approaches are the Maxwell Garnet [15,16] and the
Bruggeman theories which are discussed further.

2.1. Maxwell Garnett (MG) Model

Let us consider a dense medium formed by molecular dipoles. Firstly, one should
evaluate the local field at the site of a molecule, supposing that the molecule is surrounded
by a spherical cavity of radius R, as seen in Figure 1. The space inside the sphere has free
space permittivity, since it is the space between two molecules. When applying an external

electric field
→
E ext, the electrical charges will move according to their sign, producing the

electric field
→
ES due to the polarization charges, which, in the case of the considered sphere,

is ES = P
3ε0

, where P is the macroscopic polarization. The local field acting in the central of
the dipole is

→
E L =

→
E ext +

→
ES +

→
Ed +

→
Enear (1)

where
→
Ed is the depolarization field lying at the external surface of the medium, Ed = −P

ε0
;

→
Enear is the field induced by other dipoles lying within the sphere, which, in the case

of a symmetric cubic lattice, vanishes. Since the sum
→
E ext +

→
Ed =

→
E , where

→
E is the

macroscopic electric field, the local field becomes:

→
E L =

→
E +

→
P

3ε0
(2)

P = NαEL = Nα

(
E +

P
3ε0

)
(3)

where α is the polarizability of one molecule and N is the volume density of dipoles.
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Figure 1. Auxiliary sphere around a molecule for determining the local electric field. 
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Figure 1. Auxiliary sphere around a molecule for determining the local electric field.

The electric induction being

→
D = ε0

→
E +

→
P = ε0εr

→
E (4)
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Using Equations’ (3) and (4) results, the Clausius–Mossotti relation is

Nα

3ε0
=

εr − 1
εr + 2

(5)

Considering the Clausius–Mossotti relation for a composite formed of spherical parti-
cles of relative permittivity ε1 embedded in a host medium of relative permittivity εh:

Nα

3ε0εh
=

εe f f ,MG − εh

εe f f ,MG + 2εh
(6)

where εe f f ,MG is the effective permittivity obtained using the MG formula. Considering f
the volume filling factor of the spheres, the polarizability in relation (5) becomes:

α =
3ε0εh f

N
ε1 − εh

ε1 + 2εh
(7)

By substituting Equation (7) in (6), the MG formula is obtained:

εe f f ,MG − εh

εe f f ,MG + 2εh
= f

ε1 − εh
ε1 + εh

(8)

εe f f ,MG = εh
1 + 2 f ε1−εh

ε1+2εh

1− f ε1−εh
ε1+2εh

(9)

To model the capacity properties of the pure PDLC, we have chosen the MG formula
adapted for the LC-polymer bi-phase system:

εe f f ,MG = εply

1 + 2 fLC
εLC−εply

εLC+2εply

1− fLC
εLC−εply

εLC+2εply

(10)

where εe f f ,MG is the effective dielectric constant of the composite PDLC film, εply is the
dielectric constant of the polymeric matrix, εLC is the dielectric constant of the dispersed
liquid crystal, and fLC is the volume fraction of the LC.

LCs are anisotropic materials and the dielectric anisotropy in the uniaxial nematic
phase is characterized by two principal components, one component is parallel, ε I I , and
the other component is perpendicular ε⊥ to the director of the LC. The dielectric anisotropy
∆ε in the uniaxial phases is ∆ε = ε I I − ε⊥ and its sign depends on the chemical struc-
ture of the constituent molecules [17]. The average permittivity of the LC is defined as
εLC = εLC,random = ε I I+2ε⊥

3 and is used in our discussion. By measuring the capacitance
of the film, one can determine an effective permittivity in zero-applied electric field (ε⊥)
and in the high-applied electric field (corresponding to the oriented LC, and to ε I I) states.
Equation (9) can be applied to obtain the effective permittivity of the film (corresponding
to ε⊥, ε I I , and εLC,random) and the results are presented in Section 4.

2.2. Bruggeman Effective Medium Model

The model considers spherical particles of two different materials, of permittivities ε1,
ε2 dispersed in a host matrix of dielectric constant εh [9,15]. For a two inclusion composite,
induced in a symmetric manner, the following expression was obtained:

εe f f ,B − εh

εe f f ,B + 2εh
= f1

ε1 − εh
ε1 + 2εh

+ f2
ε2 − εh

ε2 + 2εh
(11)

where εe f f ,B is the Bruggeman’s effective permittivity of the medium.
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For a two phase system, f1 + f2 = 1, if each material is considered as one inclusion
and the host medium is the material itself. In this case εe f f ,B = ε h and the left hand side

of Equation (6) becomes zero. It follows:

f1
ε1 − εe f f ,B

ε1 + 2εe f f ,B
+ f2

ε2 − εe f f ,B

ε2 + 2εe f f ,B
= 0 (12)

The solution of Equation (12) is

εe f f ,B =
1
4

{
(3 f1 − 1)ε1 + (3 f2 − 1)ε2 ±

√
[(3 f1 − 1)ε1 + (3 f2 − 1)ε2]

2 + 8ε1ε2 } (13)

The sign in Equation (13) is chosen such that the imaginary part of the effective
permittivity is positive. For the pure PDLC, the effective permittivity considering the
Bruggeman expression, εe f f ,B becomes:

εe f f ,B =
1
4

{
(3 fLC − 1)εLC +

(
3 fply − 1

)
εply ±

√[
(3 fLC − 1)εLC +

(
3 fply − 1

)
εply

]2
+ 8εLCεply

}
(14)

2.3. NPs-Doped LC

The LC droplet is doped with NPs and the effective permittivity of the doped LC
considering the MG formula is (15), resulted from (10), and considering the Bruggeman
expression is presented in (16) (resulted from (14)), respectively.

εLC_NP,MG = εLC
1 + 2 fNP

εNP−εLC
εNP+2εLC

1− fNP
εNP−εLC

εNP+2εLC

(15)

εLC_NP,B =
1
4

{
(3 fNP − 1)εNP + (3(1− fNP)− 1)εLC ±

√
[(3(1− fNP)− 1)εLC + (3 fNP − 1)εNP]

2 + 8εLCεNP

}
(16)

where we have taken into consideration that the sum between the NPs volume fraction (in
LC) and the LC volume fraction (in NPs) is 1.

2.4. NPs-Doped PDLC Films

To obtain the effective permittivity for the doped PDLC, the following system is
considered: the NPs-doped polymer matrix, LC droplets doped with NPs, as presented
in Figure 2.
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Figure 2. Schematic presentation of a nanoparticles (NPs) polymer-dispersed liquid crystal (PDLC)-
doped film between two indium tin oxide (ITO) glass coated plates: LC droplets are spherical.
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Since the fraction of NPs in LC is very small, we may consider the MG formula for the
NPs doped polymer, and using Equation (10) it follows:

εply,NP_MG = εply

1 + 2 fNP
εNP−εply

εNP+2εply

1− fNP
εNP−εply

εNP+2εply

(17)

For the doped LC, we consider Equation (14).
Finally, for the NPs-doped PDLC, we use the Bruggeman formula:

εPDLC,NP =
1
4

{
(3 fLC − 1)εLC_NP,MG + (3(1− fLC)− 1)εply_NP,MG ±

√
∆
}

(18)

∆ =
[
(3(1− fLC)− 1)εply_NP,MG + (3 fLC − 1)εLC_NP,MG

]2
+ 8εLC_NP,MGεply_NP,MG (19)

3. Results and Discussions
3.1. PDLC Film

Figure 3 shows the numerical representation of PDLC effective permittivity, vertical
colour bar, Ox axis represents LC permittivity εLC, Oy axis represents polymer permittivity
εply, obtained using the Maxwell Garnett model (Equation (10)), for LC volume fractions
of 20%, 30%, and 40%, commonly used in the study of PDLC films and for whom LC
forms individual droplets. The numerical values in the following discussions refer to
the relative permittivity of the materials. The polymer permittivity variation domain is
chosen between 3 and 10, and the LC permittivity between 4 and 20, considering their
values at high frequency [17–20]. As easily seen in Figure 3a, at constant volume fraction
and constant LC permittivity, the effective MG permittivity increases with the polymer
permittivity, and at constant polymer permittivity, the effective MG permittivity increases
with the LC permittivity.

Molecules 2021, 26, x FOR PEER REVIEW 6 of 14 
 

 

3. Results and Discussions 

3.1. PDLC Film 

Figure 3 shows the numerical representation of PDLC effective permittivity, vertical 

colour bar, Ox axis represents LC permittivity LC , Oy axis represents polymer permit-

tivity ply , obtained using the Maxwell Garnett model (Equation (10)), for LC volume 

fractions of 20%, 30%, and 40%, commonly used in the study of PDLC films and for 

whom LC forms individual droplets. The numerical values in the following discussions 

refer to the relative permittivity of the materials. The polymer permittivity variation 

domain is chosen between 3 and 10, and the LC permittivity between 4 and 20, consid-

ering their values at high frequency [17–20]. As easily seen in Figure 3a, at constant 

volume fraction and constant LC permittivity, the effective MG permittivity increases 

with the polymer permittivity, and at constant polymer permittivity, the effective MG 

permittivity increases with the LC permittivity. 

 
(a) 

 
(b) 

Molecules 2021, 26, x FOR PEER REVIEW 7 of 14 
 

 

 
(c) 

Figure 3. Representation of PDLC permittivity in the Maxwell Garnett model, for different LC 

fractions: (a) fLC,a = 0.2; (b) fLC,b = 0.3; (c) fLC,c = 0.4. Ox: LC permittivity LC , Oy: polymer permittivi-

ty ply ; vertical color bar: PDLC film effective permittivity using the Maxwell Garnet model, 

symbol @ stands for “at”. 

In Figure 4, the numerical simulations of PDLC effective permittivity (vertical col-

our bar) are presented, obtained using the Bruggeman model (Equation (14)), for LC 

volume fractions of 20%, 30%, and 40%, Ox axis: LC permittivity LC , Oy axis: polymer 

permittivity ply . At constant LC permittivity, the effective PDLC permittivity increases 

with the polymer permittivity. Considering, for example, the lower limit for the LC 

permittivity and the upper limit for the polymer permittivity, 4LC  and 10ply , 

the effective Bruggeman permittivity for the PDLC film decreases with the increase of the 

LC fraction. 

 
(a) 

Figure 3. Representation of PDLC permittivity in the Maxwell Garnett model, for different LC
fractions: (a) fLC,a = 0.2; (b) fLC,b = 0.3; (c) fLC,c = 0.4. Ox: LC permittivity εLC, Oy: polymer permittivity
εply; vertical color bar: PDLC film effective permittivity using the Maxwell Garnet model, symbol @
stands for “at”.



Molecules 2021, 26, 1441 6 of 12

In Figure 4, the numerical simulations of PDLC effective permittivity (vertical colour
bar) are presented, obtained using the Bruggeman model (Equation (14)), for LC volume
fractions of 20%, 30%, and 40%, Ox axis: LC permittivity εLC, Oy axis: polymer permittivity
εply. At constant LC permittivity, the effective PDLC permittivity increases with the
polymer permittivity. Considering, for example, the lower limit for the LC permittivity
and the upper limit for the polymer permittivity, εLC = 4 and εply = 10, the effective
Bruggeman permittivity for the PDLC film decreases with the increase of the LC fraction.
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To compare the results predicted by the two models, Figure 5 presents the difference
between the MG and Bruggeman effective permittivity, εe f f ,MG − εe f f ,B, for three LC
fractions. Considering, for example, the LC fraction of 20%, εply = 3, εLC = 10, it results in
an effective Bruggeman permittivity greater than the effective MG one. At εply = 10 and
εLC = 5, the MG effective permittivity is greater than the Bruggeman one. The modulus∣∣∣εe f f ,MG − εe f f ,B

∣∣∣ increases with the LC fraction, at constant constituents’ permittivity.
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3.2. NPs-Doped LCs

Figure 6 presents the effective permittivity for NPs-doped LC versus NPs’ permit-
tivity, εNP, for three NP volume fractions: 0.01; 0.001; and 0.0001, using the MG model
(Equation (15), Figure 6a) and the Bruggeman model (Equation (16) Figure 6b). The LC
permittivity is considered 10. In both cases, the effective permittivity increases with εNP
and with the NP volume fraction, excepting the case εNP = εLC (in our case equal 10),
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when the volume fraction of NP does not influence the result (intersection of the three
curves corresponding to the difference of NP volume fractions).
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Figure 6. Representation of effective permittivity for NPs-doped LC versus NP permittivity, εNP, for
three NP volume fractions: 0.01; 0.001; and 0.0001, (a) MG model (Equation (14)); (b) Bruggeman
model (Equation (15)), and (c) the difference of the effective permittivity obtained using these models.

Comparing the two models, Figure 6c shows the difference εe f f ,MG − εe f f ,B for the
NPs-doped LCs. It results that εe f f ,MG > εe f f ,B, when εNP < 10 (which corresponds to
εNP = εLC) and then it changes its sign, the difference being noticeable at NP volume
fraction of 0.01, but still of the order of 10−4.
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Figure 7a represents the effective permittivity for the NPs-doped PDLC (Equation (17)),
versus εNP, at a constant LC volume fraction fLC = 0.4 and for three NP volume fractions
fNP: 0.01; 0.001; and 0.0001. For the LC permittivity, the value of a commercial LC mixture,
E7, was chosen at high frequency [18] εLC = 10, and for the polymer, the permittivity
of polyvinyl alcohol (PVA), εply = 8 [21–25]. The effective permittivity shows a modest
increase at very low NP concentrations, and a more significant variation at fNp = 0.01.
Figure 7b shows the effective Bruggeman permittivity versus LC concentration, for the
undoped PDLC film.
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Figure 7. (a) Effective permittivity for the NPs-doped PDLC, versus NP permittivity, εNP,
(Equation (18)) at a constant LC volume fraction fLC = 0.4 and for different NP volume fractions
fNP: 0.01; 0.001; and 0.0001. LC permittivty εLC = 10, polymer permittivity εply = 8; (b) representa-
tion of undoped PDLC effective permittivity in the Bruggeman model versus LC volume fractions,
Equation (14), at constant LC permittivty εLC = 10, polymer permittivity εply = 8.

When comparing the experimental values with the simulated ones, differences might
appear due to the errors in the determination of the geometrical dimensions of the sample.
To avoid this problem, in many dielectric spectroscopy studies, the aim is to obtain the
characteristic time of the dielectric relaxation processes, independent on the sample’s
dimension [10,11].

4. Comparison of Model Predictions with Test Data for PDLC Films

In order to compare the methods presented with experimental data from the litera-
ture [21–25], we chose a PDLC film consisting of the polyvinyl alcohol (PVA) polymer and
nematic LCs [25]. The volume fraction is f1 = f2 = 0.5. The dielectric constant of PVA is
8. Table 1 presents the permittivity of the LC (according to the producers’ data sheet [25])
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and the LC used for the calculation of the effective permittivity to test the Maxwell Gar-
nett (Equation (10)) and Bruggeman (Equation (14)) models. The effective permittivity of
the PDLC film is calculated considering the LC permittivity, each of the corresponding
values for ε⊥, ε I I and εLC,random. The dielectric constant of the PDLC film was measured
in [25], in the “rest” states (corresponding to ε⊥), zero electric field permittivity, and in the
field-aligned states (corresponding to ε I I) high electric field permittivity.

Table 1. Comparative presentation of calculated PDLC film permittivity using Maxwell Garnett (Equation (10)) and
Bruggeman (Equation (14)) formulas, and experimental results [25]; the field permittivity measured at low electric field
corresponds to ε⊥ of the LC and at high electric field to the ε I I of the LC (LC aligned in the direction of the field).

Nematic Liquid
Crystal LC Permittivity

Calculated Film
Permittivity Maxwell

Garnett 1, Equation (9)

Calculated Film
Permittivity Bruggeman 1,

Equation (13)

Measured Film
Permittivity [25]

E7
ε⊥ 5.2 6.5 6.5 6.7
ε I I 19.0 12.5 12.7 14.5

εLC,random 9.8 8.9 8.8 -

ZLI 1840
ε⊥ 4.3 6.0 5.9 5.7
ε I I 16.2 11.5 11.6 12.6

εLC,random 8.3 8.2 8.2 -
1 The calculated values are rounded in accordance with LC permittivity values.

The relative deviation of the calculated permittivity values is small. The calculated
values in these particular cases show that the two models are correct, in agreement with
the experiment, and with the ones calculated in [25] and suitable for the calculation of
the composites’ permittivity [24,25]. The methods can be used to calculate the effective
permittivity of a LC composite. If a series of LC composites are studied, measurements
can be done only on some particular ones and the other can be calculated. In the case of a
composite in which one of the phases has an unknown permittivity, this can be obtained
by measuring the permittivity of the composite and using one of the models presented.
The effective permittivity is necessary in the design of the electrical circuits where these
opto-electronic materials are applied.

5. Conclusions

LC composites have a great importance in applications and are the subject of numerous
theoretical studies. Knowing their permittivity helps us to calculate the electric field at
which the reorientation effects of LC molecules occur, which gives rise to the desired
electro-optical effects.

Unlike other models of permittivity calculation (volumetric models—linear or log-
arithmic [18,26]), MG and Bruggeman models have a theoretical basis, by virtue of their
derivation from electrical principles.

PDLC being composites containing LC droplets in polymer form and a biphasic
system for which the MG and Bruggeman mixing models can be used. This paper applies,
develops, and compares the two models by mixing the permittivity of the constituents to
obtain the effective permittivity of the material. NP doping of LCs and PDLC films is a
current research topic of great interest. The MG and Bruggeman models were also applied
in case of NP doping of LCs.

To study NP-doped PDLCs, given the very low concentrations used in doping, we
used the MG model to obtain two biphasic media, one consisting of NP in LC and the other
of NP in polymer. The three-phase polymer-NP-LC medium was treated by the Bruggeman
method, considering the effective permittivity obtained for the NP-LC medium and the
permittivity of the NP-polymer medium.

Numerical simulations were performed in high frequency mode, in typical intervals
of variation of the permittivity of the constituents.
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For the PDLC system, the effective permittivity was obtained and the differences
between the two models were discussed. The results are in agreement with the experi-
ments [25]. The modulus of the difference between the Maxwell Garnet effective permittivity
and the Bruggeman one increases with the LC fraction, at constant constituents’ permittivity.

In the case of NPs-doped LCs, the difference between the two methods is modest at
low NP concentrations (0.0001–0.001), increasing in importance at higher values. If the
NP permittivity is equal to that of the LC host, the volume fraction does not influence the
calculated effective permittivity.

Using MG and Bruggeman models, the effective permittivity of the NPs-doped PDLCs
was simulated, obtaining information on its dependency on NPs permittivity and vol-
ume fractions.

The developed method can be applied for the calculation of the effective permittiv-
ity in the case of composites of LCs with quasi-spherical NPs such as titanium dioxide
and zinc oxide. In the case of a composite in which one of the phases has an unknown
permittivity, the models can be applied to extract it from the measured composite permit-
tivity. The method also retains a general character and can be applied to other similar
multiphase composites.
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Abstract We obtained carbon nanotubes (CNTs) doped polymer dispersed liquid crystal
(PDLC) films using the nematic E7 and polymethyl methacrylate, a composite that combines
the benefic characteristic of the liquid crystals (LC) and carbon nanoparticles. The clear-
ing temperatures recorded by differential scanning calorimetry for the PDLC blends were
found to be lower than the value recorded for pure E7 LC mixture with no significant impact
of the CNTs’ concentration. Broadband dielectric spectroscopy (DS) measurements were
performed in the (10−1 ÷ 107) Hz frequency range, in the temperature domain (280–350)
K. From the DS study, a two order magnitude variation of the conductivity over the entire
temperature range was observed. The presence of CNTs results in an increase of electrical
conductivity, with increasing concentration. Because the loss tangent spectra have complex
shapes, they were fitted using the generalized Havriliak–Negami functions, and the charac-
teristic relaxation times were extracted. The dependency of the characteristic relaxation time
on temperature was modeled using the Vogel–Fulcher–Tammann function, and it showed a
temperature variation according to the Arrhenius law. The increase of the CNT concentration
increases the activation energy of the molecular electric dipoles of the LC. The interface
LC-polymer interactions influence the nematic to isotropic phase transition of the LC.

1 Introduction

The composites known as Polymer Dispersed Liquid crystals (PDLCs) are soft films consist-
ing of liquid crystal (LC) domains embedded in a continuous polymer matrix [1]. Usually, in
these composites the dimensions of the confined LC droplets vary from hundreds of nanome-
ters till a few microns. For LCs with positive dielectric anisotropy, �ε > 0, when the device
is in the field “OFF” state, the LC molecules are randomly oriented and the PDLC film
scatters the light. When applying an alternative electric field, the LC dipoles orient in the
direction of the electric field, thus changing the refractive index of the LC droplet, which
becomes (ideally) equal to that of the polymer, and the film turns transparent [1]. Besides the
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applications of these devices as light shutters [1], electrically controlled blinds, fast-acting
optical attenuators [2], large-sized display boards [3], inventive original application have
been reported as eye cataract simulator [4] and artificial iris [5].

In the age of nanotechnologies, research is being done in the field of LCs to improve their
characteristics specific to the fields of application by their nanoparticles (NPs) doping.

NPs introduced as dopants interact with LC molecules and, consequently, they will be
reoriented in the electric field together with the LC molecules and will change the electri-
cal, the optical properties and the phase transition temperatures [6–13]. Numerous types of
dopants, such as carbon-based NPs, gold NPs, aerosils, magnetic NPs, have been studied to
improve the electro-optical, electro-magnetic, nonlinear optical response characteristics of
LCs [14–21]. To vary the dielectric characteristics and thus ameliorate the electro-optical
response of LCs, many studies used the addition of CNTs [22] It is considered that single
wall carbon nanotubes (SWCNTs) are cylinders formed by rolling up a graphene layer [23];
only their diameter is in the nanometer range, their typical length values being of a few
micrometers. Interestingly, a SWCNT can be metallic or semiconductor, depending on how
the graphene sheet is folded, or on the arrangement of the carbon “honey-comb” lattice in the
sheet of graphene. A mixture of the two electrical conduction possibilities exists depending
on the preparation of SWCNTs. It is important to mention that CNTs show high anisotropy
of their properties, with high electrical conductivity, of the order 106–107 S/m, and high
thermal conductivity along the tube axis [16, 24]. From the anisotropic properties of CNTs
result the importance of controlling their orientation. As compared to SWCNTs, LCs have a
smaller aspect ratio, but a long-range orientational order, the molecules spontaneously align-
ing to a common direction, characterized by the director n. The close interaction between
LC molecules and CNTs results in the alignment of the latter with their long axes parallel to
n [25, 26].

The purpose of this paper is to investigate the influence of SWCNT’ doping on the dielectric
properties of PDLC [27, 28], study important in applications since the conductivities of the
constituents play an important role in their electro-optical applications.

2 Experimental

2.1 Sample preparation

PDLC samples were prepared by the solvent induced phase separation (SIPS) method, using
the nematic E7 (Merck, ordinary refractive indexnO � 1.51 and positive dielectric anisotropy
�ε > 0) and the polymethyl methacrylate (PMMA, refractive index nP � 1.49), in a ratio
of 40/60 (E7/PMMA) w./w. Besides these control samples, CNT doped samples have been
made. CNTs employed in this experiment have been Single Walled CNT (Aldrich code
519308) with diameter between 1.2 and 5 nm. E7 is an eutectic mixture of cyanobiphenyls
and cyanoterphenyls, (51% 5CB, 25% 7CB, 16% 8OCB and 8% 5CT) with the crystal (K)
to nematic (N) phase transition temperature: TKN � 263 K and the nematic to isotropic (I)
temperature TNI � 333.5 K [29]; the glass transition of PMMA is at 383 K.

In order to prepare the PDLC samples with lower concentration of CNT (0.002% and
0.004%) a dispersion of 1% CNTs in E7 was firstly obtained; 4 mg of CNTs were thoroughly
mixed together with 396 mg of E7. Then, by successive dilutions, final concentrations of
0.01% and 0.005% CNT in E7 were obtained. All these samples were checked by polarizing
optical microscopy (POM) to assess the uniform dispersion of CNTs in E7 mixture. From
each of this mixture, 40 mg were taken and mixed together with 60 mg of PMMA in 1 ml
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of chloroform to achieve the concentrations of 0.004 and 0.002% CNTs in the PDLCs. All
samples were thoroughly homogenized by a combination of magnetic stirring for several
hours and sonication for achieving a fine dispersion of CNTs. Thin films were solvent casted
on glass slides by evaporating slowly the solvent (CHCl3) at room temperature.

2.2 Differential scanning calorimetry (DSC) and polarized optical microscopy (POM)

The thermal behaviour of the PDLC films was investigated by using DSC technique employ-
ing a Diamond DSC PerkinElmer instrument with Intracooler 1P cooling accessories. The
PDLC samples were studied at 10 K min−1 scanning rate. An amount of 10±1 mg of each
sample was encapsulated in aluminium pans, and at least two heating/cooling cycles were
performed.

The PDLC films were evaluated by polarizing optical light microscopy (POM), using a
Nikon 50iPol microscope equipped with a Linkam THMS600 hot stage and TMS94 control
processor.

2.3 Dielectric spectroscopy

The dielectric spectroscopy measurements were performed using a Broadband Dielectric
Spectrometer, Novocontrol, consisting in the Alpha-A High Performance Frequency Ana-
lyzer in the LF domain equipped with WinDETA software. We have performed measurements
in the 0.1÷107 Hz range, and temperatures were controlled within 0.2 K. Alternative voltage
is set to 0.5 V. The measurements were performed in constant temperature conditions in the
280 ÷ 350 K range with a variation rate of 3 K.

The sample is placed between circular, metallic electrodes, gold plated, in a configuration
of capacitor with plan-parallel armatures. The diameter of the electrodes is of 20 mm, the
distance between the electrodes is equal to the thickness of the PDLC film.

The temperature is regulated and controlled with the Quatro-Cryosystem, Novocontrol,
with the following technical possibilities, specified by the manufacturer: sample temperature
reading error 0.01 K, adjustment and control error of 0.05 K.

3 Results and discussion

3.1 DSC and POM studies

The PDLC samples were analyzed by differential scanning calorimetry on a broad tempera-
ture range, from room temperature up to 413 K with a scanning rate of 10 K min−1. Three
heating–cooling cycles were performed for each sample. A clear and rather broad peak cor-
responding to the N-Iso transition of the liquid crystalline mixture confined in the PDLC
matrix was seen only during the first heating run with Tpeak in the 327–329 K range (Fig. 1).

In fact, for each analyzed PDLC blend, the transition started around 320 K, and this
behaviour was confirmed by polarizing optical microscopy (POM). On the following DSC
heating or cooling runs this N-Iso transition was not clearly evidenced because of the scan-
ning rate employed which seems to prevent reaching the thermal equilibrium for the given
conditions (Fig. 2). Still the recorded temperatures are lower than the temperature recorded
for pure E7 (~ 5 K for undoped sample, 6 K for 0.002% CNT and 7 K for 0.004% CNT, when
these values are compared as Tpeak). Previous studies have shown that an increase of the
polymer content in the PDLC blend led to a depression of the N-Iso transition temperature
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Fig. 1 First heating DSC traces
of the E7/PMMA mixture (black)
and the E7/PMMA doped with
CNT (0.002%—red and
0.004%—blue)
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Fig. 2 Polarized optical micrographs of E7/PMMA (40/60 by weight) as separated by SIPS, at room temper-
ature (a); PDLC film heated at 398 K (b) and cooled down to 308 K with 10 K min−1 cooling rate (c)

(TNI) [30]. For instance, Zhong et al. found that for a 50% E7/PMMA sample the N-Iso
phase transition is shifted with 16 K compared to pure E7 (334 K) [27].

Moreover, the presence and the concentration of CNTs in LCs can have a significant
impact on the transition temperatures in general and, more specific, on the N-Iso transition
temperature (TNI or clearing temperature). The studies reported so far showed that the addi-
tion of CNTs leads to an increase of the clearing point of LCs due to the strong attraction
between CNTs and LC. For example, Duran et al. [31] have found an enhanced TNI on
increasing the content of CNTs up to 0.2% in the CNT/E7 mixture which could be attributed
to the anisotropic alignment of E7 induced by the CNT bundles. Further increase of the
MWNT content above 0.3% resulted in the change of the TNI back to 334 K close to the
value found for pure E7 giving a chimney-type phase diagram. The same shift of transitions
to higher temperatures was seen for other CNTs –LC mixtures when compared to the pure
LC. (8CB [32] or 9OO4, 4-butyloxyphenyl 4′-nonyloxybenzoate [33]) In our case, the effect
of the CNTs’ content on the TNI is rather undetectable and unclear; the low concentrations
of CNTs together with the high content of the polymer resulted in almost unchanged TNI
recorded for the undoped and CNTs doped E7/PMMA samples because of the dominant
influence of the E7/PMMA host (Fig. 1).

A schematic representation of the orientation of LC molecules and CNTs in electric field
is presented in Fig. 3 [18, 25, 26].
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Fig. 3 Schematic presentation of
the CNT doped PDLC film under
the action of electric field when
the conductivity of the LC is
much higher than that of the
polymer

Fig. 4 Temperature dependency
of the electric conductivity σ at
10 Hz: -�- pure PDLC; 0.00
2% CNTs; 0.004% CNTs
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In the absence of the electric field, the CNTs are randomly distributed in the LC droplet
and in the polymer. LC molecules tend to align tangent to the CNT (along the length). When
the electric field is applied, the LC molecules reorient in the direction of the filed, driving
the reorientation of the CNTs in the same direction.

Due to the relatively very high conductivity of the LC as compared to the conductivity of
the polymer (σLC ≈ 10−7 S/m and σPMMA ≈ 10−10 S/m in 40/60 E7/PMMA systems [34]),
electric charges will built up at the interface polymer/LC, as shown in Fig. 3, and will reduce
the field across the droplet.

3.2 DS analysis

3.2.1 Temperature dependency

The liquid crystal E7 has the nematic to isotropic transition at 333.5 K, and it has been studied
in literature [35]. Figure 4 shows the temperature dependency of the electric conductivity
at a 10 Hz signal frequency, the purpose of the representation being the observation of the
phase transition, in a more or less attenuated form, in the studied samples. Figure 5 shows
the temperature variation of the loss tangent at fixed frequency, 10 Hz.

As shown in Fig. 4, the curves have a complicated shape: this complexity is easy to
understand due to the presence of the two or three components of the samples (E7/PMMA,
E7/PMMA-CNT) and their mutual interactions.
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Fig. 5 Temperature dependency
of log(tan(δ)) at fixed frequency,
10 Hz: -�- pure PDLC,

0.002% CNTs, 0.004%
CNTs

280 290 300 310 320 330 340 350
-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

lo
g(

ta
n(

δ)
)

T [K]

f = 10 Hz 
 0 % CNT
 0.002 % CNT
 0.004 % CNT

It should be noted the variation with two orders of magnitude of conductivity over the
entire temperature range. The curves do not show any phase transition. We suppose that the
nematic to isotropic transition of the E7 LC is hidden by the PMMA component, as it is seen
both in the curves corresponding to the pure and doped samples. The PMMA component
induces a higher, pre-existing state of order of LC molecules, an order that is maintained even
above the transition temperature, very probable due to the anchoring of the LC molecules to
the PMMA interface.

In the temperature range 310–330 K the curves in Figs. 4 and 5 show inflection points, a
change in the rate of variation with temperature. The temperature domain can be divided in
two subintervals, with very different variation rates: the range of relatively low temperatures,
below T � 320 K, in which the variation rate values are very small, close to zero and the
range of relatively high temperatures, above T � 320 K, where the values of the variation
rate are significantly higher.

As seen in Fig. 4, the presence of CNT has the effect of increasing electrical conductivity,
with increasing concentration, which obviously occurs in the region of low temperatures. At
high temperatures, the values tend to approach the same limit and obviously the influence of
the E7-PMMA host becomes dominant compared to the effect of CNTs.

According to Fig. 5, the loss tangent versus temperature, there is a “turning point” at tem-
perature T � 330 K for the two samples doped with CNTs. The pure and the 0.002%—CNT
doped samples show a complicated, non-monotonous variation with temperature. These
behaviours are the result of the interaction between the two (E7-PMMA) or three (CNT-
E7-PMMA) components of the samples. It is found that, at high temperatures, the values of
tan(δ), corresponding to the different samples, tend to have the same limit.

3.2.2 Frequency dependence at fixed temperatures

The experimental results obtained with DS, which describe the electrical properties, are
usually represented by the complex function of the permittivity.

ε ∗ (ω) � ε′(ω) − iε′′(ω). (1)

Equivalently, other representations can be used: components of electrical conductivity,
σ*(ω), dielectric modulus, M*(ω) or loss tangent, tan(δ).

The following simple relationships between the mentioned electrical quantities can be
established:
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The electrical conductivity and the dielectric permittivity of a material are linked by a
direct general relation. For a sinusoidal electric field, this is:

σ ∗ (ω) � σ ′(ω) + iσ ′′(ω) � σ0 + iε0ε ∗ (ω) (2)

The real and the imaginary parts are:

σ ′(ω) � σ0 + ωε0ε
′′(ω), σ ′′(ω) � ωε0ε

′(ω) (3)

The dielectric modulus is defined as the inverse of the complex dielectric function: M*(ω)
� 1/ε*(ω), and the loss tangent is equal to the ratio between the imaginary and the real
component of the complex dielectric function:

tan(δ(ω)) � ε′′(ω)/ε′(ω), (4)

where δ is complementary to the phase shift angle.
In the following section, we will call “spectrum” the graphical representation of both

electrical quantities considered above depending on the frequency or angular velocity.

3.2.3 Loss tangent spectra

Figure 6 presents the loss tangent spectra at three fixed temperatures: T � 283 K (a), T �
315 K (b) and T � 349 K (c).

At low temperature,T � 283 K, below the E7 transition temperature, there are two maxima,
two net relaxation processes, narrow, “sharp” and well demarcated, one at medium frequen-
cies (100 Hz), called the α-process, and another at high frequencies (1 MHz), the β-process.
The α-dielectric relaxation process is attributed to the movement of LC molecules around
their short axis. The rotational motion is “slowed” by the additional interaction between the
molecular electric dipoles and the polymer. The β process is attributed to the movement of
molecules around their long axis. This type of movement is less influenced by the interaction
mentioned above.

At a higher temperature, T � 315 K, still in the nematic phase of the LC, the maxima of
the α-process, initially in the middle frequency region, shift to higher frequencies, as it was
expected. The β processes can no longer be observed because the frequency corresponding
to their maximum has exceeded the upper limit of the registered frequency band.

In the isotropic state of the LC, at high temperature, T � 349 K, the α-process flattens
and shifts to even higher frequencies, so that they might exceed the maximum frequency
(10 MHz) of the frequency band. The samples show a descending branch in the region of low
frequencies (below 100 Hz). This behaviour is due to the mobile charge carriers’ contribution
of electrical conductivity, but the curvature of these branches at very low frequencies, below
0.5 Hz, shows the approach of a maximum point. This tendency indicates the manifestation of
polarization at the electrode, the accumulation of free carriers on the surface of the electrodes.

3.2.4 Electrical conductivity spectra

Figure 7 represents the conductivity spectra at fixed temperatures, nematic state: T � 283 K
(a) and T � 315 K (b) and isotropic phase: T � 349 K (c).

The curves show the increase of the electrical conductivity influence due to the CNTs.
For these samples, at high frequencies, the influence of the dielectric relaxation process

of the host, the pure sample, is still observed. The plateau region, where the conductivity
is relatively constant, which is barely noticeable at the temperature T � 315 K, extends

123



  797 Page 8 of 14 Eur. Phys. J. Plus         (2020) 135:797 

(a)

(c)

(b)

-2 -1 0 1 2 3 4 5 6 7 8
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

lo
g(

ta
n(

δ)
)

log(f [Hz])

log(tan(δ))
T=349 K

 0 % CNT
 0.002 % CNT
 0.004 % CNT

Fig. 6 Loss tangent spectra—T � 283 K (a); T � 315 K (b); T � 349 K (c). -�- pure PDLC, 0.002%
CNTs, 0.004% CNTs

even further, to higher frequencies at the temperature of T � 349 K. At the same time, the
conductivity values, in this frequency range, are higher than the conductivity measured at
lower temperatures.

3.2.5 Fitting examples

(a) Spectra fitting

To study the response of the molecular system to the applied alternative electric field we
have used the Havriliak–Negami (HN) [36, 37] fitting function, which is a generalization of
the dipolar relaxation functions Debye, and has the form:

ε∗
HN,i (ω) � ε′

i (ω) − iε′′
i (ω) � ε(r,∞),i +

ε(r,0)i − ε(r,∞)i
(
1 +

(
iω · τmax,i

)ai )bi
(5)

i � 1, 2 corresponding to the respective order number of H-N function. In Eq. (5), 0 < ai <

1; 0 < bi < 1; ε(r,0),i is the relative permittivity at very low frequencies (the limit ω → 0),
and ε(r,∞)i is the relative permittivity at very high frequencies (ω → ∞), τmax,i is the
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Fig. 7 Conductivity spectra at three fixed temperatures:—T � 283 K (a); T � 315 K (b); T � 349 K (c). -�-
pure PDLC, 0.002% CNTs, 0.004% CNTs

characteristic relaxation time. The shape parameters, ai and bi , influence the broadening and
the asymmetry of the relaxation curve, around the maximum of the losses. The characteristic
time is the quantity that best characterizes the molecular dynamics.

The parameters of H-N functions are obtained by fitting on the loss tangent spectra, tan(δ).
The important result is how the characteristic time depends on the temperature at which the
electrical quantities spectra have experimentally been obtained.

Upon careful analysis, we notice that the spectra have a rather complicated shape. For this
reason, concretely, for the adjustment to the experimental curves, the generalized function of
the complex permittivity is used, which includes two H-N functions and a conduction term,
as follows:

ε ∗ (ω) � −i

(
σ0

ε0ω

)N

+ εHN,1 ∗ +εHN,2∗ (6)

where σ0 is the specific dc-conductivity, N is a positive, subunit exponent. Using the gener-
alized H-N function fitting, the characteristic relaxation time was obtained, by choosing its
value corresponding to the medium frequency range.
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Fig. 8 The experimental spectrum (solid black square) and the generalized H-N fitting function (solid red
triangle) at a 316 K and b 319 K

Fig. 9 Arrhenius diagram: ln
(τmax) versus 1000/T for the
studied samples
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All CNT doped E7/PMMA samples show a sudden change in the shape of the spectra at
the transition from temperature T � 316 K to temperature T � 319 K. For exemplification,
we chose the spectra of the tangent of the losses of the pure E7-PMMA sample.

The experimental tan(δ) spectra and their corresponding fitting functions, at the above
mentioned temperatures, T � 316 K and T � 319 K are shown in Fig. 8a, b.

Up to the temperature of T � 316.15 K, there is a well pronounced and dominant max-
imum in the region of average frequencies (f � 100–1000 Hz). At the immediately higher
temperature, T � 319 K, the existence of two maxima is observed, that are comparable in
“intensity” and much flattened.

The flat shape of the spectrum, at frequencies higher than 500 kHz, is the effect of overlap-
ping several relaxation processes. It results that the location of the maximum points through
the fitting process (deconvolution) can no longer be done with great precision, as can be seen
in the Arrhenius diagram presented in Fig. 9 and discussed in the following subsection.

(b) Activation energy for the CNT doped E7-PMMA samples

The curves ln(τmax) versus 1000/T presented in Fig. 9 show different variation rates,
in the temperature domains: 280–316 K (corresponding to the nematic state of the LC),
316–333 K and 333–350 K (corresponding to the isotropic state of the LC). The middle,
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Table 1 DS characteristic constants for E7/PMMA and E7/PMMA-CNT doped samples

Sample composition τ0 (s) 10−13 A (EA) (eV) TV (K) Least squares method error

1 Undoped E7/PMMA 3.9 0.507 0.100 8.800 ×10−03

2 E7/PMMA-0.002% CNT 0.27 0.589 0.033 1.144 ×10−02

3 E7/PMMA-0.004% CNT 0.12 0.603 0.100 1.227 ×10−02

relatively large transitory temperature range is attributed to the interface interaction LC-
polymer chains and to the LC nematic to isotrop phase transition.

As seen in Figs. 5 and 6, the absolute values of the conductivity, or tan(δ), increase at the
increase of the CNT concentration, but they are quite close. In some regions of the graphs,
the curves overlap or intersect.

The influence of CNT concentration can be highlighted, in a more subtle way, by descend-
ing to the molecular level, and calculating the activation energy of the α-relaxation process
for all three samples considered so far.

The dependency τmax � f
( 1
T

)
can be modeled using the Vogel–Fulcher–Tammann

(VFT) law [23, 38]:

τmax � τ∞ exp

[
A

KB(T − TV )

]
(7)

where A is a material constant, associated with the energy of activating the rotational motion
of the electric dipoles, kB is Boltzmann’s constant, T is the current temperature and TV is
the Vogel temperature, τ∞ is a pre-exponential factor.

All fitting parameters, τ∞, TV and A, were left free so that they could be obtained by the
program, using the least squares method. We have adopted this path, because we intentionally
did not want to introduce any additional assumptions or hypotheses related to the dependency
law of the characteristic time on temperature. The temperature range was chosen between
283 and 316 K, for all samples, a range in which the characteristic time dependence of
temperature is predictable. The fitting results are summarized in Table 1.

Because the obtained Vogel temperature is very small, the VFT equation passes into the
Arrhenius one, the material constant A being assimilated to the activation energy EA.

The first two fitting parameters have a monotonous variation with the CNT concentration.
The values obtained for parameter A, show a very good confidence, because it describes the
characteristic time behaviour over the entire temperature range.

After analyzing the values in the Table 1, one comes to the conclusion that the activation
energy increases with increasing CNT concentration.

The increase of the activation energy with the CNT concentration is due to the interaction
between the electric dipoles of the LC and CNT molecules, which leads to the increase of
the potential barrier that must be overcome to change the orientation under the action of the
applied electric field. CNTs, through their concentration, have a double effect, increasing the
electrical conductivity of direct current and increasing the activation energy of the movement
of LC molecules.
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4 Conclusions

We obtained PDLC samples, E7/PMMA, 40/60 (w.w.) and the corresponding CNTs doped
films.

For the N-I phase transition temperature, DSC spectra show a slight shift towards smaller
values for the doped samples as compared to the pure one.

The clearing temperatures (nematic to isotropic transition) recorded by DSC for the PDLC
blends were found to shift to lower values than the value recorded for pure E7 LC mixture
with no significant impact of the CNTs’ concentration due to the dominant effect of the
E7/PMMA host.

From the DS study, a two order magnitude variation of the conductivity over the entire
temperature range was observed. The nematic to isotropic phase transition was not clearly
evidenced on the conductivity plots due to the anchoring of the LCs at the polymer inter-
face in the small existing droplets which hinders the partially ordered–disordered passage
observation. However, the plot of the conductivity and loss tangent versus temperature, in
the 310–330 K temperature range, display several inflection points and clear modifications
of variation rates. These behaviours are the result of the interaction between the E7-PMMA
and CNT-E7-PMMA components of the samples.

The presence of CNTs gives an increase of electrical conductivity, with increasing con-
centration.

At high temperatures, the conductivity and the loss tangent values get closer and tend to
approach the same limit. The influence of the E7-PMMA host becomes dominant as compared
to the CNTs.

Since a sudden change in the shape of the spectra was obtained in the (316–319) K interval,
the loss tangent was studied at the lower and upper limit of the interval. Because a complex
shape of the loss tangent spectra was observed, the generalized H-N functions have been used
for fitting. A very good agreement with the experimental results was obtained, and the values
of the characteristic times were extracted. The flat shape of the spectrum, at frequencies
higher than 500 kHz, was assigned to overlapping effect of several relaxation processes.

The temperature variation of the characteristic time has three variation rate domains, which
were attributed to: the nematic phase of the LC (at the lower temperature range), a transition,
relatively large temperature range attributed to the interface interaction LC-polymer chains
and to the LC nematic to isotrop phase transition and, at the highest temperature range, to
the isotropic phase of the LC.

The dependency of the characteristic relaxation time on temperature was modeled using
the Vogel–Fulcher–Tammann function and showed a temperature variation according to the
Arrhenius law. The very low values of the Vogel temperature show that the characteristic
time, for all samples, is subject to the Arrhenius law, and the fitting parameter, identified with
the activation energy, increased with increasing CNT doping concentration.

The present study might be used in the optical transmission models in some frequency
ranges and in the design of electrical circuits that incorporate PDLC films-based devices.
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A new bis-imidazolium salt with two cyanobiphenyl groups and dodecyl sulfate counterion (BIC) was prepared
by themetathesis reaction of the bromide saltwith sodiumdodecyl sulfate. The ILC shows at room-temperature a
stable smectic A phase, confirmed by differential scanning calorimetry, polarized opticalmicroscopy, and powder
X-ray diffraction investigations. The ILC was doped with TiO2 nanoparticles, having a high specific area, in con-
centrations of 0.1%, 0.2%, 1% and 2%.
Broadband Dielectric Spectroscopy spectra have been registered in the (10−1–107) Hz frequency range, and
(250–330) K temperature domain.
The study shows that at constant frequency, the conductivity increaseswith the temperature anddopant concen-
tration. The characteristic times of the observed relaxation processes showed a temperature variation according
to the Vogel-Fulcher-Tammann law. Higher values of characteristic times were calculated at the increase of the
thickness of the sample. On the other hand, the increase of the concentration of TiO2 nanoparticles leads to a de-
crease of the characteristic relaxation times.
In order to detect whether the obtained high permittivity increase is due to the Maxwell-Wagner or Electrode
Polarization (EP) type phenomena, studies weremade on samples of the same concentration, but different thick-
nesses, and EP was assigned as the main cause of this dielectric constant variation.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Ionic liquid crystals (ILCs) are a class ofmaterials integrating the spe-
cial conductive properties of ionic liquids (ILs) and the self-organization
characteristics of the liquid crystals (LCs) [1–4].

While being formed of cation/anion typical to the ILs, the attaching
of long alkyl chains helps the setting up of mesophases characteristic
to the LCs, such as the smectic ones. These types of materials are cur-
rently being studied extensively, and their field of utilization is con-
stantly expanding due to their recent applications: solar cells [5],
membranes, batterymaterials, electrochemical sensors, electrolumines-
cent switches, etc.

On the other hand, in the last decade, attempts have been done to
improve the LCs characteristics by doping with nanoparticles (NPs), in
an attempt to combine some beneficial features of the LCs and NPs [6,7].
rcu),
Manaila-Maximean).
Due to the interaction with the host matrix, NPs can be aligned or
reoriented by the LC, producing notable changes in their electrical and
optical properties [8–11], accompanied by thermodynamic changes in
phase transitions [12–14]. A wide range of NPs has been used as dop-
ants: carbon nanotubes [15–18], graphenes [19], aerosils [10,11,20,21],
gold, magnetic NPs [22–24], diamond [25] etc. The TiO2 particles were
used as dopant in LCs, obtaining increases in ionic conduction and de-
creases in switching voltage [26–28].

In this work we present the design and synthesis of a new ILC, a
dimeric bis-imidazolium salt with cyanobiphenyl groups and dode-
cyl sulfate counterion. The ILC was characterized by 1H and 13C
NMR spectroscopy. Its crystalline properties have been analysed by
polarizing optical microscopy (POM), differential scanning calorime-
try (DSC) and powder X-ray diffraction (XRD) studies. The dielectric
spectra of the ILC doped with different amounts of TiO2 NPs have
been registered in the frequency range from 10−1 to 107 Hz and in
the temperature range from 250 to 330 K corresponding to the dif-
ferent phases of the ILC (mesophase and isotropic state). We discuss
the influence of the dopant in the obtained permittivity, dielectric

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2020.113939&domain=pdf
https://doi.org/10.1016/j.molliq.2020.113939
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loss and conductivity. The activation energy was calculated by
employing the Vogel–Fulcher–Tammann law [29] and the character-
istic time was obtained by fitting the spectra of the dielectric loss
with the Havriliak–Negami functions [22,30]. Since electrode polari-
zation [31] could shield the dielectric response of the studied mate-
rial, we have also analyzed samples of difference thicknesses at
constant dopant concentration.
2. Experimental

All the chemicals were from commercial sources and used as sup-
plied (Sigma-Aldrich and Merck). TLC was performed on commercial
coated aluminium plates with Silica Gel matrix with fluorescent indica-
tor 254 nm (SigmaAldrich), and the detectionwas done by anUV lamp.
C, H, N analyses were carried out with an EuroVector EA 3300
instrument.

1H and 13C NMR spectra were recorded on a Bruker Fourier 300
spectrometer operating at 300 MHz, using CDCl3 as solvent. 1H and
13C chemical shifts were referenced to the solvent peak position
(7.26 ppm 1H, 77.00 ppm 13C). The proposed structure for the bis-
imidazolium derivatives fully agrees with the recorded experimental
data. The liquid crystalline properties of the new bis-imidazolium
salt were analysed using a Nikon 50iPol polarized optical microscope
connected with a Linkam THMS600 hot stage and TMS94 control
processor. Untreated glass slides were used for these observations.
The thermal behaviour and the enthalpies of the phase transitions
for the bis-imidazolium salt as well as the samples doped with TiO2

were recorded with a Diamond DSC Perkin Elmer instrument. The
samples were encapsulated in aluminium pans and analysed at a
scanning rate of 10 K/min. Two heating/cooling cycles were recorded
for each sample. The powder X-ray diffraction measurements were
performed on a D8 Advance diffractometer (Bruker AXS GmbH,
Germany), in parallel beam setting, with monochromatized Cu–Kα1

radiation (λ = 1.5406 Å), scintillation detector, and horizontal sam-
ple stage. The measurements were made in symmetric (θ-θ) geome-
try in the 2θ range from 1.5° to 35° in steps of 0.02°, with measuring
times per step in the 5–40 s range. The sample was deposited on
glass slides and measured at room temperature (298 K).
2.1. Dielectric spectroscopy (DS)

The Dielectric Spectroscopy measurements were performed
using a Broadband Dielectric Spectrometer, NOVOCONTROL,
consisting in the Alpha-A High Performance Frequency Analyzer in
the LF domain 0.1–107 Hz equipped with WinDETA software. The
spectra have been registered in the (250–330) K temperature do-
main. Temperatures were controlled within 0.2 K. Alternative volt-
age is set to 0.5 V.
Table 1
Composition of investigated sample and distances between electrodes in dielectric spec-
troscopy measurements.

No. Sample-code
name

Composition TiO2/ILC concentration
[%]

Electrods
distance
d [μm]

1 BIC Pure ILC 50
2 BIC-01 0.1% 50
3 BIC-02 0.2% 50
4 BIC-1 1% 50
5 BIC-2 2% 50
6 BIC-2-B 2% 95
7 BIC-2-C 2% 19.5
2.2. Synthesis of compound 1

This compound was prepared from 1,1′-(1,6-hexanediyl)
bisimidazole and 4′-(6-bromohexyloxy)biphenyl-4-carbonitrile in a
similar way with the procedure described in literature [32]. 1,1′-(1,6-
hexanediyl)bisimidazole (1.36 g, 6.25 mmol) was dissolved in acetoni-
trile. To this solution, 4′-(6-bromohexyloxy)biphenyl-4-carbonitrile
(5 g, 14 mmol) was added, and the reaction mixture was heated
under reflux in nitrogen overnight. After this time, the solvent was re-
moved via rotary evaporation. The residue was purified by column
chromatography using silica gel with dichloromethane–methanol (9:
1). Yield 95% 1H NMR (300 MHz, ppm, CDCl3) δ 10.52 (s, 2H),
7.72–7.62 (m, 10H), 7.53 (d, 4H, J = 8.7 Hz); 7.29 (s, 2H), 6.97 (d, 4H,
J = 8.7 Hz), 4.40–4.28 (m, 8H), 3.98 (t, 4H, J = 6.3 Hz), 1.95 (m, 8H),
1.77 (m, 4H), 1.50–1.25 (m, 12H).
2.3. Synthesis of compound 2 (BIC)

A solution of sodium dodecyl sulfate (1.09 g, 3.75 mmol) in metha-
nol (25ml)was added dropwise over a solution of bis-imidazoliumbro-
mide salt 1 (1.40 g, 1.5mmol) in dichloromethane (50ml). Themixture
was stirred at room temperature for 2 h. After this time 100ml of deion-
ized water was added and the organic layer was separated and washed
several times with water until no further identification reaction of Br−

ion with AgNO3 was noticed. The phase was dried over sodium sulfate
followed by the removal of organic solvent by rotary evaporation. The
solid was recrystallized two times from a mixture of dichloromethane
and ethyl ether to give a waxy white solid. Yield 69%. Anal. Calcd. for
C74H108N6O10S2: C% 68.06, H% 8.34, N% 6.44. Found: C% 67.74, H% 8.55,
N% 6.62. 1H NMR (300 MHz, ppm, CDCl3) δ 9.61 (s, 2H), 7.72 (s, 2H),
7.63 (m, 8H), 7.50 (d, J = 8.6 Hz, 4H), 7.28 (s, 2H), 6.95 (d, J = 8.6 Hz,
4H), 4.47–4.18 (m, 8H), 3.99 (m, 8H), 1.91–1.61 (m, 12H), 1.70–1.12
(m, 52H), 0.84 (t, J = 6.5 Hz, 6H).13C NMR (75 MHz, ppm, CDCl3) δ
159.62, 145.19, 136.92, 132.56, 131.31, 128.33, 127.05, 123.18, 121.76,
119.11, 115.05, 110.00, 67.84, 49.85, 49.40, 31.90, 30.12, 29.75, 28.91,
28.91, 28.68, 25.96, 25.49, 24.39, 22.68, 14.13.

2.4. Preparation of the mixtures of ILC doped with TiO2 nanoparticles

TiO2 nanoparticles (Degussa, code name P25)with an average diam-
eter of 20 nm, presenting the phase ratio Rutile/Anatase 85/15, were
employed in this study. The sampleswith 2% and 1% TiO2were prepared
by dissolving first the bis-imidazolium salt (200mg) in aminimum vol-
ume of dichloromethane (1mL) followed by the addition of TiO2 (4 and
2mg respectively). In each case the resultingmixture was sonicated for
at least 60 min followed by the removal of solvent, drying in vacuum
and cooling at 273 K. The samples having 0.1 and 0.2% TiO2 were pre-
pared by mixing 20 mg of previously prepared samples containing ei-
ther 1 or 2% TiO2 respectively with 180 mg of pure liquid crystal
followed by the same procedure described for the first two samples.
All samples were kept at 273 K before the physical measurements.
Prior to dielectric measurements, the samples were heated to 323 K
and sonicated for at least 15 min to ensure a homogeneous dispersion
of TiO2 in the liquid crystal sample.

In Table 1 are presented the TiO2/ILC concentrations and thedistance
between the electrodes used to perform the Dielectric Spectroscopy
(DS) characterization. In order to study the electrode polarization (EP)
phenomenon, three samples with the same concentration and different
distances between the electrodes have been used.

3. Results and discussion

3.1. Synthesis

The synthesis of the new ionic liquid crystal (2-BIC) with two dodecyl
sulfate groups as counterions is described in Scheme 1. The new bis-
imidazolium salt was prepared starting from 1,1′-(1,6-hexanediyl)
bisimidazole (3) [33] and 4′-(6-bromohexyloxy)biphenyl-4‑carbonitrile



Scheme 1. Synthesis of dimeric bis-imidazolium salt with cyanobiphenyl groups and dodecyl sulfate counterion: (i) Br(CH2)6Br, NaH; (ii) Br(CH2)6Br, K2CO3, butanone; (iii) acetonitrile,
reflux; (iv) C12H25OSO3Na, methanol/dichloromethane.
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(4) in acetonitrile under reflux. The resulting bromide salt (1) was puri-
fied on silica using dichloromethane -methanolmixture as eluant and re-
crystallized from a mixture of dichloromethane and ethyl ether. In the
next step, themetathesis reaction of the bromide anionwith dodecyl sul-
fate gave the final product as a waxy solid in very good yield [15,34]. The
exchange of bromide with dodecyl sulfate ion is clearly supported by 1H
and 13C NMR spectroscopy. The NMR chemical shifts of the three protons
of imidazolium rings are strongly dependent on the nature of counterion
due to specific anion-cation interactions related to hydrogen bonding. But
the most significant change, an upfield shift of the signal assigned to the
proton located between the two nitrogen atoms of the imidazolium
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Fig. 1. DSC traces (second heating-cooling cycle) for BIC + 1%TiO2 (a) and the
ring, was observed in the 1H NMR of sulfate salt BIC, from 10.52 ppm in
the 1H NMR of bromide salt 1 to 9.61 ppm for BIC (Fig. S1, SI).

3.2. Thermal behaviour

The thermal behaviour of the pure and the TiO2-doped LC samples
were investigated by a combination of polarized optical microscopy
(POM), differential scanning calorimetry (DSC) and powder X-ray dif-
fraction at room temperature.

The DSC traces for different mixtures of BIC and TiO2 nanoparticles
are shown in Fig. 1. On the first heating run, the bis-imidazolium salt
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second heating run for pure and doped with TiO2 ionic liquid crystal (b).



(a)

(b)
Fig. 2. POM pictures (200×) of BIC+ 0.1%TiO2 at 308 K (a) and BIC+ 0.2%TiO2 at 307 K
(b).
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shows a strong endothermic transitionwith Tonset=313.5 K assigned to
a combination of melting from the crystalline phase and clearing transi-
tion to the isotropic liquid. The following cooling and heating runs show
onebroad transition between the isotropic phase and a liquid crystalline
phasewith Tonset= 308.6 K. Cooling the sample below273 K resulted in
a second broad transition to a crystalline phase. Both transitions are re-
producible on further heating-cooling cycleswith no change of the tran-
sition temperature. An increase of the clearing point was seen on
increasing the concentration of TiO2, from 308.6 K for pure ILC to
312.2 K for ILC doped with 2% TiO2 concomitant with the sharpening
of the SmA-Iso transition (Fig. 1b).

In Table 2 are presented the thermal parameters for bis-imidazolium
salt with dodecyl sulfate counterions 2 (BIC).

The nature of the liquid crystalline phase was investigated by POM
and X-ray diffractionmeasurements at room temperature. The POMob-
servations evidenced the development of a fan shaped texture on
cooling from the isotropic liquid together with large homeotropic
areas leading to the assignment of a layered SmA phase, the typical
phase seen for ionic liquid crystals (Fig. 2). Additionally, the same fea-
tures and no significant changes of the textures were observed for the
samples doped with TiO2 which confirm that the nanoparticles are ho-
mogeneously dispersed in the liquid crystalline phase (Figs. 3 and 4).
When increasing the nanoparticle concentration (2%), small TiO2

agregates might be formed. The formation of the SmA phase was con-
firmed by X-ray diffraction pattern recorded at 298 K after the sample
was first heated to 323 K, in the isotropic phase, and then allowed to
cool down to room temperature, well below the Iso-SmA transition.
The X-ray diffractogram show two strong reflections in the small
angle region in the 1: 2 ratio giving a calculated layer spacing of
29.62Å, and a broad signalwith themaximum located around 4.3 Å cor-
responding to the short-range order lateral intermolecular interactions
confirming the liquid-like state of the sample (Fig. 5).

3.3. Dielectric permittivity: study of relaxation process

In Fig. 6 is presented the temperature dependencies of thepermittiv-
ity for the pure ILC, code name BIC, at three frequencies: 10 Hz, 100 Hz
and 1000 Hz. The curves do not present discontinuities.

Three regimes of permittivity variation can be observed: at low tem-
peratures the permittivity is practically constant and the variation rate
is very small, at medium temperatures the variation is moderate and
at high temperatures the variation rate is important. Between the latter
two regimes, there is a “transition” interval between (294–306) K.

TheDS results allow the study of the TiO2 influence on the permittiv-
ity variation of different ILC composites.

For comparison, the extreme concentrations (the lowest and the
highest concentrations) BIC-01 and BIC-2 samples have been consid-
ered. In Fig. 7a and b is presented the real ε ' = ε ' (T) part of the permit-
tivity of these samples, at two TiO2 concentrations (samples BIC-01 and
BIC-2) at the same frequencies. The analysis of these figures shows that
the three temperature regimes are almost unchanged. The “transition”
temperature interval shifts slightly towards lower temperatures for
the BIC-2 sample as compared to the BIC-01 one.
Table 2
Thermal parameters for bis-imidazolium salt with dodecyl sulfate counterions BIC.

Compound Transition, T/K, ΔH/kJ.mol−1

2(BIC) 1st heating-cooling: Cr1 312 SmA 313.5(74.4)a Iso 312.4(−0.7) SmA
263b Cr2
2nd heating-cooling: Cr2 278 SmA 308.4(0.6) Isoc 311.5(−0.6) SmA
263b Cr2

a Combined enthalpy for two Cr1-SmA and SmA-Iso transitions. The first Cr1-SmA
transition was observed by POM.

b Enthalpy of the SmA-Cr2 transition was not calculated.
c Broad transition.
The analysis of the molecular dynamics is permitted by the spectral
study of the following quantities:

ε � ωð Þ ¼ ε0 ωð Þ−iε} ωð Þ; σ � ωð Þ ¼ σ 0 ωð Þ−iσ} ωð Þ; tan δ ωð Þð Þ ¼ ε} ωð Þ=ε0 ωð Þ
ð1Þ

where ε ∗ (ω) is the complex permittivity function, ε ' (ω) is the permit-
tivity and ε " (ω) is the dielectric loss, σ ∗ (ω) is the complex conductiv-
ity, σ ' (ω) is the conductivity and σ " (ω) is the imaginary part of the
conductivity, tan(δ(ω)) is the loss tangent (δ(ω)is the loss angle, the
complement of the phase lag angle).

Fig. 8 presents the spectra of the permittivity of sample BIC, at three
temperature values, chosen in the range of interest, T = 294 K, 306 K
and 324 K.

The analysis of the spectra shown in Fig. 8 is clearer by subdividing
the frequency range in two sub-domains. The low-medium frequencies,
f = 10−1 − 103 in which the two permittivity components, ε' and ε",
have very high values, between 102 − 106 for ε', and 101 − 105 for ε",
respectively. The dielectric constant has a two slope variation. The 3–4
magnitude order permittivity increase in this range might be explained
by one of the two dielectric relaxation processes specific to low frequen-
cies: Maxwell-Wagner (M-W) type interfacial relaxation and electrode
polarization (EP). These processes are caused bymobile ions accumulat-
ing at TiO2 nanoparticle surfaces (M-W) or at the electrode-sample in-
terface (EP).

The second range is that of the medium-high frequencies, where a
dipolar relaxation process is present, attributed to the LC molecules
dynamics.

The presence of TiO2 particles does not modify essentially the shape
of the ILC dielectric spectra, but their absolute values.
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Fig. 3. POM pictures (200×) of BIC + 1%TiO2 on cooling from the isotropic phase at different temperatures: 311 K (a), 310 K (b).

)b()a(

Fig. 4. POM pictures (200×) of BIC + 2%TiO2 on cooling from the isotropic phase at different temperatures: 311 K (a), 309 K (b).
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In Fig. 9a and b are shown the permittivity spectra for the samples
BIC-01 and BIC-2, having the lowest and the highest particles
concentrations.

For the study of relaxation processes, the most flexible fitting func-
tion is the Havriliak-Negami (HN) [22,29,30] one, which is a generaliza-
tion of the dipolar relaxation functions Debye or Cole-Cole type:

ε�HN ωð Þ ¼ ε0 ωð Þ−iε} ωð Þ ¼ εr;∞ þ εr;0−εr;∞
1þ iω � τmaxð Þa� �b ð2Þ
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Fig. 5. Powder X-ray pattern for bis-imidazolium salt BIC recorded at 298 K.
with 0 < a< 1; 0 < b< 1; where εr, 0 is the relative permittivity at very
low frequencies (the limitω→ 0), and εr, ∞ is the relative permittivity at
very high frequencies (ω→∞), τmax is the characteristic relaxation time.
The shape parameters, a and b, influence the broadening and the asym-
metry of the relaxation curve, around the maximum of the losses. The
characteristic relaxation times are obtained by fitting the spectra with
the HN functions.

As resulted from the experimental data, the relaxation time depends
on temperature and due to this dependency, a functional relation
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should be provided between the two quantities. Themost convenient is
the empirical Vogel-Fulcher-Tammann (VFT) [23,35] law:

τmax ¼ τ∞ exp
A

kB T−TVð Þ
� �

ð3Þ

where the fitting parameters have the following significations: A is a
material constant quantitatively linked to the energy of the activation,
TV is the Vogel temperature, τ∞ is a pre-exponential factor equal to the
value of the relaxation time at very high temperatures. Through loga-
rithm of the VFT law, a more convenient form for obtaining the fitting
parameters is obtained:

ln τmax xð Þð Þ ¼ ln τ∞ð Þ þ A
kB

x
1−TVx

; x ¼ 1=T ð4Þ

From the graphical representation ln(τmax) = f(1/T), the fitting pa-
rameters are obtained.

For exemplifying the HN fitting procedure on the dielectric spectra
and consequently the fitting for the characteristic time in the VFT repre-
sentation, the data for the sample BIC-02 have been used. In Fig. 10a is
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BIC-01; (b) Sample BIC-2.
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presented the spectrum of the tangent of the losses and in Fig. 10b is the
Cole-Cole diagram, representing the dependency of the dielectric losses,
ε", on the dielectric constant, ε', at the temperature T = 309.15 K. The
shape of the curve (marked with red points) suggests the use of a two
components fitting curve. The two representations (Fig. 10a and b) are
equivalent: from thephysical point of view, they contain the same infor-
mation. The fact that the fitting curve is very well adapted to both rep-
resentations proves that the hypothesis of using the HN functions is
correct for the study of ILC [28]. If this would not have been the case, a
good superposition of the fitting function in one representation and a
worse one in the other representation would have been obtained.

The next step is the assembly of the fitted values obtained for the
characteristic times, associated to the same relaxation processes, at dif-
ferent temperatures in a VFT diagram (or Arrhenius diagram), as in
Fig. 10c, fromwhich, by fitting using the VFT law the corresponding pa-
rameters are obtained.

The obtained fitting parameters have the following values: τ∞ =
2.000 ⋅ 10−8 s, A = 1.390 ⋅ 10−01 eV, TV = 2.019 ⋅ 10+02 K. The high
values of the Vogel temperature, TV, show that the sample has a behav-
iour specific to materials with glass transition, present in the isotropic
phase in the case of some LCs.

3.4. Ionic conductivity

The electric conductivity and the dielectric permittivity of a material
are linked by a direct general relation. For a sinusoidal electric field, this
is:

σ � ωð Þ ¼ σ 0 ωð Þ þ iσ} ωð Þ ¼ σ0 þ iε0ε � ωð Þ ð5Þ

The real and the imaginary parts are:

σ 0 ωð Þ ¼ σ0 þωε0ε} ωð Þ; σ} ωð Þ ¼ ωε0ε0 ωð Þ ð6Þ

In the case of the pure electronic conduction there is no frequency
contribution at the real part, ε’, of the dielectric function; its imaginary
part, ε″, has a linear increase with the decrease of the frequency, and
the proportionality coefficient is given by the conductivity value in con-
stant current regime. Reciprocally, in the conductivity function for an
electronic conduction process, the real part, σ’, is constant in frequency,
and the imaginary part,σ″, increases linearlywith the frequency. For the
ions containing samples, it is experimentally proven that in the central
frequency range, between 102 and 104 Hz, the electric conductivity
has a slight increase with the frequency, which might be explained by
the ions movements.

The temperature dependency of the electrical conductivity for the
sample BIC is presented in Fig. 11, at three frequency values: f =
10 Hz, 100 Hz, 1000 Hz.

In the representation log(σ') = f(T), two regimes are noted, having
different variation rates. At low temperatures, the conductivity has
lowvalues and it has a small variation (10−13− 10−11S/cm). At temper-
ature increase, the conductivity changes with approximately 4–5 mag-
nitude orders, specific to the semiconductors (10−08 − 10−06S/cm),
and the variation is rather exponential. This indicates a change in the
conduction mechanism.
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The electric conductivity of the majority of LCs containing mobile
ions obeys the Arrhenius [36] law:

σDC ¼ σ0 Tð Þ exp −WA=kBTð Þ ð7Þ

where σDC is the direct current (DC) conductivity at ω → 0, σ0 is a ma-
terial constant, WA is the activation energy of the conduction, and the
temperature dependency σ0 = σ0(T) is not explicit. Approximately, if
the temperature interval is not too large, one might consider that the
temperature variation is predominantly exponential. Thus, a simpler
and less precise relation might be used,

σDC ¼ σ0;0 exp −WA=kBTð Þ ð8Þ

where the fitting parameters are the pre-exponential factor σ0, 0, which
is equal to the ionic conduction value for very high temperatures, and
the activation energy WA.

As can be seen from Fig. 11, the temperature dependency of the con-
ductivity is much more complicated than the one foreseen by relation
(7).

To investigate the influence of the TiO2 nanoparticle concentration
on the electric conductivity in Fig. 12 are presented the temperature de-
pendencies of the conductivities for the samples BIC-01 and BIC-2, to-
gether with the pure ILC, sample BIC.

Interestingly, for all samples, three temperature intervals are to be
remarked, where the conductivity variation is weaker or stronger
(270–300) K.

In order to put into evidence the ionic conductivity, the conductivity
spectra σ ' = σ ' (ω) are used.

In Fig. 13 are shown the conductivity spectra of the pure ILC BIC at
three temperature values. In the medium frequency region, due to a
slight increase of the conductivity with the frequency, the presence of
the ionic conductivity is observed. The strong decrease of the conductiv-
ity at low frequencies is due to the electrode polarization (EP).

The influence of the concentration is best observed by the shifting of
the maxima of the tangent loss spectra,tan(δ) = f(ω), for the samples
with various electric conductivity. In the present discussion, the max-
ima are due to the influence of the electrode polarization. It is known
that the characteristic time for the EP is inversely proportional to the
square root of the charge carrier concentration, and the characteristic
frequency, ωmax, which is equal to the inverse of the characteristic
time, will increase at the increase of the electrical conductivity.

For comparison, in Fig. 14 are presented the spectra of the tangent
loss, tan(δ), associated to the samples BIC-01 and BIC-2, at the same
250 260 270 280 290 300 310 320 330

-12

-11

-10

-9

-8

-7

-6

lo
g(

S/
cm

)

T [K]

f=10Hz
 pure
 0.1%
 2%; 50 m

Fig. 12. Electric conductivity versus temperature at fixed frequency, f = 10 Hz, for the
samples: BIC, BIC-01 and BIC-2.
temperatures. The general tendency, experimentally observed, is that
the maximum point shift towards higher frequencies for the samples
with greater concentration.

Analyzing the diagram presented in Fig. 14, the shift of the maxi-
mum of log(tan(δ)) is observed, towards the higher frequency region,
at the increase of the concentration. Since the characteristic time is in-
versely proportional to the frequency correspondent to this maximum,
it follows that at the increase of the concentration, the characteristic
time decreases.

3.5. The electrode polarization

The electrode polarization is an unwanted effect during the dielec-
tric measurements, because it might shield the intrinsic dielectric re-
sponse of the sample. The polarization appears mainly for samples
with medium and high conductivity and influences the dielectric prop-
erties at low frequencies. Both themagnitude and the position of the EP
frequency depend on the conductivity of the sample and can lead to
large values of the real and imaginary part of the complex function of
permittivity.

In the ultra- low frequency range (100 Hz–1 KHz), at frequency de-
crease, the real part of the permittivity increases strongly to very high
values; this can not be explained by molecular relaxation processes.
For this reason, such behaviour must be attributed to EP.
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Fig. 14. Spectra of the tangent loss, associated to the samples: -■-BIC, -Δ-BIC-01, -●-BIC-
02 and -▼-BIC-2, at 294 K.



Table 3
The dependence of the characteristic relaxation time on the thickness for samples with
0.2% TiO2 and the ratio τm/d.

Sample Thickness τm [10−3 s] Ratio τm/d

BIC-2-C 19.5 9.907 0.50805
BIC-2 50.0 12.87 0.2574
BIC-2-B 95.0 28.64 0.30147
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In a sample containing mobile charge carriers, when subjected to
electric field, an accumulation of carriersmoving towards the electrodes
may occur. Agglomeration of ions near electrodes gives rise to a spatial
charge region. In the presence of the spatial charge, the electric field be-
comes inhomogeneous, so that near the electrodes the intensity is
higher, and in the central area between the electrodes the intensity is
smaller. The inhomogeneity is all the more accentuated as the fre-
quency of the electric field is lower.

Based on a simple model, the blocking of the charge at the inter-
face electrode/sample can be described by a double electric layer
with an effective width characterized by the Debye length, LD. This
double layer produces a large electrical capacity in series with the
studied sample.

The time dependency of the EP is due to the charge and the dis-
charge of the double layer capacity. The considered model [37] can
be used to estimate the effect of the EP. The dielectric complex func-
tion, εEP∗ , is: εEP∗ = εr + ΔεEP/(1 + iωτEP); where ΔεEP = [(L/
2LD) − 1]εr, and τEP = (ε0εr/σDC)(L/2LD) is the characteristic relaxa-
tion time, specific to EP, σDCwas defined previously and L is the inter-
electrode distance. The influence of the EP on the dielectric complex
function increases with increasing conductivity, as the effect shifts to
higher frequencies.

On the other hand, when increasing the sample thickness, L, the EP
process shifts to lower frequencies. For this reason EP can be distin-
guished from sample volume behaviour by studying changes made to
the spectra of thedielectric functionwhen changing the electrodemate-
rial and/or the thickness of the sample.

In reality, the physical processes describing EPs are much more
complicated.

In this respect, several models based on hypotheses more or less
simplifying have been elaborated [38,39]. More complete models are
found in references [40–46].

Firstly, before using any of thesemodels, one should have the confir-
mation that the dielectric relaxation process that occurs at low frequen-
cies and high temperatures is EP.

For this purpose, we performed a series of DS measurements on the
same concentration (0.2%) samples, BIC-2, BIC-2B and BIC-2C), with dif-
ferent inter-electrodes distances. The greater concentration sample has
been chosen, where the EP effect should be most pronounced. From the
specimen spectra the ones that are at the highest temperature have
been chosen, where the EP appears obviously. The electrical quantity
chosen is the loss tangent, tan(δ), which shows a pronounced maxi-
mum point at relatively low frequencies, easy to locate. By fitting with
a single HN function, the characteristic time, τmax = τEP is obtained
and the angular velocity of the respective point is: ωmax = 1/τEP.

Fig. 15 presents the variation of the loss tangent versus frequency,
double logarithmic scale, for the greatest (0.2%) concentration samples
Fig. 15. The loss tangent versus frequency, double logarithmic scale, for the greatest (2%)
concentration samples of different thickness.
of different thickness. According to Fig. 15, the position of themaximum
depends on the sample thickness (electrodes inter-distances). It is
known that the loss tangent is independent on sample dimensions but
EP depends on the distance between the electrodes. Thus, the shift of
the maximum point is given by the EP effect.

In Table 3 is presented the characteristic relaxation time for three
thicknesses, d, and the calculated ratio between the relaxation time
and the thickness, τm/d.

The mean value of the ratio τm/d=0.3556, indicating an acceptable
error of the experimental results.

4. Conclusions

A new dimeric ILC based on bis-imidazolium salt with two
cyanobiphenyl groups and dodecyl sulfate counterion (BIC) was pre-
pared by the metathesis reaction of the corresponding bromide salt
with sodium dodecyl sulfate and its structure was confirmed by
1H and 13C NMR spectroscopy and elemental analysis. The bis-
imidazolium salt shows a room-temperature smectic A phase stable in
the 278–309 K temperature range as confirmed by a combination of
the DSC, POM and powder X-ray diffraction investigations.

The ILCwas dopedwith TiO2 nanoparticles in concentrations of 0.1%,
0.2%, 1% and 2%. The DSC measurements performed in the 263–323 K
revealed a sharpening of the transition as well as a shift of the Tonset to-
wards higher values, from 308.6 to 312.2 K, on going from pure to ILC
dopedwith 2% TiO2 nanoparticles. The EP studywas performed on sam-
ples of the same concentration and different thickness. The dielectric
spectra have been registered in a 10−1 to 107 Hz frequency range and
250–330 K temperature domain.

Themolecular dynamics and the ionic conductivity of the ILC and the
ILC – TiO2 composites have been studied in detail by DS and it has been
concluded that the ionic component of the LC has a dominant influence
in the composites.

The study of ionic conductivity involves rates of variation of permit-
tivitywith different temperatures over clearly observed temperature in-
tervals and which can be connected with phase transitions.

At constant frequency, the conductivity increased with the temper-
ature and dopant concentration. In the analysed frequency range, at
least two dielectric relaxation processes are present. The characteristic
times of the observed relaxation processes show a temperature depen-
dency obeying the Vogel-Fulcher-Tammann law. It was found that the
characteristic relaxation time increaseswith the thickness of the sample
and it decreases at the increase of the TiO2 concentration.

At high temperatures and low frequency range the electrode polari-
zation phenomena aremore visible. The large extend increase of the di-
electric permittivity was assigned to the EP type phenomena.
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Abstract
Electro-optical devices that work in a similar fashion as PDLCs (polymer-dispersed liquid crystals), produced from cellulose

acetate (CA) electrospun fibers deposited onto indium tin oxide coated glass and a nematic liquid crystal (E7), were studied. CA

and the CA/liquid crystal composite were characterized by multiple investigation techniques, such as polarized optical microscopy,

dielectric spectroscopy and impedance measurements. Dielectric constant and electric energy loss were studied as a function of fre-

quency and temperature. The activation energy was evaluated and the relaxation time was obtained by fitting the spectra of the

dielectric loss with the Havriliak–Negami functions. To determine the electrical characteristics of the studied samples, impedance

measurements results were treated using the Cole–Cole diagram and the three-element equivalent model.
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Introduction
The widely known polymer dispersed-liquid crystals (PDLCs)

are a class of liquid crystal (LC)-based electro-optical devices,

formed by LC droplets dispersed in a solid polymeric matrix

[1-5]. The optical transmission of such devices is sensitive to

external AC electric fields. Without external influence (the so

called OFF state), PDLCs scatter the incident light due to the

fact that the LC molecules are anchored to the inner surface of

the droplets in the polymeric matrix, having a non-uniform ori-

entation between different droplets. Since there is no uniform

direction of alignment of the LC director between different

droplets, the optical path of the incident light travelling through

a PDLC is different from point to point, due to the mismatch

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:doina.manaila@physics.pub.ro
mailto:palmeida@adf.isel.pt
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between the effective refractive index of the LC and the refrac-

tive index of the polymer. The state where the device becomes

transparent (the so called ON state) can be achieved by applying

an electric field with adequate magnitude. Under the action of

the field, the LC molecules inside each droplet align along the

direction of the field, and the ordinary refractive index of the

LC becomes equal to the refractive index of the polymeric

matrix, creating a constant optical path for the incident light

along the surface of the PDLC sample, reducing the light scat-

tering to a minimum and increasing the transmission of light to

a maximum. PDLC films have many interesting applications in

optoelectronics (light valves, polarizers), architectural windows,

reduction of solar heat load [2,6], nonlinear optics [7-9] and

nanotechnological applications [10-20].

The macroscopic electro-optical effect in electrospun cellulose

acetate/LC composites is similar to the one observed in tradi-

tional PDLC. The major difference is that instead of having

small droplets of LC confined in a polymeric matrix, the LC

fills the voids between fibers in mats of non-woven electro-spun

cellulose acetate fibers [21-27]. The electrospun cellulose fibers

were deposited on indium tin oxide (ITO)-coated glass, and two

such fiber-coated glass plates form a sandwich type cell, where

the nematic liquid crystal (NLC) is filled in by capillarity

[21,22,28]. A schematic representation of the electrospun cellu-

lose network with the dispersed liquid crystal as well as the

working principle is given in Figure 1.

Figure 1: Schematic representation of morphology and working prin-
ciple of the electrospun cellulose network with the dispersed liquid
crystal. The applied electric field is denoted by .

The cellulose acetate used in the preparation of the CA/LC sam-

ples [29-33] was obtained from green and renewable sources.

The used nematic LC is E7, a mixture of alkylcyanobiphenyls

with a cyano head group [34-36]. This paper presents the inves-

tigations of the electrical properties of an electrospun CA

network with dispersed liquid crystals. Dielectric spectroscopy

(DS) was performed over wide ranges of frequency and temper-

ature to determine physical properties such as activation energy

and characteristic time. The experimental results of DS were

fitted to the Havriliak–Negami [37] model and further modelled

by the Vogel–Fulcher–Tammann law. In addition to this,

impedance spectroscopy measurements were performed, and

the results were processed using a simple equivalent circuit

model, that permits the extraction of electric circuit parameters.

Results and Discussion
Scanning electron microscopy
Figure 2 shows the SEM image of the deposited fibers

[21,22,28]. In the SEM image, the fibers exhibit a wide dimen-

sion range, starting with dozens of nanometres.

Figure 2: SEM image of deposited electrospun CA fibers.

Polarized optical microscopy
Figure 3 presents the polarizing optical microscopy images of

the electrospun CA cell, (a) without LC and (b) filled with E7,

taken between crossed polarizers.

As it can be perceived by the colors seen in the POM image, the

LC fills the voids between the CA fibers (Figure 3b). The multi-

plicity of colors arises from the existence of liquid crystal poly-

domains imposed by the distortion of the nematic director field

through the fibers.

Dielectric spectroscopy
The characterized samples were electrospun CA without LC,

and the same CA sample after filling in the LC (denoted as

CA/E7 composite). The DS measurements were carried out
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Figure 3: Polarizing optical microscopy images of the electrospun CA a) without LC and (b) filled with E7.

Figure 4: Dielectric constant and dielectric loss (logarithmic scale) as functions of the temperature for (a) the CA cell before filling in the LC and for
(b) the CA/E7 cell, at 1 Hz and 10 Hz.

under isothermal conditions, in the frequency range from 10−1

to 107 Hz, in a temperature domain from 293 to 350 K.

The DS results were obtained by plotting the real and

imaginary components of the complex permittivity function

ε*(ω) = ε′(ω) − iε″(ω). Here, ε*(ω) is the dielectric permittivity,

the real part, ε′(ω), is the dielectric constant, and the imaginary

part, iε″(ω), is the dielectric loss [37].

Figure 4 shows dielectric constant and dielectric loss as func-

tions of the temperature at two constant representative frequen-

cies, 1 Hz and 10 Hz, for (a) the cell with CA fibers before

filling in the LC, and (b) for the same cell after the LC was

introduced. The changes of slope may indicate phase transi-

tions. Thus, we can suppose that CA without LC might have a

phase transition at T = 315 K. Similarly, the sample CA/E7

might have a phase transition at about 333 K. The verification

of this supposition is based on the fitting parameters of the

Vogel–Fulcher–Tammann law (see below in Figure 6 and

Table 1).

Figure 5 presents dielectric constant and dielectric loss as func-

tions of the frequency for the CA cell (a) before and (b) after

filling in the LC, at three constant temperatures. For the CA

sample without LC measured in the high frequency (HF)

domain, one notices a relaxation process outside the measure-

ment domain, while in the low frequency (LF) range, two

CA-attributable almost overlapping relaxation processes can be

observed at 1 Hz and 1000 Hz. The CA/E7 sample exhibits a re-

laxation process due to the LC in the HF measurement range,

and two almost overlapping relaxation processes in the LF

range.
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Figure 5: Dielectric constant and dielectric loss (logarithmic scale) as functions of the frequency for (a) the CA cell before filling the LC and for (b) the
CA/E7, at three different temperatures.

The characteristic relaxation times were obtained by fitting the

spectra of the dielectric constant and dielectric loss with the

Havriliak–Negami function [37-40]:

(1)

where ε′(ω) is the dielectric constant and ε″(ω) is the dielectric

loss, εLF is the low frequency permittivity, ε∞ is the permit-

tivity in the HF limit, and τmax is the characteristic relaxation

time of the medium. Figure 6 presents the characteristic relaxa-

tion time as a function of the inverse of temperature for the

cellulose acetate sample with LC.

Figure 6: Relaxation time as a function of the inverse of temperature
for the CA/E7 sample.

In the temperature range between 293 K and 350 K, where the

DS measurements were performed, the pure liquid crystal E7

exhibits an anomalous behavior of the nematic phase around

305 K [26]. This behavior cannot be seen from the results

presented here, since the CA component of the composite

system has an important influence on the values of dielectric

permittivity (Figure 5). Moreover, because of the interaction

with the surface of the CA fibers, the dynamics of the E7 mole-

cules is more or less attenuated, as compared to the pure LC.

Thus, as in other composite systems, the phase transitions can

be modified or even suppressed [38-40].

The dependency τmax = f(1/T) can be modeled using the

Vogel–Fulcher–Tammann (VFT) law:

(2)

where A is a material constant, kB is Boltzmann’s constant, T is

the measured temperature, TV is the Vogel temperature, and τ∞

is a pre-exponential factor. The results are summarized in

Table 1.

The VFT data processed parameters are presented parallel to the

previously published results obtained using the I–V curves and

the Arrhenius formula [28]. A good agreement of the obtained

activation energies is observed, with lower values in the high-

temperature domain, after the nematic-to-isotropic phase transi-

tion.

Impedance spectroscopy
The impedance, Z, and the quality factor (dielectric loss

tangent), θ, were measured using impedance spectroscopy [41-
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Table 1: Extracted values of the DS characteristic constants for the CA/E7 .

no. sample
type

investigation method temperature range
[K]

activation energy,
Ea

a [eV]
Vogel temperature
TV [K]

relaxation time,
τmax [s]

1 CA/E7 DS, Vogel–Fulcher–Tammann 295–328 0.50 0.61 3.79·10−9

333–346 0.44 0.22 2.38·10−8

2 CA/E7 [23] I–V curves, Arrhenius 308–330 0.66 — —
333–353 0.54 — —

aBecause the obtained Vogel temperature is very small, the VFT equation approximates an Arrhenius-like expression, the material constant A being
incorporated into the activation energy Ea.

Figure 7: Active and reactive part of the impedance as functions of the frequency, for (a) the CA cell and for (b) the CA/E7 sample, at 323 K.

43]. Based on the obtained data, the real (active) impedance

component, Z′, and the imaginary (reactive) impedance compo-

nent, Z″ impedance components were calculated using the equa-

tions

(3)

and

(4)

Figure 7 presents selected plots of the active and reactive part of

the impedance as functions if the frequency, for (a) the CA cell

and for (b) the CA/E7 samples, at 323 K. The curves were ob-

tained by standard interpolation. The reactive part of the imped-

ance plays an important role in determining the components of

the equivalent electrical model, and it is presented in Figure 8

for different temperatures. The curves were obtained by interpo-

lation of the raw data.

The spectra of the two impedance components, Z′ and Z″, are

different for the samples CA and CA/E7. Similar to the DS

results, at low frequencies an E7 molecule-dynamic dipolar re-

laxation process is overlapping on the intrinsic CA processes

(Figure 7b and Figure 5b). Another process is observed at high

frequencies (1 MHz), attributed to LC molecules in the bulk,

“far” from the CA fibers, as seen in Figure 5b. The slow process

noticed at low frequencies (100 Hz), which is observed in

Figure 7b and less evident in Figure 5b, is due to the additional

interaction of dipoles with the surface. As the temperature in-

creases, the peak values of the reactive impedance shift to

higher frequencies (Figure 8).

The Cole–Cole [32] diagrams, Z″ = f(Z′), are presented in

Figure 9. The semicircular shapes of the diagrams allow for

modelling the raw data with a theoretical three-element electric

circuit model, consisting of a series resistance, a parallel resis-

tance and a parallel capacitor. The model is presented in

Figure 10.

The values of the serial and parallel resistances can be

calculated directly from the Cole–Cole diagrams using the

equation:
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Figure 8: Normalized reactive part of the impedance as a function of the frequency for (a) the CA cell and for (b) the CA/E7 sample, at different tem-
peratures.

Figure 9: Cole–Cole diagrams for (a) the CA cell at 303 K (black solid squares), 313 K (red solid circles), and 323 K (blue solid upward triangles), and
for (b) the composite CA/E7 at 313 K (black solid squares), 323 K (red solid circles), and 338 K (blue solid upward triangles).

Figure 10: Equivalent three-element model circuit, formed by a serial
resistance, Rs, a parallel resistance, Rp, and a parallel capacitance,
Cp.

(5)

To determine the parallel capacitance for the two samples, we

extracted relevant information from the frequency plot of Z″

(Figure 8) and the Cole–Cole diagram (Figure 9). In the

Cole–Cole diagram, for this particular model, the coordinate

having a maximum Z″ is also the position at which ωτ = 1,

where ω is the angular frequency. This angular frequency can

be deduced by estimating the frequency at which the maximum

value of Z″ is obtained (Figure 8). Also, the electrical response

time is τ = 1/(RpCp), and knowing the angular frequency, the ca-

pacitance can be determined. Based on the fitting technique, we

modeled the sample behavior by a simple three-element electric

circuit (Figure 10), which describes a single relaxation process.

The values of the determined electric parameters have an appro-

priate temperature variation (Table 2).

Electro-optical measurements
The optical transmission was measured using the setup de-

scribed in the Experimental section of this paper and in

[21,22,28]. The transmission coefficient is defined as the ratio

between the light intensity passing through the sample and the

incident light intensity. Figure 11 presents the transmission
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Table 2: Characteristic elements of the equivalent three-element
circuit, extracted from the Cole–Cole diagrams.

no. T [K] sample RS [kΩ] Rp [MΩ] τ [s] Cp [nF]

1 313 CA 1810 714 0.5495 0.769
2 313 CA/E7 15.17 7.37 0.3616 49
3 323 CA 2350 1350 0.2936 0.218
4 323 CA/E7 17.58 12.8 0.3331 26
5 338 CA/E7 29.37 18.2 0.1667 9.1

coefficient versus the ac electric field. An improved character-

istic is observed, as compared to the previous similar devices

[21,22,28], with a stable “ON” state and a lower required elec-

tric field to switch between “OFF” and “ON”, at values of

1–1.5 V/μm. No significant optical hysteresis was observed be-

tween the transmission curves obtained when increasing and de-

creasing the applied voltage. The electro-optical response

remained stable when repeating the switching cycles.

Figure 11: Optical transmission of the sample CA/E7 as a function of
the applied ac electric field.

Conclusion
CA electrospun nanofibers were deposited onto ITO-coated

glass and an electro-optic cell was formed by two such glass

plates with fibers in between. By filling in the nematic liquid

crystal E7 a light scattering device with a polymer-dispersed

liquid crystal was obtained. Dielectric spectroscopy (DS) and

impedance measurements were performed on the electro-optic

cells before and after filling in the LC. Also, the dependency of

the dielectric constant and electric energy loss on frequency and

temperature was studied. The nematic–isotropic phase transi-

tion temperature of E7 and the activation energy were deter-

mined, and found to be in good agreement with previously ob-

tained data. The relaxation time was obtained by fitting the

spectra of the dielectric loss with the Havriliak–Negami func-

tion. Impedance measurements were evaluated using Cole–Cole

diagrams and the three-element equivalent model, which

permits the estimation of the equivalent resistances and capaci-

ty, necessary in practical applications. To test the efficiency of

the electro-optic device, optical transmission measurements in

external ac fields were performed.

Experimental
Sample preparation
The non-woven nano- and micro-fiber cellulose mats used to

prepare the electro-optical cells were produced by electrospin-

ning [21,22,28] from an isotropic solution (15%) of cellulose

acetate (CA, Aldrich, MW = 60.000 g·mol−1
, 40% acetyl

groups) in a mixture of dimethylacetamide/acetone (1:2). The

solution was prepared at room temperature. After the first week,

it was stirred every day and kept away from light for at least

four weeks until used. To produce the fibers, the solution was

poured into a 1 mL syringe (diameter 4.5 mm) fitted with a

27-gauge needle (diameter 0.2 mm), which was then placed on

the infusion syringe, pump (KDS100) to better control the in-

coming flow of the polymer solution. A conducting ring is held

coaxially with the needle tip. The needle and the ring were

directly connected to the positive output of a high-power

voltage supply (Glassman EL 30 kV), as schematically

presented in Figure 12. After applying the electric potential be-

tween the metallic syringe tip and the plate, the fibers were

deposited directly onto the ITO-coated glass, over the ITO sur-

face. The fibers were then carefully dried in vacuum, at room

temperature, for 72 h before further characterization and use.

Figure 12: Schematic representation of electrospinning cellulose fibers
from solution.

To prepare a sample cell, two ITO-coated glasses with fibers

were glued together with the fiber mat acting as a spacer. After

assembly, the cells thickness between the two ITO-coated

glasses was of around 20 μm. This sample was named CA.

Before filling the cells with the liquid crystal, the CA cells were

kept at 110 °C for 30 min and then allowed to cool slowly to

100 °C. The nematic liquid crystal E7 (commercially available

from Merck) was then filled in through capillarity. The liquid
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Figure 13: Experimental set-up for the optical transmission measure-
ment.

crystal E7 is a mixture of alkylcyanobiphenyls with a cyano

head group, exhibiting a nematic to isotropic transition at

333.5 K. The refractive index of the CA is 1.45 and the ordi-

nary refractive index of E7 liquid crystal is 1.51. This sample

type was named CA/E7.

Characterization techniques
Scanning electron microscopy
The fiber dimensions and distribution were characterized by

SEM, using a SEM DSM 962 model from Zeiss Company after

thermal evaporation under vacuum of gold onto the surface of

the fibers.

Dielectric spectroscopy
The dielectric spectroscopy measurements were performed

using a broadband dielectric spectrometer, NOVOCONTROL,

consisting of two devices: an Alpha-A high-performance fre-

quency analyzer in the LF domain (0.01 to 107 Hz) and an

Agilent E4991A RF impedance/material analyzer for the HF

range, (1 MHz to 3 GHz), equipped with WinDETA software.

The temperature was controlled within 0.2 K, at a constant ac

voltage of 0.5 V.

Impedance measurements
Impedance spectroscopy was performed using a high-resolu-

tion LCR meter, Hioki – 3200-50 in the frequency range from

1 Hz to 10 kHz and a temperature-controlled hot-stage Mettler-

Toledo 3200 series.

Electro-optical transmission
The optical transmission was measured using the setup previ-

ously described [21,22,28] and presented in Figure 13. A

He–Ne laser beam (wavelength 623.8 nm) passes through the

sample, which is modulated by an ac voltage provided by a

function generator–amplifier system. The laser beam is detected

by a high-speed photodiode with adjustable gain (Thorlabs).

The electrical signal generated by the photodiode was recorded

with a high-resolution voltmeter Keithley 6517A.
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a b s t r a c t 

An optical model has been developed for analyzing the coherent transmittance of a polymer dispersed 

liquid crystal films doped with carbon nanotubes (CNTs) at uniform normal droplet-polymer interface 

anchoring. It is based on the Foldy–Twersky and anomalous diffraction approximations, Maxwell-Garnett 

equations, and the order parameters concept. The model allows one to analyze the electro-optical re- 

sponse of films depending on their thickness, the refractive indices of the liquid crystal (LC) and polymer 

matrix, size and concentration of the LC droplets, concentration of nanotubes, conductivities of the LC 

and the polymer. Experimental verification of the model is performed. 
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. Introduction 

The polymer-dispersed liquid crystal (PDLC) films [1,2] con-

ist of a polymer matrix containing liquid crystal (LC) droplets, in

hich the orientation of the LC molecules can be changed under

he electric or magnetic fields. This allows one to control the op-

ical response of the films. They are used in displays, optoelec-

ronic, microelectronic, and telecommunication systems, laser de-

ices, etc. Electrically or magnetically controlled optical response

f PDLC films is based on light scattering. It does not require the

se of additional polaroids in comparison with the ordinary (ho-

ogeneous) LC layers. 

In recent years, there is an increasing interest in studying

he dielectric and optical properties of composite materials based

n bulk LC and PDLC doped with carbon nanotubes (CNTs) [3–

] . Currently, studies of the electro-optical response of compos-

te PDLC 

–CNTs films are mainly experimental [4,6] . As far as we

now, there are no theoretical optical models that allow one to de-

cribe and predict electro-optical response of the PDLC 

–CNTs films

s function of the component parameters (LC, polymer, NTs). 

In this paper, we suggest an electro-optical model for analyzing

he coefficient of coherent (directional, regular) transmission (co-

erent transmittance) of a PDLC 

–CNTs film with a homogeneous
∗ Corresponding author. 

E-mail address: loiko@ifanbel.bas-net.by (V.A. Loiko). 
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022-4073/© 2020 Elsevier Ltd. All rights reserved. 
ormal interface anchoring. To determine the coherent transmit-

ance of the film, the Foldy–Twersky approximation is used [7–9] .

he optical characteristics of a single droplet of nematic LC are de-

ermined in the framework of the anomalous diffraction approx-

mation [1,2,9,10] and effective medium theory [11–13] using the

ffective refractive indices of the droplets [8,14,15] . Based on the

axwell–Garnett equations [16–18] a method has been developed

o determine the refractive index of the polymer matrix, the effec-

ive refractive index of the LC droplets, and the threshold field of

he reorientation of the director structure of LC droplets upon dop-

ng the PDLC film with NTs. A technique has been developed for

etermining the volume filling factor of the film with LC droplets,

olume filling factors of the LC droplets and polymer matrix doped

ith NTs, depending on the mass fractions of the components in

he PDLC 

–CNTs composite. The technique is applicable to single-

all (SWCNTs) and multiwall (MWCNTs) carbon nanotubes. Exper-

mental verification of the developed model was carried out. 

. Coherent transmittance of PDLC film with uniform normal 

nterface anchoring 

A PDLC film with a homogeneous normal interfacial surface

nchoring is characterized by a polarization-independent coher-

nt transmittance at normal illumination, when the control elec-

ric field is directed normally to the surface. For such films, po-

arization independence is due to the symmetry properties of the

irector configuration of nematic LC droplets. In the absence of

https://doi.org/10.1016/j.jqsrt.2020.106892
http://www.ScienceDirect.com
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Fig. 1. Schematic representation of a PDLC film doped with CNTs. 
a control field a radial configuration takes place [1,2] with cen-

tral symmetry and a zero droplet order parameter. In the control

field, the configuration of the director of the LC in the droplets

is axisymmetric with respect to the normal to the film: the film

order parameter equals −1/2 [15] . As a result, there is no differ-

ence between ordinary and extraordinary waves when light passes

through the film and the state of polarization of the incident light

is preserved. 

Let us consider a PDLC film containing a polydisperse ensem-

ble of spheroidal LC droplets with rotation symmetry relatively to

small axis directed along the normal to the film and the radial con-

figuration of their internal structure [1,2] . The anisometry param-

eter εa , defined as the ratio of the major axis of the droplet in

the film plane to the minor axis along the normal to the film, is

the same for all droplets. In the framework of the Foldy–Twersky,

anomalous diffraction, and an effective medium approximations,

and based on the results of [8,9,15] , it is possible to write the fol-

lowing expressions for the coherent transmittance T c of a film in

the absence of NTs: 

T c = exp ( −γ l ) , (1)

γ = ( 3 c d Q ) / (4 a e f ) , (2)

a e f = 

〈
a 3 

〉
/ 
〈
a 2 

〉
, (3)

Q = 4 Re K h , (4)

Re K h = 1 / 2 − sin v / v + (1 − cos v ) / v 2 , (5)

v = 2 k a e f ( n d / n p − 1) , (6)

n d = n iso − (�nS S d (E)) / 3 , (7)

n iso = (2 n ⊥ + n || ) / 3 , (8)

�n = n || − n ⊥ . (9)

Here, γ is the attenuation coefficient of the film; l is the film thick-

ness; c d is the volume filling factor of the film with LC droplets

(part of film volume occupied by droplets); Q is the extinction effi-

ciency factor for single droplet; a ef and 〈 a 〉 are the effective [9] and

average lengths of the droplet’s minor semiaxis a along the normal

to the film; the angle brackets 〈 …〉 mean the average over the a

semiaxes of droplets; K h is the Hulst function; k = 2 πn p / λ, λ is the

wavelength of the incident light; n p is the refractive index of the

polymer matrix; �n, n ⊥ and n || are the birefringence, ordinary and

extraordinary refractive indices of a LC; S is the molecular order

parameter of LC [1,2] ; S d ( E ) is the order parameter of LC droplets

[2] , depending on the control electric field E. 

For droplets with normal interface anchoring, when a control

field is applied along the normal to the film, using the results of

[19–24] , it is possible to write the following expression for the

droplet order parameter: 

S d (E) = 1 − exp (−e ) . (10)

Here e is the dimensionless normalized value of the control field,

e = 

E2 〈 a 〉 
A 

(
ε 0 �ε LC 

K 

)1 / 2 (
3 

2 + β

)(
1 − c d 

β − 1 

β + 2 

)−1 

, (11)

where 

A = 10 

{
(ε 2 a − 1) /ε 2 a + 1 

}1 / 2 
, (12)
= σd / σp , (13)

d = σiso + (2 / 3) 
(
σ|| − σ⊥ 

)
S S d ( E ) , (14)

iso = ( σ|| + 2 σ⊥ ) / 3 . (15)

In Eqs. (11) –(15) parameter A takes into account anisometry of

he droplet shape [21] , K is the average value of the elastic mod-

lus of the LC; ε0 is the electric constant; �εLC is the dielectric

nisotropy of the LC; σ p and σ d are the electrical conductivities of

he polymer matrix and LC droplets, respectively; σ || and σ⊥ are

he conductivities of the LC in parallel and orthogonal directions to

ts optical axis (director). 

Note that relations (10) –(15) are obtained for the low frequency

ontrol field [2,22,23] with the order parameter of the PDLC film

qual to −1/2. 

Eqs. (1) –(15) allow one to analyze the electro-optical response

f the PDLC film depending on the control field and the parameters

f the film with the initial radial droplet structure in the absence

f NTs. 

. Modification of the PDLC film parameters upon doping with 

arbon nanotubes 

Consider a PDLC film doped with CNTs. A schematic represen-

ation of the cross section of the film is shown in Fig. 1 . In the ab-

ence of a control field, the orientation of the NTs is random over

he entire volume of the composite. When a field is applied, the

ong axes of the LC molecules and NTs in the droplets are oriented

long the field. 

To describe the electro-optical response of a composite

DLC 

–CNT film, it is necessary to take into account the change in

he electrical conductivities of the polymer, σ p , and droplets, σ d ,

n the dielectric anisotropy of the LC, �εLC , which determines the

ormalized control field (see Eqs. (11) –(15) ), and in refractive in-

ices of polymer matrix, n p , and LC droplets, n d (see Eqs. (6) –(9) ). 

We use the Maxwell – Garnett equations [16–18] to find (i)

he refractive indices of LC droplets and polymer matrix doped

ith CNTs, n d + CNT and n p + CNT ; (ii) the electrical conductivities of

C droplets and polymer matrix doped with CNTs, σ d + CNT and

p + CNT; (iii) the dielectric anisotropy of LC with CNTs �εLC + CNT .

iven that the electrical conductivity of CNTs (~10 6 –10 7 S/m) is

uch higher than the conductivity of LCs (~10 −8 –10 -6 S/m) and



V.A. Loiko, A.V. Konkolovich and A.A. Miskevich et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 245 (2020) 106892 3 

p

n

n

σ

σ

�

w  

d  

p

 

f

e

w

x

 

p  

c

 

P  

f  

p  

E

 

w  

E  

s  

k  

s  

o

c  

c  

c  

w  

t

a  

c

 

o  

d

c  

w  

fi  

v  

N

G

〈
 

μ  

N

 

i  

l  

a  

m  

t  

t  

p  

o  

p

 

h

c

f  

d  

e  

f  

r  

ρ  

n  

f

4

 

o  

t

(  

m  

p  

d  

t  

I  

t  

t  

o  

t  

P  

o  

t  

d  

e  

t  

f  

(  

ρ  

σ  

s  

f  

t  
olymers (~10 -9 –10 −12 S/m), we have obtained: 

 d+ CNT = n d 

{
(1 + 2 c CNT 

d ) / (1 − c CNT 
d ) 

}1 / 2 
, (16) 

 p+ CNT = n p 

{
(1 + 2 c CNT 

p ) / (1 − c CNT 
p ) 

}1 / 2 
, (17) 

d+ CNT = σd 

(
1 + 2 c CNT 

d 

)
/ 
(
1 − c CNT 

d 

)
, (18) 

p+ CNT = σp 

(
1 + 2 c CNT 

p 

)
/ 
(
1 − c CNT 

p 

)
, (19) 

ε LC + C NT = �ε LC 

(
1 + 2 c CNT 

d 

)
/ 
(
1 − c CNT 

d 

)
, (20) 

here с d 
CNT and с p CNT are the volume filling factors of the LC

roplets and the polymer matrix with CNTs (characterizing the

art of droplets and polymer matrix occupied by NTs). 

The normalized field e for the composite PDLC 

–CNT film, as it

ollows from Eqs. (13) , (14) , (18) –(20) , is: 

 = E 
2 〈 a 〉 

A 

(
1 + 2 c CNT 

d 

1 − c CNT 
d 

)1 / 2 (
ε 0 �ε LC 

K 

)1 / 2 

×
(

3 

2 + xβ

)(
1 − c d 

xβ − 1 

xβ + 2 

)−1 

, (21) 

here 

 = 

1 − c CNT 
p 

1 + 2 c CNT 
p 

1 + 2 c CNT 
d 

1 − c CNT 
d 

. (22) 

Note that in the absence of nanotubes ( с d 
CNT = с p CNT = 0), the

arameter x = 1 and the expression (21) for the normalized field e

oincides with the analogous expression (11) . 

As a result, the coherent transmittance T c of the composite

DLC 

–CNT film is determined using Eqs. (1) –(15) , where the ef-

ective refractive index of LC droplets, the refractive index of the

olymer matrix, and the normalized control field are calculated by

qs. (16) , (17) , (21) , respectively. 

In the experiment, the volume filling factors c d , с d 
CNT and с p CNT ,

hich determine the optical response of the PDLC 

–CNT film (see

qs. (2) , (16) –(22) ), are usually unknown. In the preparation of

amples, as a rule, the mass fractions of the used components are

nown. It can be shown that if the mass fraction f CNT of CNTs is

mall (tenths of a percent) in comparison with the mass fractions

f the LC, f LC , and polymer, f p , then: 

 d = f LC ( f LC ρLC + f p ρp ) / ρLC , (23)

 

CNT 
d = c CNT f LC ρLC / ( f LC ρLC + f p ρp ) , (24)

 

CNT 
p = c CNT f p ρp / ( f LC ρLC + f p ρp ) , (25)

here ρLC and ρp are the density of the LC and polymer; c CNT is

he volume filling factor of the PDLC 

–CNT film with NTs. 

Let us find the equations linking the volume filling factor c CNT 

nd the mass fractions of the components f p , f LC and f CNT in the

omposite PDLC 

–CNT film. 

For closed MWCNTs, whose length exceeds significantly their

uter diameter, at low f CNT values and taking into account the poly-

ispersity of NTs, we obtain: 

 CNT = f CNT G ( f p ρp + f LC ρLC ) / ρgr . (26)

here ρgr is the density of graphite; parameter G characterizes the

lling of NTs with graphene layers (these is the ratio of the average
olume of NTs to the average volume of folded graphene layers in

Ts), 

 = N 

−1 
gr 

{ 

2 l gr 〈 r 2 〉 − l 2 gr 〈
r 2 

2 

〉 − ( N gr − 1 ) ( l gr + l �) l gr 〈
r 2 

2 

〉

} −1 

, (27) 

r 2 2 

〉
= 〈 r 2 〉 2 (1 + 2 / μCNT ) / (1 + 1 / μCNT ) , (28)

CNT = 1 / v 2 CNT − 1 , (29)

 

max 
gr = [ 〈 r 2 〉 / ( l gr + l �) ] . (30) 

In Eqs. (27) –(30) N gr is the number of graphene layers (walls)

n NTs (nesting of NTs); l gr is the thickness of the graphene layer;

 � is the distance between graphene layers in NTs; 〈 r 2 〉 is the aver-

ge value of the outer radius of the MWCNTs (here, angle brackets

ean averaging over the outer radius of NTs); μCNT and νCNT are

he parameter and the variation coefficient of the gamma distribu-

ion [9] used for averaging over the radius of NTs (for monodis-

erse nanotubes νCNT = 0); N gr 
max is the maximum possible value

f nesting of NTs; square brackets in Eq. (30) mean that the integer

art of the number is taken. 

In the case of closed single wall carbon nanotubes ( N gr = 1), we

ave: 

 CNT = f CNT 

f p ρp + f LC ρLC 

ρgr 

〈
r 2 2 

〉

2 l gr 〈 r 2 〉 − l 2 gr 

. (31) 

The results of calculation of the volume filling factor c CNT 

or the PDLC–CNT film as a function of the average outer ra-

ius 〈 r 2 〉 of nanotubes at different values of the variation co-

fficient νCNT are presented in Fig. 2 . The calculations are per-

ormed for singlewall and multiwall CNTs with the following pa-

ameters: l gr = 0.134 nm, l � = 0.334 nm, ρg r = 2.267 g/cm 

3 ,

LC = 1.03 g/cm 

3 , ρp = 1.18 g/cm 

3 . Mass fractions of compo-

ents in the composite film are as follows: f LC = 0.4, f p = 0.6,

 CNT = 0.004. 

. Experimental verification of the model 

To compare the results obtained in the framework of the devel-

ped model with the measurement data, we used the experimen-

al dependences of the normalized transmittance T c 
norm = T c / T c 

max 

 T c 
max is maximum transmittance) on the control field E [25] . The

easurements were carried out for PDLC films based on E7 LC and

olymethyl methacrylate (PMMA) polymer without NTs and upon

oping with NTs. The samples were illuminated along the normal

o the surface by a He-Ne laser at the wavelength λ = 0.6328 μm.

n the absence of NTs, ordinary n ⊥ and extraordinary n || refrac-

ive indices of the LC are equal to: n ⊥ = 1.52, and n || = 1.745,

he refractive index of the polymer n p = 1.503. Mass fractions

f components without NTs, f LC = 0.4, f p = 0.6. The filling fac-

or of the PDLC film c d = 0.435. Mass fraction of NTs in the

DLC 

–CNT film f CNT = 0.004. Films thickness l = 50 μm. Based

n polarizing microscopy measurements, it was found that the in-

ernal structure of droplets without NTs is radial. The average ra-

ius of droplets in the plane of the samples is 〈 a 〉 = 1.07 μm;

ffective size of droplet a ef = 2.34 μm. The experimental and

heoretical dependences of T c 
norm ( E ) are presented in Fig. 3 . The

ollowing parameters were used in the calculation: c CNT = 0.03

 с d 
CNT = 0.011, с p CNT = 0.019), A = 0.456 ( εa ≈1), ρLC = 1.03 g/cm 

3 ,

p = 1.18 g/cm 

3 , σ p = 10 −9 S/m, σ || = 5.7 × 10 −8 S/m,

⊥ = 2.6 × 10 −8 S/m, K = 1.17 × 10 −11 N, �εLC = 14. One can

ee a good agreement of the theoretical and experimental results

or PDLC film doped with nanotubes. For a film without nanotubes,

here is a discrepancy in the data. This may be due to different
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Fig. 2. The volume filling factor c CNT of the PDLC –CNTs film as function of the average outer radius 〈 r 2 〉 . ( a ) polydisperse SWCNTs at different values of the variation 

coefficient νCNT . ( b ) monodisperse MWCNTs at different values of the number N gr of graphene layers. 

Fig. 3. Theoretical and experimental dependences of the normalized transmittance T c 
norm ( E ) for the PDLC film ( a ) and for the PDLC –CNTs film ( b ). Mass fractions of compo- 

nents: f LC = 0.4, f p = 0.6, f CNT = 0.004. Filling factors: c d = 0.435, c CNT = 0.03 , с d CNT = 0.011, с p CNT = 0.019. 
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polydispersity of doped and undoped samples and needs more

thorough investigation. 

5. Conclusion 

In the present work, for the first time, a model for describing

the electro-optical response of PDLC 

–CNT films is developed. It is

validated by comparison with experiment. 

Pay attention that the theory is developed for the films with

uniform normal interface anchoring. Such films are characterized

by a polarization-independent coherent transmittance at normal il-

lumination, when the control electric field is directed normally to

the film. They are promising for applications in optoelectronic de-

vices where modulation of light is required without changing its

polarization state and to modulate the unpolarized light. 

The model can be extended to PDLC 

–CNT films with uniform

tangential interface anchoring and PDLC films doped with other

nanoparticles (NPs): gold, ferroelectric, silica NPs, etc. 
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New thermotropic lanthanidomesogens based on Eu(III), Sm(III) and Tb(III) with N-alkylated 4-pyridones
mesogenic ligands, having two cyanobiphenyl groups attached via long alkoxy spacers, with 6, 9 and 10 carbons
atoms in 3,5 - positions of a benzyl unit, have been designed and investigated. The liquid crystal behavior was
assessed by differential scanning calorimetry, the mesophases being assigned by polarized light microscopy
based on their characteristic textures and confirmed by variable temperature X-ray powder diffraction analysis.
The three N-alkylated 4-pyridones nematic ligands reacted with lanthanide nitrates to yield new
lanthanidomesogens with a stable and reproducible smectic A phase up to 125 °C. The emission spectra of the
complexes have shown the characteristic emission of the lanthanide trivalent ions, over the entire temperature
range of SmA phase up to isotropic state. The dielectric spectroscopy measurements performed in the tempera-
ture range of existence of the liquid crystal phase, both in the low frequency (LF) domain 0.01–10MHz and in the
high frequency (HF) range, 1 MHz–3 GHz, revealed three dipolar relaxation processes. The characteristic times
have been obtained by fitting the spectra of the dielectric loss with a two component Havriliak-Negami function.
The activation constant/energy was determined from the Vogel-Fülcher-Tammann law.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Liquid crystalline materials (LC) based on d- or f-block metals have
appealing electronic, magnetic and optical properties and the interest
to design and investigate such materials has constantly increased in
the recent years [1,2]. The first reports on the special class of
metallomesogens based on lanthanide ions (lanthanidomesogens) are
relatively recent, dating back to 1990s [3]. The studies began with the
idea to design newmesogenic complexes with high coordination num-
bers (typical coordination numbers of lanthanides are eight or nine). On
the other hand, lanthanidomesogens are regarded as a promising class
of light-emitting liquid crystals due to their interesting photophysical
properties which could be useful for the construction of emissive LC
based devices. Thus, these materials can display narrow emission lines
with high purity colors besides the possibility to tune the emission
color, [4–10] as well as polarized emission [11–13] in the liquid crystal
state. Since then, several classes of lanthanidomesogens have been de-
signed and investigated. Most of these complexes are based on Schiff
).
bases, but other ligands have been intensively studied such as: β-
diketonate, alkanoates, 5,5′-substituted 2,2′-bipiridines, bis
(benzimidazolyl) pyridines, macrocyclic ligands (phtalocyanine,
porphyrine, etc.) or acylpyrazolones. All these classes of
lanthanidomesogens have been reviewed in the recent years. [14] Be-
sides these well-known lanthanidomesogens types, a new class of ther-
motropic lanthanidomesogens bearingmonodentatemesogenic ligands
derived from 4-pyridone has been proposed by us recently [15,16]. Liq-
uid crystals having a 4-pyridone core have been known since long time
ago [17,18]. Moreover, these derivatives show excellent coordination
properties to metals, in particular to lanthanides, [19–29] but so far,
these O-donor ligands have not been employed in the design of metal
complexes with liquid crystalline properties. We have shown previ-
ously that the liquid crystalline properties of the lanthanidomesogens
with such ligands can be tuned, both lamellar (SmA) and long range
hexagonal columnar phases (Colh) can be obtained by grafting various
mesogenic groups to the 4-pyridone coordinating fragment. [15,16] Im-
portantly, the emission properties of the lanthanide ions were pre-
served over the whole thermal range of the liquid crystal phase. For
instance, depending on the alkyl length spacer, the Eu(III) complexes
show lamellar phases (SmA) in the case of mesogenic monodentate li-
gands possessing cyanobiphenyl groups attached to the 4-pyridone

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2019.111184&domain=pdf
https://doi.org/10.1016/j.molliq.2019.111184
viorel.circu@chimie.unibuc.ro
Journal logo
https://doi.org/10.1016/j.molliq.2019.111184
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/molliq
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unit via a flexible long alkyl spacer. For such compounds, it was found
that the number of mesogenic group employed and spacer length
have a great impact on the transition temperatures of the Eu(III) com-
plexes. Moreover, when N-alkylated 4-pyridones derivatives with
mesogenic 3,4,5-tris(alkyloxy)benzyl moieties (alkyl chains with vari-
able number of carbon atoms, 6 to 16) were employed, their new ther-
motropic lanthanidomesogens containing the Eu(III), Sm (III) and Tb
(III) ions exhibit either a lamellar (in the case of shorter chains ana-
logues, six and eigth carbon atoms) or hexagonal columnar
enantiotropic mesophases (for complexes with higher number of car-
bon atoms - twelve, fourteen and sixteen), over a large temperature
range, in some cases N200 °C. Therefore, there is a need to further inves-
tigate the structural aspects related to mesogenic properties and ther-
mal stability of such materials based on lanthanide ions and 4-
pyridone ligands.

In this paper we extend these studies to new thermotropic
lanthanidomesogens based on Eu(III), Tb(III) and Sm(III) by using a
very efficient concept in promoting LC phases for different bulky enti-
ties, e.g. to decouple the mesogenic groups and the coordination units
via a long flexible alkyl chain [30,31].

Previous dielectric measurements on several lanthanidomesogens
based on terbium, ytterbium and gadoliniummetals, with 2,2′-bipyridyl
derivatives andβ-diketonates as ligands, have been reported by Dobrun
et al. [32–34]. In these studies, the magnitude and sign of the dielectric
anisotropies of these lanthanidomesogens have been determined. The
dielectric spectroscopy is an important tool for investigating the relaxa-
tion processes resulted from the rotational fluctuations of themolecular
dipoles. For the selected samples, the relaxation dipolar processes have
been identified and correlated with the phase transitions detected by
DSC.

2. Experimental

All the chemicals were from commercial sources and used as sup-
plied (Sigma-Aldrich and Merck). TLC was performed on commercial
coated aluminium plates with Silica Gel matrix with fluorescent indica-
tor 254 nm (Sigma Aldrich), and the detectionwas done by an UV lamp.
C, H, N analyses were carried out with an EuroEA 3300 instrument. The
IR spectra were measured on a Bruker Tensor V-37 spectrophotometer
either by using an ATR device or as KBr pellets in the range of
4000–400 cm−1. 1H and 13C NMR spectra were recorded on a Bruker
Fourier 300 or Bruker Avance III spectrometer operating at 300 and
500 MHz, respectively, using CDCl3 as solvent. 1H and 13C chemical
shifts were referenced to the solvent peak position (7.26 ppm 1H,
77.00 ppm 13C). The proposed structure for the 4-pyridone derivatives
fully agrees with the experimental data.

2.1. Physical measurements

2.1.1. Dielectric spectroscopy measurements
The Dielectric Spectroscopy (DS) measurements were performed

using a Broadband Dielectric Spectrometer, NOVOCONTROL, Technolo-
gies GmbH & KG, consisting of two equipment: Alpha-A High Perfor-
mance Frequency Analyzer, with ZGS interface, in the low frequency
(LF) domain 0.01-10 MHz and Agilent E4991A RF Impedance/Material
Analyzer for the high frequency (HF) range, 1 MHz-3GHz, equipped
with WinDETA software [35]. Alternative voltage is set to 0.5 V. The
sample under test was sandwiched between gold-plated electrodes
(10 mm) with a quartz spacer of 0.050 mm. The measurements have
been performed in isothermal conditions, the temperature being con-
trolled by the Quatro Cryosystem (Novocontrol) control system with
stability better than 0.2 K. The temperature was decreased in steps,
with a 3 K step, in a wide enough interval to cover the domain in
which the liquid crystal passes from its crystalline state to the isotropic
state. The temperature domains for themeasurements performed using
the LF equipment are: 314.15 K÷389.15 K for compound 5a and
333.15 K ÷ 414.15 K for compound 5b. For the HF measurements, the
temperature intervals are: 323.15 K ÷ 425.15 K for 5a and
333.15 K÷435.15 K for 5b. The DS results are presented separately for
the two samples 5a and 5b by following the same steps: a) the influence
of temperature on permittivity as resulted from themeasurements at LF
and at HF; b) dielectric permittivity spectra, with a qualitative discus-
sion of the HF spectra and a quantitative analysis of the LF ones, by
fitting the data with a function two Havriliak-Negami (HN) compo-
nents, from which results the phase transition and the dependence on
characteristic times on temperature; c) applying the Vogel-Fülcher-
Tammann (VFT) law to find the activation energies or constants.

2.1.2. Polarizing optical microscopy analysis (POM)
The samples were investigated using a Nikon 50iPol polarized opti-

cal microscope equipped with a Linkam THMS600 hot stage and
TMS94 control processor. These observations were performed on un-
treated glass slides.

2.1.3. Differential scanning calorimetry (DSC)
The temperatures and the associated enthalpies of phase transitions

were recorded by DSC by employing a Diamond DSC Perkin Elmer in-
strument. The materials were encapsulated in aluminium pans and in-
vestigated at a scanning rate of 10 °C/min. For each sample, two or
more heating/cooling cycles were performed.

2.1.4. Thermogravimetric analysis (TG)
Thermogravimetric analysis of the lanthanide complexes was per-

formed on a TA Q50 TGA instrument using alumina crucibles and nitro-
gen as purging gas. The heating ratewas 10 °C/min and the temperature
range used for measurements was from 25 °C to 550 °C.

2.1.5. Powder X-ray diffraction (XRD)
The powder X-ray diffraction measurements were performed on a

D8 Advance diffractometer (Bruker AXS GmbH, Germany), in parallel
beam setting, with monochromatized Cu–Kα1 radiation (λ = 1.5406
Å), scintillation detector, and horizontal sample stage. The measure-
ments were made in symmetric (θ-θ) geometry in the 2θ range from
1.5o to 10o or 30o in steps of 0.02o, with measuring times per step in
the 5–40 s range. The temperature control of the samples during mea-
surements was achieved by adapting a home-made heating stage to
the sample stage of the diffractometer. The samples were heated with
a rate of 10.0 °C/min to the corresponding temperature.

2.1.6. Emission spectroscopy measurements
Photoluminescence (PL) spectra have been recorded at room tem-

perature in solid state or dichloromethane solutions. The samples
were deposited on a glass slide for solid state measurements and the
spectra were recorded with an OceanOptics QE65PRO spectrometer at-
tached to the polarizing optical microscope and using a Nikon
Intensilight excitation source or a LED light source (LLS-LED,
OceanOptics, λ = 365 and 270 nm). The excitation and PL spectra in
solid state for the three 4-pyridone derivatives were performed with
the use of a Jasco FP-6300 spectrofluorometer (operating parameters:
band width − 3 nm; data pitch - 1 nm; scanning speed
−200 nm/min; spectrum accumulation – 3).

2.2. Synthesis of 4-pyridone ligands and their lanthanide complexes

2.2.1. Synthesis of 1a-c
The 1a-c precursors were obtained by the alkylation reaction be-

tween 3,5-dihydroxybenzyl alcohol (3.3 g, 9.217 mmol) and 4′-[(6-
Bromohexyl)oxy]-4-biphenylcarbonitrile (for 1a), 4′-[(9-Bromononyl)
oxy]-4-biphenylcarbonitrile (for 1b) or 4′-[(10-Bromodecyl)oxy]-4-
biphenylcarbonitrile (for 1c) in the presence of K2CO3 (1.52 g,
11.01 mmol) and molecular sieves (1 g) in 150 mL butanone. The reac-
tion mixture was heated under reflux for 72 h under a nitrogen
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atmosphere. After three days, the insoluble compounds were filtered
and washed with hot butanone and the filtrate was concentrated on a
rotary evaporator. The crude productwaspurified on a silica gel column,
the separation being monitored by TLC, using dichloromethane as the
eluent. White solids were obtained.

1a: 1H NMR, CDCl3, 300 MHz: 7.66 (m, 8H), 7.51(d, J = 8.6 Hz, 4H),
6.99(d, J= 8.7 Hz, 4H), 6.50(s, 2H), 6.37(s, 1H), 4.62(s, 2H), 4.01(t, J=
6.5Hz, 4H), 3.93(t, J=6.5Hz, 4H), 1.83–1.77(m, 8H), 1.51–1.30(m, 8H).
Yield 77%.

1b: 1H NMR, CDCl3, 300 MHz: 7.65 (m, 8H), 7.52(d, J= 8.6 Hz, 4H),
6.99(d, J= 8.7 Hz, 4H), 6.50(s, 2H), 6.38(s, 1H), 4.61(s, 2H), 4.01(t, J=
6.5 Hz, 4H), 3.93(t, J = 6.5 Hz, 4H), 1.83–1.76(m, 8H), 1.50–1.30(m,
20H). Yield 75%.

1c: 1H NMR, CDCl3, 300 MHz: 7.66 (m, 8H), 7.52(d, J = 8.6 Hz, 4H),
6.99(d, J= 8.7 Hz, 4H), 6.50(s, 2H), 6.38(s, 1H), 4.62(s, 2H), 4.00(t, J=
6.5 Hz, 4H), 3.93(t, J = 6.5 Hz, 4H), 1.83–1.77(m, 8H), 1.50–1.30(m,
24H). Yield 80%.

2.2.2. Synthesis of 2a-c
Bromide derivatives 2a-c were obtained by dropwise addition of

PBr3 (0.45mL, 4.36mmol) over a solution of 1a-c (1.58mmol) in dry di-
chloromethane (20 mL) at 0 °C. After stirring at room temperature for
4 h, a large amount of water was added to the reaction mixture. The
product was extracted into chloroform and washed with brine. The
combined organic layers were dried over anhydrous Na2SO4, filtered
and the solvent removed on a rotary evaporator. The products obtained,
HO

HO

CH
2
OH

RO

RO

CH
2
OH

RO

RO

NC (CH
2
)
nR =
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Scheme1.General reaction pathway: i) R-Br, 2-Butanone, K2CO3, reflux3 days; ii) PBr3, CH2Cl2;
or 6), EtOH, stirring 2 h at room temperature (n = 6, a; n = 9, b; n = 10, c).
aswhite solids, were used in the next synthesis stepwithout any further
purification.

2a: 1H NMR, CDCl3, 300 MHz: 7.66 (m, 8H), 7.52(d, J = 8.6 Hz, 4H),
6.99(d, J= 8.7 Hz, 4H), 6.52(s, 2H), 6.37(s, 1H), 4.40(s, 2H), 4.01(t, J=
6.5Hz, 4H), 3.93(t, J=6.5Hz, 4H), 1.83–1.75(m, 8H), 1.48–1.28(m, 8H).
Yield 86%.

2b: 1H NMR, CDCl3, 300 MHz: 7.67 (m, 8H), 7.51(d, J= 8.6 Hz, 4H),
6.99(d, J= 8.7 Hz, 4H), 6.52(s, 2H), 6.38(s, 1H), 4.40(s, 2H), 4.00(t, J=
6.5 Hz, 4H), 3.93(t, J = 6.5 Hz, 4H), 1.84–1.75(m, 8H), 1.48–1.28(m,
20H). Yield 89%.

2c: 1H NMR, CDCl3, 300 MHz: 7.65 (m, 8H), 7.52(d, J = 8.6 Hz, 4H),
6.99(d, J= 8.7 Hz, 4H), 6.52(s, 2H), 6.38(s, 1H), 4.40(s, 2H), 4.00(t, J=
6.5 Hz, 4H), 3.93(t, J = 6.5 Hz, 4H), 1.83–1.75(m, 8H), 1.48–1.28(m,
24H). Yield 88%.

2.2.3. Synthesis of 4-pyridone ligands, 3a-c
The 3a-c ligands were synthesized by reaction of 4-hydroxypyridine

(3.71 mmol) with the corresponding bromide derivative 2a–c
(2.97 mmol) in 50 mL of THF and water (added until the reaction mix-
ture becomes clear), in the presence of NaOH 2 N and
tetrabutylammonium bromide (TBABr, 0.119 g, 0.369 mmol) as a
phase transfer catalyst (Scheme 1). [15] After heating under reflux for
24 h, the reaction mixture was filtered and the product was extracted
with dichloromethane/water (1/1). The organic layer was collected
and the solventwas removedusing a rotary evaporator. The crude prod-
uct was purified by column chromatography using dichloromethane/
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methanol (9.5/5) as eluents. White products were obtained with yields
in the 70–77% range.

3a:Anal. Calcd. For C50H49N3O5: C% 77.80, H%6.40, N% 5.44. Found: C
% 77.27, H% 6.33, N% 5.65. 1H NMR(CDCl3, 500 MHz): 7.69–7.60 (m,
10H), 7.52 (d, 4H, J = 8.8 Hz), 6.98 (d, 2H, J = 8.7 Hz), 6.70 (d, 2H, J
= 6.8 Hz) 6.43(s, 1H), 6.31(d br, 2H, J = 1.9 Hz), 5.01 (s, 2H), 4.02 (t,
4H, J = 6.4 Hz), 3.92 (t, 4H, J = 6.4 Hz), 1.85–1.79 (m, 8H), 1.54(m,
8H). 13C-RMN (CDCl3, 125 MHz): 161.11, 159.72, 145.22, 141.19,
136.18, 132.59, 131.38, 128.36, 127.09, 119.11, 118.30, 115.08, 110.10,
106.15, 101.41, 68.09, 67.97, 60.92, 29.15, 25.87. IR (ATR, cm−1):
2942, 2867, 2223, 1639, 1601, 1575, 1470, 1315, 1179, 822, 731.

3b: [15] Anal. Calcd. For C56H61N3O5: C% 78.57, H% 7.18, N% 4.91.
Found: C% 78.28, H% 6.93, N% 4.41. 1H NMR (CDCl3, 500 MHz):
7.69–7.62 (m, 8H), 7.56–7.50 (m, 6H), 6.98 (d, 4H, J = 8.8 Hz), 6.65(d,
2H, J = 6.6 Hz), 6.42 (t br, 1H), 6.29 (d, 2H, J = 2 Hz), 4.97 (s, 2H),
4.00 (t, 4H, J = 6.5 Hz), 3.89 (t, 4H, J = 6.5 Hz), 1.83–1.73 (m, 8H),
1.49–1.36 (m, 20H). 13C-RMN (CDCl3, 125 MHz): 161.14, 159.78,
145.27, 140.95, 136.24, 132.58, 131.29, 128.34, 127.08, 119.13, 118.20,
115.09, 110.06, 106.05, 101.30, 68.19, 60.79, 29.30, 26.03. IR (ATR,
cm−1): 2933, 2858, 2223, 1639, 1601, 1558, 1472, 1315, 1179, 823, 729.

3c:Anal. Calcd. For C58H65N3O5: C% 78.79, H% 7.41, N% 4.75. Found: C
% 78.47, H% 7.17, N% 5.06. 1H NMR (CDCl3, 300 MHz): 7.69–7.61 (m,
8H), 7.51 (d, 4H, J = 8.8 Hz), 7.37 (d, 2H, J = 7.6 Hz), 6.97 (d, 4H, J =
8.8 Hz), 6.46–6.40 (m, 3H), 6.26 (d br, 2H), 4.85 (s, 2H), 4.00 (t, 4H, J
= 6.5 Hz), 3.89 (t, 4H, J = 6.5 Hz), 1.84–1.70 (m, 8H), 1.45–1.33 (m,
22H). 13C-RMN (CDCl3, 75 MHz): 161.04, 159.75, 145.22, 140.21,
136.6, 132.52, 131.21, 128.28, 127.02, 119.08, 115.04, 109.97, 105.80,
101.07, 68.14, 60.27, 29.26, 25.98. IR (ATR, cm−1): 2925, 2852, 2224,
1639, 1601, 1578, 1469, 1316, 1180, 821, 726.
2.2.4. Synthesis of lanthanide complexes, 4–6 a-c
A solution of the appropriate lanthanide nitrate (0.019 mmol) in

ethanol (5 mL) was added dropwise over a solution of the correspond-
ing 4-pyridone derivative (0.060 mmol) in hot ethanol (5 mL) and the
resulting mixture was stirred at room temperature for 2 h. The com-
plexes were precipitated out of the solution and isolated as white solids
and purified by recrystallization from dichloromethane and diethyl
ether. Finally, the complexes were filtered, washed with diethyl ether
and dried in vacuo. The products were obtained in relatively good yields
(60–66%).

4a: Anal. Calcd. for EuC150H147N12O24: C% 67.89, H% 5.58, N% 6.33.
Found: C% 67.25, H% 5.30, N% 6.17. IR (ATR, cm−1): 2939, 2865, 2224,
1636, 1602, 1538, 1466, 1396, 1294, 1178, 1031, 822, 737, 468.

4b: [15] Calcd. For C174H195EuN12O24: %C 69.88; %H 6.57; %N 5.62;
Found: %C 69.72; %H 6.73; %N 5.43. IR (KBr disc, cm−1): 2925, 2853,
2224, 1637, 1602, 1536, 1494, 1467, 1394, 1349, 1293, 1250, 1178,
1055, 1030, 854, 822, 660, 562, 533.

4c: Anal. Calcd. for EuC174H195N12O24: C% 69.88, H% 6.57, N% 5.62.
Found: C% 69.41, H% 6.29, N% 5.48. IR (ATR, cm−1): 2941, 2867, 2219,
1638, 1602, 1538, 1462, 1371, 1294, 1174, 1032, 821, 728, 467.

5a: Anal. Calcd. for SmC150H147N12O24: C% 7.93, H% 5.59, N% 6.34.
Found: C% 67.41, H%5.33, N% 6.20. IR (ATR, cm−1): 2938, 2862, 2223,
1636, 1602, 1537, 1462, 1395, 1348, 1294, 1030, 1177, 821, 735, 468.

5b: Anal. Calcd. for SmC168H183N12O24: C%69.47, H%6.35, N% 5.79.
Found: C% 69.25, H% 6.23, N% 5.54. IR (ATR, cm−1): 2930, 2854, 2224,
1636, 1601, 1537, 1465, 1395, 1349, 1294, 1031, 1177, 821, 736, 468.

5c: Anal. Calcd. for SmC174H195N12O24: C% 69.92, H% 6.58, N% 5.62.
Found: C% 69.25, H% 6.42, N% 5.51. IR (ATR, cm−1): 2935, 2864, 2221,
1638, 1602, 1537, 1466, 1392, 1293, 1038, 1181, 824, 738, 462.

6a: Anal. Calcd. for TbC150H147N12O24: C% 67.71, H% 5.57, N% 6.32.
Found: C% 67.27, H% 5.48, N% 6.17. IR (ATR, cm−1): 2939, 2864, 2224,
1636, 1601, 1539, 1468, 1396, 1347, 1293, 1031, 1178, 822, 739, 468.

6b: Anal. Calcd. for TbC168H183N12O24: C% 69.26, H% 6.33, N%5.77.
Found: C% 68.94, H% 6.52, N% 5.86. IR (ATR, cm−1): 2931, 2853, 2224,
1636, 1602, 1539, 1466, 1395, 1350, 1294, 1030, 1176, 820, 737, 467.
6c: Anal. Calcd. for TbC174H195N12O24: C% 69.72, H% 6.56, N% 5.61.
Found: C% 69.65, H% 6.42, N% 5.22. IR (ATR, cm−1): 2939, 2863, 2220,
1634, 1602, 1539, 1469, 1395, 1294, 1030, 1188, 821, 735, 461.

3. Results and discussion

3.1. Synthesis and characterization of ligands and complexes

The organic ligands 3a–c having two cyanobiphenyl mesogenic
groups connected via a spacer with variable number of carbon atoms
were prepared through a similar procedure as previously described for
such N-alkylated 4-pyridone derivatives [15,16]. First, the benzyl bro-
mide derivatives 2a–c were synthesized by alkylation of the 3,5-dihy-
droxy benzyl alcohol with 4′-(ω-bromoalkyloxy)-4-cyanobiphenyl
followed by the treatment with PBr3 in dry dichloromethane. [36] In
the following step, the reaction of 4-hydroxypyridine with the corre-
sponding 3,5-di(substituted)benzyl bromide derivatives 2a–c in a mix-
ture of THF and water, in the presence of NaOH and
tetrabutylammonium bromide (TBABr) as phase transfer catalyst, pro-
duced the corresponding 4-pyridone derivatives 3a–c in good yields
(Scheme 1). These organic products were fully characterized by
several techniques: elemental analyses as well as by 1H-, 13C NMR
and IR spectroscopies and the proposed structures agreed with the
experimental data. The methylene signal of the benzyl fragment
was found around 4.5 ppm in the NMR spectra of the bromide
derivatives 2a–c and this signal is downfield shifted in the NMR
spectra of the 4-pyridone compounds 3a–c. In addition, in the NMR
spectra of the 4-pyridone compounds two new broad doublets
were found, one of the two overlapped with the proton signals of
the cyanobiphenyl unit, at 6.70 ppm (for 3a), 6.65 ppm (for 3b)
and 6.43 ppm (for 3c) and which were assigned to the protons
belonging to the pyridone ring.

The nitrate lanthanide (III) complexes were prepared easily by the
reaction between the corresponding N-alkylated 4-pyridone com-
pounds 3a–c with the appropriate M(NO3)3. xH2O salt (M = Eu(III),
Sm(III), Tb(III), where x = 5 or 6) in hot ethanol (Scheme 1). The new
complexes were isolated as white solids which precipitated out of the
reaction mixture and were further purified by recrystallization from a
mixture of dichloromethane/ethyl ether 1/1 v/v at -25 °C. The com-
plexes4–6 a–c do not have crystallization or coordinationwater nor sol-
vent molecules, as revealed by TG (Fig. 4) and elemental analyses, as
similarly found for the related lanthanide complexeswith 4-pyridone li-
gands. [15,16] These new complexes were obtained as nine-coordinate
complexes with the lanthanide ion bound by the three monodentate 4-
pyridone ligands and three κ2-nitrates [15]. The IR spectroscopy is a use-
ful tool to assign the coordination of the 4-pyridone ligands to the lan-
thanide ions. The pyridine ring stretching vibrations can be seen at
~1639 and 1601 cm−1 in the IR spectra of uncoordinated 4-pyridone li-
gands,while theν(C=O)was found in the 1578–1558 cm−1 region. The
latter stretching vibration is shifted to lower wavenumbers in the IR
spectra of the lanthanide complexes: at 1538 cm−1 (1536 cm−1 for
4b) in the IR spectra of Eu(III) complexes, at 1537 cm−1 in the IR spectra
of Sm(III) complexes and at 1539 cm−1 in the IR spectra of Tb(III) com-
plexes, thus confirming the involvement of the O atom in the coordina-
tion to the lanthanide ions. [37] Additionally, a clear new absorption
band was seen around 1294 cm−1 in the IR spectra of the lanthanide
complexes and this band was assigned to the coordinated NO3

− ion in
a bidentate fashion.

3.2. Liquid crystalline properties

The mesomorphic behavior of the 4-pyridone based ligands as well
as their corresponding lanthanide complexes 4–6 a–c were studied by
a combination of DSC measurements and POM observations. The ther-
mal parameters are summarised in Table 1.



Table 1
Thermal parameters (transition temperaturesb in °C and the related enthalpiesc in kJ.

mol−1, given in parenthesis) of ligands and their lanthanide (III) complexes.

Compd. Heating/cooling scansa

3a 1st: Cr1 47 (19.8) Cr2 85 (16.1) Cr3 96 (10) Cr4 109 (10.2) Cr5 139 (39.4)
Iso 88 (1.5) N 42 g
2nd: g 45 N 88 (2.0) Iso 87 (2.1) N 42 g

3b 1st: Cr1 65 (2.6) Cr2 102 (21.4) Cr3 118 (49.6) Iso 79 (2.9) N 38 g
2nd: g 41 N 78 (3.9) Cr1 81(−26.7) Cr2 115 (37.2) Iso 79 (3.2) N 39 g

3c 1st: Cr1 53 (1.8) Cr2 117 (66.7) Iso 80(3.0) N 29 g
2nd: g 31 N 80 (4.2) Cr1 82 (−18.7) Cr2 111 (21.7) Iso 80 (3.6) N 29 g

4a 1st: Cr 57 (7.9) SmA 97 (6.87) Iso 96 (6.1) SmA 58 g
2nd: g 58 SmA 97 (7.1) Iso 96 (6.7) SmA 56 g

4b 1st: Cr 58 (39.8) SmA 127 (21) Iso 125 (19.6) SmA 50 g
2nd: g 50 SmA 127 (20.5) Iso 125 (19.9) SmA 48 g

4c 1st: Cr 75 (72.2) SmA 100 (15.2) Iso 98 (15.0) SmA 41 g
2nd: g 41 SmA 100 (15.0) Iso 98 (14.8) SmA 40 gd

5a 1st: Cr 59 (24.7) SmA 96 (5.0) Iso 94 (5.6) SmA 56 g
2nd: g 57 SmA 95 (6.2) Iso 93 (5.9) SmA 57 g

5b 1st: Cr 61 (39.5) SmA 128 (20.9) Iso 126 (20.0) SmA 47 g
2nd: g 49 SmA 128 (21.1) Iso 126 (20.4) SmA 43 g

5c 1st: Cr 54 (11.1) SmA 98 (6.1) Iso 97 (14.3) SmA 42 g
2nd: g 43 SmA 98 (17.0) Iso 97 (14.0) SmA 42 g

6a 1st: Cr 56 (19.4) SmA 95 (5.6) Iso 91 (5.1) SmA 57 g
2nd: g 59 SmA 95 (6.1) Iso 91 (5.8) SmA 55 g

6b 1st: Cr 57 (47.2) SmA 125 (20.7) Iso 123 (20.1) SmA 45 g
2nd: g 47 SmA 125 (20.7) Iso 123 (20.5) SmA 43 g

6c 1st: Cr 50 (41.7) SmA 96 (15.1) Iso 95 (5.5) SmA 43 g
2nd: g 44 SmA 97 (15.9) Iso 96 (15.8) SmA 42 g

a g, N, SmA, Iso, Cr denote glass transition, nematic, smectic A, isotropic and crystalline
phases, respectively.

b The estimated error of the transition temperatures was ±0.5o.
c The estimated error of the enthalpy ΔH values was ±0.5 kJ.mol−1.
d Values taken from Ref. [15].
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The type of the LC phases was established based on their optical tex-
ture and confirmed by X-ray powder diffraction. In the case of the li-
gands 3a–c, the POM observations showed the typical schlieren
texture characteristic of a fluid nematic phase (Fig. 1).
(a) (b)

Fig. 1. POM picture for 3c recorded at 75 °C (a) a
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Fig. 2. Second DSC heating-cooling cycle for lig
The nematic phase proved to be monotropic for all three ligands, as
revealed by the DSC measurements, although for 3a and 3b, the texture
was observed only after inducingbirefringence by applying thepressure
on the glass coverslips. The first heating run in the DSC recorded for 3a
shows a succession of several crystalline phases corresponding to both
endothermic and exothermic processes, followed by the final transition
assigned to crystalline state to isotropic liquid. Next, on cooling thema-
terial, two separate transitionswere detected: isotropic to nematic (Iso -
N) and the glass transition (N-g). The second heating-cooling cycles
show the same two transitions either on heating or during the cooling
run (Fig. S6, ESI). On the contrary, for the analogueswith higher number
of carbon atoms in the spacer, 3b and 3c, the glassy state is preserved on
cooling the nematic phase, but a new transition assigned to a cold crys-
tallization process occur at temperatures higher than the temperature
of the N-Iso transition, during the heating runs (Fig. 2a).

The new lanthanidomesogens display similar mesogenic properties,
no matter the lanthanide ion used. On heating these materials, the DSC
trace recorded for the first run shows two thermal events assigned to
the Cr-SmA and SmA-Iso transitions. For these samples, the LC phase
was identified by POM observations as a smectic A (SmA) phase based
on the typical focal conic fan shape texture developed on cooling the
isotropic phase. Selected examples are shown in Fig. 1b and c.

The only exception is compound 5c that exhibitsmultiple crystal-to-
crystal transformations during the first heating run (Fig. S8, ESI). Fur-
ther, the DSC of all complexes show during the cooling runs only two
transitions and thesewere assigned to the glass transition at lower tem-
peratures and the isotropization transition at higher temperatures, re-
spectively. The glass transitions have been also confirmed by POM
observations as no change of the textures has been evidenced at low
temperatures. [5,7,14] These two transitions seen on the DSC curves
are reproducible on the heating-cooling cycles, proving that thesemate-
rials are stable in the thermal range used for their investigation. The
glass transition and clearing temperatures of the three series of lantha-
nide complexes (Table 1, measured during the second heating run) do
not show major modifications with the size of the lanthanide ion
(Fig. 3) and these values are rather dependent on the number of carbon
(c)

nd for 4c at 104 °C (b). and 5b at 120 °C (c).
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and 3c (a) and its Sm(III) complex 5c (b).
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Fig. 3. Distribution of phase transitions for lanthanide complexes during the second heating run.

Table 2
X-ray powder diffraction data for lanthanide complexes.
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atoms contained by the aliphatic spacer. The lowest clearing tempera-
ture was seen for complexes 4-6a having the 4-pyridone ligand with
the shortest aliphatic spacer (six carbon atoms). Clearly, the highest
isotropization temperatures and consequently the highest thermal sta-
bility of the LC phases were seen for complexes 4-6b bearing aliphatic
spacers with nine carbon atoms. It could be brought into discussion
the parity of the number of carbon atoms contained by the aliphatic
spacer to explain the higher transition temperatures for analogues
with nine carbon atoms (4-6b) by comparison with the analogues hav-
ing ten carbon atoms (4-6c). But the lack of additional data and the ev-
idence of such an odd-even trend for an extended series of analogues,
e.g. thermal behaviour of complexes with lower and higher number of
carbon atoms – 8, 11 or 12, makes this assumption not fully reliable.

In the following step we have tested the thermal stability in the 25
°C–550 °C temperature range. The lanthanide complexes were heated
with a rate of 10 °C/min under nitrogen atmosphere. There is noweight
loss in the 25–250 °C temperature range,meaning that there are neither
coordinated water molecules to the lanthanide ions nor any other sol-
vent molecules in the lattice. The decomposition starts around 290 °C
for Eu(III) complexes and around 300 °C for Sm(III) and Tb(III) com-
plexes (Fig. 4) confirming that, in fact, these products are very stable
on heating at temperatures up to about 300 °C and, importantly, in
the temperature range of existence of the liquid crystalline phase.

Powder X-ray diffraction experiments at different temperatures cor-
responding to the thermal range of the mesophases were performed in
order to confirm the assignment of nematic and smectic A phases by
POM observations (Table 2). The XRD diffraction patterns of the ligands
3a–c, recorded at temperatures in the temperature ranges of existence
of the LC phase, show a very weak peak around 2θ ≈ 5°, and an
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Fig. 4. The TG curves for Eu (III) and Tb (III) complexes.
additional broad peak around 20–22°, which is a typical feature for the
nematic phases.

On the other hand, the X-ray diffraction pattern recorded for se-
lected lanthanide complexes (4a,b, 5a,b and 6a,b) both on heating
and on cooling the compounds near the transition temperatures, TSmA-

Iso and TIso-SmA respectively, show two small-angle reflections in the
1:2 ratios, characteristic of a lamellar organization. These two peaks
were assigned to d001 and d002, which are indexed as the reflections of
a smectic A phase (Fig. 5). The additional broad peak found around
4.1–4.4 Å confirmed the fluid like nature of the LC phase, being assigned
to the molten aliphatic chains. Moreover, the interplanar distances cal-
culated by using the position of d001 were found to be very weakly
temperature-dependent and thus, confirming the assignment of a
SmA phase. Interestingly, the intensity of the d002 peak is higher or
equal to that of the d001 peak in the XRD patterns for the two complexes
having the spacer with nine carbon atoms 4b and 5b (Fig. 5c) which is
an indication that the main repeat distance in the smectic phase is the
half molecular length instead of the molecular length [38,39].
3.3. Emission properties

All complexes showappreciable luminescence both at room temper-
ature in solid state and at higher temperature in the LC state. The emis-
sion spectra of the lanthanide complexes are presented in Fig. 6.
Compound Mesophase T(°C) Indexation d-Spacing obs.
(Å)

d-Spacing calc
(Å)

4a SmA 95 001 37.40 37.40
002 19.03 18.70

85 001 37.72 37.72
002 18.79 18.86

4b SmA 115 001 41.64 41.64
002 20.63 20.82

105 001 42.03 42.03
002 20.82 21.01

5a SmA 90 001 36.48 36.48
80 001 36.18 36.18

5b SmA 120 001 40.49 40.49
002 20.72 20.25

105 001 40.87 40.87
002 20.63 20.44

100 001 41.64 41.64
002 20.72 20.82

6a SmA 90 001 35.03 35.03
002 17.76 17.52

6b SmA 95 001 41.25 41.25
002 20.53 20.62



Fig. 5. XRD patterns recorded on cooling from the isotropic state for 3a (a), complex 5a at 90 °C (b) and for 5b at 95 °C (c).
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Themeasured luminescence spectra for all complexes show a strong
emission band in the 375–410 nm range assigned to the 4-pyridone li-
gands. Additionally, the emission spectra of Eu(III) complexes display
characteristic sharp peaks in the 530–720 nm region associated with
the 5D0 →

7FJ (J = 0 ÷ 4) transitions of the Eu(III) ion (Fig. 6a) [40].
The emission spectra of Tb(III) complexes show a series of a well-
defined peaks in the 550–720 nm range, assigned to the 5D4 → 7FJ (J
= 6 ÷ 3) transitions of the lanthanide ion (Fig. 6b). The highest inten-
sity of the emission was seen for Eu(III) complexes 4a–c, and the emis-
sion is preserved throughout the entire temperature range of existence
of the LCphase, up to the isotropic phase (Figs. 7 and 8). On the contrary,
the emission spectra of the Sm(III) and Tb(III) complexes with all three
4-pyridone ligands are dominated by the emission band of the pyridine
ligands (Fig. 9 and Fig. S19, ESI) and thus, the output color is rather light
blue (Fig. 7d and f) than the normal emission color characteristic of
these two lanthanide ions (red orange for Sm(III) [41,42] and green
for Tb(III) [43]). The thermal stability of photoluminescence of the Eu
(III) complexes in the LC phase was studied bymeasuring the tempera-
ture dependence of the emission intensity between room temperature
and the clearing temperature. One example of variable-temperature lu-
minescence spectra is shown in Fig. 8. For compound 4c, the emission
was recorded during heating the sample from 25 to 135 °C and cooling
back from the isotropic state to the glassy state at room temperature.
There is a significant decrease of the emission intensity with the
Fig. 6. The emission spectra for Eu(III) (a) Sm(III) (b) and Tb(III)
increasing of the molecular disorder produced by higher temperature.
On cooling from the isotropic state, the reverse process takes place
(Fig. 8b), and thus the emission intensity is higher with the molecular
reordering in themesophase and in the glassy state when the tempera-
ture reached the room temperature.
3.4. Dielectric spectroscopy measurements

Since themolecular dipoles are linked to some characteristic parts of
the molecules or to the molecule as a whole, information about the dy-
namics of the assembly of molecules can be obtained from the analysis
of the dielectric function ε*= ε*(ω) = ε′(ω)-iε″(ω). The characteristics
of the relaxation processes can be determined from the frequency and
temperature dependence of the real part of the dielectric permittivity
complex function (named dielectric constant), or from its imaginary
part (named dielectric loss).

For molecules with low molecular mass the dipole moment can be
represented by a vector. The situation is different for the highmolecular
mass molecules. The total dipole moment of molecules with complex
and extended structure, as it is the case for these liquid crystals, includes
dipole moments of the structural units constituting the molecule and
producing polarization by reorienting the molecule as a whole or by
reorienting some of its parts.
complexes (c) recorded on solid state at room temperature.



(j)(i)

(h)(g)

(a) (b)

(d)(c)

(f)(e)

Fig. 7. Pictures of compound 4a: solid state at room temperature in normal (a) and UV light (b); SmA phase at 85 °C in normal (c) and UV light (d); isotropic liquid at 135 °C in normal
(e) and UV light (f). Pictures of compound 5a: solid state at room temperature in normal (g) and UV light (h) and of compound 6a in normal (i) and UV light (j).
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The dipolemoment per unit volume is obtained by summing over all
types of dipole moments of the structural units in a molecule and over
all the molecules in the unit volume.
Thefluctuations of thenet dipolemoment are determined by thedif-
ferent molecular movement processes. The fluctuations due to some
short parts of the molecule, to the local movement of some chain



Fig. 8. Variable temperature emission spectra for 4c recorded on heating in the 25 °C–135 °C range (a) and on cooling from the isotropic state (b).
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segments or to side-groups (γ relaxation) are significant at relatively
high frequencies. At relatively low frequencies thefluctuations of the di-
polemoment of themolecule as awhole are dominant, and these are as-
sociated to the Brownian motion of the molecules. This process is
directly linked to the viscoelastic properties of the material. The relaxa-
tion behavior at the lowest frequencies is caused by the rotational fluc-
tuations of the molecules around the short axis (α relaxation). Other
relaxation modes, caused by the tumbling of the molecules around the
long axis (tumbling mode, β relaxation), have approximately the same
relaxation speed and form large relaxation processes, observed at rela-
tively higher frequencies as compared to the α type relaxation.

The majority of dielectric spectroscopy studies present the molecu-
lar relaxation as severalmaxima of dielectric losses (ε″), in a log(ε″) ver-
sus log(ω) representation or in a ε″ versus log(ω) one. Thus, the peaks
observed in the representation of ε″ for non-conducting materials are
typically assigned to the reorientation of dipoles. The dipolar relaxation
time, which is numerically equal to the inverse of the angular speed for
which ε″ has a relative maximum τmax = 1/ωmax, ε″(ωmax) = max, is a
relevant feature of these dielectric studies.

Alternatively other representations may be used: a) the tangent of
the loss angle (also named dissipation factor), which is equal to the
ratio between the imaginary and real part of the permittivity, tan(δ)
= ε″(ω)/ε′(ω), versus frequency; this representation shows the advan-
tage that the value of the tangent does not depend on the geometric di-
mensions of the sample and in some situations the maximum of the
same dipolar relaxation process appears at higher frequencies than
the one obtained from the ε″(ω); b) the Cole-Cole representation, pre-
senting the imaginary part of the permittivity versus its real part ε″ =
ε″(ε′); in this representation the relaxation processes are semicircles,
more or less flat; the semicircles might be incomplete and more or
less overlapped; thenumber of circles indicate thenumber of dipolar re-
laxation processes.
Fig. 9. The solid state emission spectrum of 6a recorded with two different excitation
wavelengths: 300 nm (black) and 350 nm (red).
Usually, the dielectric relaxation processes are analyzed using some
model functions. The Debye function for the frequency dependence of
the dielectric permittivity is: [44].

ε � ωð Þ ¼ ε0 ωð Þ−iε″ ωð Þ ¼ ε∞ þ Δε
1þ iωτD

ð1Þ

where Δε= εS-ε∞ is the dielectric strength,

εS ¼ lim
ω→0

ε0 ωð Þ
ε∞ ¼ lim

ω→∞
ε0 ωð Þ ð2Þ

and τD, is the characteristic time, or the Debye relaxation time, obtained
from the frequency corresponding to the maximum dielectric loss:

ε″ ωPð Þ ¼ ε″max;ωp ¼ 2π f p ¼ 1=τD ð3Þ

Starting from the theoretical Debye function other relations have
been proposed, both in frequency and time domains, in order to repre-
sent the experimental spectra.

The dielectric functions measured in the frequency domain are
much more extensive than the Debye function. Furthermore, in some
cases the dipolar function is asymmetric. For these reasons empiric
model functions representing a generalization of the Debye function
for the dipolar relaxation are used. The most flexible is the Havriliak-
Negami (HN) [45,46] function which is currently employed for the
study of the real processes of dielectric relaxation:

ε�HN ωð Þ ¼ εr;∞ þ εr;0−εr;∞
� �

= 1þ iω � τmaxð Þa� �b
0bab1;0bbb1

ð4Þ

where, εr,0 is the low frequency permittivity (whenω→ 0) and εr,∞ is
the permittivity in the high frequency limit,ω→∞, τmax is the character-
istic relaxation time of the medium.

The shape parameters, a and b, influence the widening and the
asymmetry of the relaxation curve, around the loss maximum point.
The relaxation characteristic times are obtained by fitting the experi-
mental spectra to the HN functions.

As resulting from the experimental data, the relaxation time changes
with temperature. A functional relationship should be considered due to
the temperature dependence of the relaxation time. The encountered
variations may fall into one of the following situations:

1) The Arrhenius law [44], describes an individual mechanism of es-
calating a potential barrier:

τmax Tð Þ ¼ τ∞ exp EA=kBTð Þ ð5Þ

where EA is the activation energy, τ∞ pre-exponential factor, is the time-
scale at which the dipole attempts to orient itself, kB Boltzmann's
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constant, T – current temperature. By applying the logarithm it is ob-
tained:

ln τmax xð Þð Þ ¼ ln τ∞ð Þ þ EAx=kB; x ¼ 1=T ð6Þ

2) The empiric Vogel-Fulcher-Tammann (VFT) law [47–50]:

τmax ¼ τ∞ exp A=kB T−TVð Þ½ � ð7Þ

where A, τ∞ and TV are fitting parameters having the following mean-
ings: A, amaterial constant, is a quantity relatedwith the activation bar-
rier and TV is the Vogel temperature, the pre-exponential factor, τ∞, is
equal to the relaxation time for high temperatures. By applying the log-
arithm, a more convenient form for the fitting parameters is obtained:

ln τmax xð Þð Þ ¼ ln τ∞ð Þ þ A � x=kB 1−TVxð Þ
x ¼ 1=T ð8Þ

It is considered that the temperature dependence obtained accord-
ing to the VFT approach is due to some collective effects, firstly
discussed by Adam and Gibbs [51]. Importantly, at the phase transition
the dielectric behaviour will change and consequently the transition
temperatures can be obtained from the DS measurements and corre-
lated with the temperatures deduced by other techniques (DSC and
POM).

Two samples 5a and 5b have been selected as representative exam-
ples to be the subject of the dielectric investigations. As it will be shown
in the following analysis, if the spectra are separately analyzed on the
two frequency domains, low frequency (LF) domain, 0.01-10 MHz,
Fig. 10. Temperature dependence of the complex dielectric constant: real part and imaginary pa
HF range (d).
and high frequency (HF) range, 1 MHz-3GHz, apparently four dipolar
relaxations (DR) are present: two in the LF range and two in the HF do-
main. However, when joining together the two frequency domains, one
observes that actually only three distinct DR processes exist, that will be
designated as follows: DR-α, DR-β si DR-γ.

Measurements of the complex permittivity, represented as the
experimental dependencies log(ε′) = J1(T) and log(ε″) = J2(T) at
LF-range and at HF-range respectively, are shown in Fig. 10. It is in-
teresting to observe the behavior of the two curves in the 340 K to
380 K temperature interval for compound 5a. A clear change of the
variation rate can be seen on going from low temperatures to high
temperatures corresponding to LF range (Fig. 10a). This continuous
change takes place around 365 K (92 °C), a temperature which is
closely related to the one found by DSC for the isotropization transi-
tion (91 °C). These findings are confirmed as well by the HF results,
presented in Fig. 10b.

A discontinuity and different variation rates of the values of the per-
mittivity components (ε′ and ε″) under and above the temperature T
≈ 400 K have been observed in both plots (at HF and LF) corresponding
to 5b (Fig. 10c and d) In fact, the temperature T≈ 400 K (127 °C) is very
close to the SmA-Iso phase transition temperature recorded by DSC
(123 °C) (Table 1). The dielectric loss spectra and the fitting function
with two HN components in the HF range, at two different tempera-
tures, below and above the phase transition temperature T = 400 K
for complex 5b are shown in Fig. 11. Thus, in the HF range, two dipolar
relaxation (DR) processes have been identified, namely DR-β and DR-γ,
based on the shape of the curves. The same behavior was seen for the
complex 5a; two processes of dielectric relaxation were observed by
rt of sample 5a in the LF range (a) andHF range (b) and of sample 5b in the LF range (c) and



Fig. 11. Dielectric loss versus frequency, double logarithmic scales, experimental results and fitting for 5b at two distinct temperatures at HF: 357 K (a) and 414 K (b); loss tangent, tanδ,
versus logarithm of frequency at two distinct temperatures: 365 K and 377 K (at LF) for 5a (c) and at 360 K and 414 K (at LF) for 5b (d).
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plotting the complex dielectric constant versus logarithm of frequency
at two distinct temperatures: 362 K and 383 K, (Fig. S20 and S21, ESI)
and these were assigned to DR-β and DR-γ relaxation processes. Only
the descending branch of the DR-β and the ascending branch of the
DR-γ are visible in the frequency domain, as shown in Fig. 11 for 5b.
For this reason the location of the maximum and the calculation of the
characteristic times using the fitting function is affected by important
errors. The results of the HF spectra analysis are not discussed here be-
cause the fitting parameters do not have “trust” values.

On the other hand, the experimental results obtained at LF –range
are analyzed using a suitable representation for highlighting the relaxa-
tion processes: the dielectric loss tangent tanδ, versus frequency, at two
temperatures in the vicinity of the phase transition temperature is
shown in Fig. 11c and d, while the Cole-Cole representation, ε″ = ε″
Fig. 12. Cole-Cole plot ε″ = ε″(ε′), at T = 365
(ε′), at the same temperatures, T = 365 K for 5a and T = 360 K for 5b
are presented in Fig. 12. The Cole-Cole plots, ε″ = ε″(ε′), at different
temperatures, T = 377 K for 5a and T = 414 K for 5b are given in
Fig. S22, ESI. The intensity of the processes differs significantly and for
this reason the double logarithmic scale representation was chosen in
Figs. 11 and 12. For both samples, in the LF range, two dominant DR pro-
cesses were observed: DR-α and DR-β, one at lower frequency (DR-α)
and another at medium frequencies (DR-β). These two relaxation pro-
cesses are more or less superimposed and their relative position is tem-
perature dependent.

Interestingly, by comparing the two samples, a better separation of
the two relaxation processes was seen for 5b (Fig. 12). Characteristic re-
laxation times at LF versus inverse of temperature for the two samples
are shown in Fig. 13, while the values of the activation energies and/or
K for 5a (a) and at T = 360 K for 5b (b).



Fig. 13. Plot of the temperature dependence of the relaxation times for samples 5a (a) and 5b (b), experimental and fittedwith Eq. (8) - the continuous curves. The values of the activation
energies are given in Table 3.
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activation constants are presented in Table 3. Their intensities are differ-
ent by 2–3 orders of magnitude. The presence of the phase transition is
hardly perceivable for 5a (Fig. 13a).

The small deviations, given at different temperatures, are due to the
fitting process. The same behavior was observed for the temperature
dependence of the complex dielectric constant in the LF andHFdomains
for 5a (Fig. 10a and b). It turns that the DR-α process obeys the Arrhe-
nius law while the DR-β follows the VFT law. On the contrary, in the
case of compound 5b, the two curves shown in Fig. 13b have a disconti-
nuity around the same temperature, T = 400 K, which corresponds to
the SmA-Iso transition. The branches corresponding to high tempera-
tures (the left part of the curves) are in good agreementwith the Arrhe-
nius law, and the branches from low temperatures (the right side of the
curves) have a variation according to the VFT law.

4. Conclusions

In this studywe obtained a new series of lanthanidomesogens using
4-pyridone derivatives as ligands having two cyanobiphenyl units as
the mesogenic group attached to the coordinating unit by flexible
methylene spacer, with different number of carbon atoms: 6, 9 or 10.
For the synthesis of lanthanide complexes, three lanthanide ions were
used: Eu(III), Sm(III) and Tb(III). The mesomorphic behavior was
investigated by a combination of differential scanning calorimetry and
polarized light microscopy. While the ligands display a nematic phase,
the corresponding lanthanide complexes show a stable smectic A
phase. The repetitive heating-cooling cycles have highlighted the repro-
ducibility of the mesophases both on heating and cooling for all com-
pounds, ligands and complexes. The X-ray powder diffraction
experiments confirmed the assignments of the SmA mesophase based
on their characteristic texture by POM. All complexes show lumines-
cence properties in solid state at room temperature and the luminescent
Table 3
Activation constants and characteristic times for lanthanidomesogens 5a and 5b.

Compd. Temp. range [K] Relaxation process EA [eV] TV[K] τmax[s].10−18

5a 338–389 DR-α 1.18 88.6 1.10−2

338–370 DR-β 0.471 211 1.097
370–389 DR-β 0.581 183.7 0.109a

5b 351-400 DR-α 1.249 12.19 4.640
400–414 DR-α 0.735 89.38 –
351–400 DR-β 0.733 133.2 0.150
400–414 DR-β 0.851 55.95 1.036b

a Two processes of dielectric relaxation, DR-α and DR-β; the process DR-β is better
outlined.

b Two processes of dielectric relaxation, DR-α and DR-β.
spectra displays well-defined peaks characteristic to the Eu(III), Sm(III)
and Tb(III) ions and an additional emission band of the coordinated li-
gand. The dielectric relaxation spectroscopy analysis of each sample in-
vestigated shows three dipolar relaxation processes. The characteristic
times have been obtained by fitting the spectra of the dielectric loss
with a two component Havriliak-Negami function. The activation con-
stant/energy was determined from the Vogel-Fülcher-Tammann (VFT)
representation. The DS data show an evident phase transition for 5a
and 5b when the phase transition temperatures obtained from the
DSC are correlated to the ones found in the DS measurements.
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Abstract. Here we describe an organic electro-optic device, obtained using electrospun hydroxypropyl
cellulose (HPC) polymer fibres and nematic liquid crystals (LC). Its working mechanism is similar to
that of a classic polymer-dispersed liquid crystal (PDLC) device. The scanning electron microscopy of the
HPC deposited fibres shows a mat of fibres with diameters in the nano and micron size range. Dielectric
spectroscopy measurements allow the determination of the dependence of the dielectric constant and
electric energy loss on frequency and temperature as well as the determination of the activation energy.
The electro-optic study shows a very good optical transmission curve, with an “on”-“off” switching voltage
of less than 1 V/μm.

1 Introduction

This paper presents an organic electro-optic device obtained using a network of electrospun hydroxypropyl cellulose
(HPC) polymer fibres and thermotropic nematic liquid crystals (LC). The working principle is that of a classic
polymer-dispersed liquid crystal (PDLC); thus, under the action of an external electric field, LC molecules change
their orientation, changing the optical characteristics of the LC and the PDLC film as a whole [1–5]. The polymer
refractive index matches the LC ordinary refractive index and the film goes from the light-scattering (“off”) state to
the light-transmitting (“on”) state. In fig. 1, the schematic presentation of the HPC-LC composite and the working
principle for the electro-optic device (a) and the SEM image of obtained electrospun HPC fibres (b) are shown.

The well-known methods for obtaining “classic” PDLC devices, such as solvent induced phase separation, poly-
merization induced phase separation and thermally induced phase separation, are based on the preparation of a
LC-polymer (or pre-polymer) mixture and the induction of the phase separation of the LC from the polymer ma-
trix by one of the above-mentioned methods. In the dielectric studies, the contribution of the two elements (LC and
polymer) cannot be experimentally separated. Since, in the presented sample preparation method, the HPC fibres are
firstly deposited and then the electro-optic cell is filled in with LC, the dielectric measurements could be performed
before and after filling it in with LC, thus the contribution of each element becomes measurable.

New LC have been synthesized and many LC/polymer systems have been developed for their applications in opto-
electronics (light valves, polarizers, solar panels, spatial optical light modulator) [6–9], photonics (phase modulators)
and nonlinear optics [10–12].

The HPC used in the sample preparation is an eco-friendly, recyclable, natural cellulose derivative that is obtained
from renewable sources [13–19]. The nematic LC used was E7 (Merck), a mixture of alkylcyanobiphenyls with a cyano
head group.

a e-mail: palmeida@adf.isel.pt (corresponding author)
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Fig. 1. (a) Schematic presentation of electrospun HPC-LC composite. The applied electric field is denoted by �E. When the
applied electric field is zero, the sample scatters the incident light (off state). When the applied electric field is higher than a
certain characteristic value, the LC molecules align with the direction of the field and the sample goes into the on state. (b)
SEM image of the obtained electrospun HPC fibres.

2 Experimental method

2.1 Sample preparation

Hydroxypropylcellulose (HPC) is a non-ionic ether of native cellulose. The water solubility of this polymer is dependent
on the temperature and is also soluble in other organic solvents, such as acetone and ethanol. HPC is frequently used
in industries, such as alimentary and pharmaceutical ones, due to its renewable source, non-toxicity, biocompatibility,
biodegradability and optical properties.

The non-woven fibre mats, used to distort the nematic liquid crystal director field in the “off” state, were produced
by electrospinning [20–24], a technique that takes advantage of the electrical forces to produce polymeric fibres with
diameters in the sub-micrometer to a few micrometer scale (see fig. 1(b)).

The mats were produced using solutions (15wt%) of HPC (MW = 100.000 g mol−1) in ethanol (without further pu-
rification). The solutions were constantly stirred for 2 days to ensure homogenization. A 5ml syringe fitted to a 23 gauge
needle was filled with the solution and placed in the infusion syringe pumping machine (KDS100) in order to control the
solution feed rate through the tip of the needle. To avoid backflow of the electrospun jet, a conducting ring, with 0.15m
diameter, was assembled coaxially with the syringe’s needle and was electrically connected to it, so that it is at the
same potential. The metallic set (needle + ring) was connected to the positive output of a high-voltage power supply
(Glassman EL 30 kV). The collector, holding the indium tin oxide (ITO) coated glasses, was assembled in front of the
needle with 0.15m between nozzle and collector. The collector was grounded to create an intense electric field (15 kV)
between the needle and the target. After application of the electric field between the syringe’s needle and the target,
the polymeric solution was forced through the needle at a constant flow rate of 0.04ml/h, being afterward accelerated
and electrospun towards the target by the influence of the imposed electric field (standard electrospinning setup).

The electrospun fibres were deposited directly onto the ITO-coated glasses. The thickness of the thin non-woven
mats was quantified using a profilometer and was in the range of few microns depending on the duration of the
deposition and electrospinning parameters, such as distance from target, atmosphere humidity, flow rate and magnitude
of the electric field.

On the preparation of each cell, two ITO-coated glasses were used, one with the HPC non-woven mat deposited on
and the other as received. The two ITO-coated glasses were glued to each other, separated by the distance of the mat
thickness; a small area on each glass was reserved for electrical contact. Two openings were left accessible to allow the
filling of each cell with a nematic liquid crystal.

The liquid crystal used was a Merck’s E7 nematic mixture of four nematic compounds (51wt% of 5CB + 25wt%
of 7CB, 16wt% of 8OCB and 8wt% 5CT) [25]. E7 presents a nematic-to-isotropic transition temperature at TNI =
334.15K, has positive dielectric anisotropy thus the nematic director tends to align parallel to the imposed electric
field and has ordinary and refractive indexes of nO = 1.5183 and ne = 1.7378 (λ = 632.8 nm), respectively, measured
at 293.15K [26].

After assembly, the cell was incubated at 383.15K for 30min and allowed to slowly cool to 373.15K. The NLC was
then inserted by capillary rise.
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Fig. 2. Comparative presentation: (a) permittivity dependence on the temperature of the HPC cell without LC and of HPC/E7
at 1 Hz and at 10 Hz; (b) dielectric loss dependence on temperature of the HPC cell without LC and of HPC/E7 at 1 Hz and
at 10Hz; (c) permittivity dependence on frequency, at three constant temperatures, of the HPC cell and the HPC/E7; (d)
dielectric loss dependence on frequency, at three constant temperatures of the HPC cell and the HPC/E7.

2.2 Dielectric measurements (DS)

The DS characterisation was performed using a broadband dielectric spectrometer, NOVOCONTROL, consisting
of the alpha-A high performance frequency analyser in the LF domain 0.01–107 Hz, equipped with the WinDETA
software [27]. Temperatures were controlled within 0.2K and the alternating voltage was 0.5V.

2.3 Electro-optic set-up

For the electro-optic characterization, a classical set-up [22,28–30] was used. The set-up consists of a monochromatic
laser beam at 632.8 nm (coherent HeNe laser system) that pumps the sample, which is subjected to an external electric
field with a frequency of 50Hz. The electrical signal characteristics are read on a high-resolution voltmeter.

3 Results and discussions

3.1 DS results

The DS characterization of the HPC/E7 was performed in the low frequency (LF) and high frequency (HF) range, in
the temperature domain 293–350K.

Figure 2(a) presents the dependencies of the permittivity on temperature at two constant representative frequencies,
1Hz and 10Hz, of the cell with HPC fibres deposited, before filling in the LC. Figure 2(b) shows the dielectric loss of
the same cell before and after the E7 LC was introduced. A change in the slope for the HPC/E7 was associated to
the LC nematic-isotropic phase transition observed in figs. 2(a) and (b), at 330K, practically a frequency-independent
process.
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Havriliak-Negami fitting function (open black circles); (b) dielectric loss versus permittivity measured at 346.15 K (solid red
squares) and Havriliak-Negami fitting function (open black squares).

Since, for all the samples, permittivity increases dramatically with temperature, our study constitutes a break-
through in designing compensation electronic circuits for temperature variation.

Representations of the dielectric loss at the same frequencies (fig. 2(b)) showed an increase of two orders of
magnitude due to the LC, in the temperature interval 293.15–323.15K.

Figure 2(c) presents the permittivity dependence on frequency, at three constant representative temperatures, of
the HPC and the HPC/E7. The selected spectra are registered under the phase transition temperature of the LC
(322K), at the phase transition temperature of the LC (331K) and above the phase transition temperature of the LC
(343K).

The HPC spectra have, in the LF domain, two relaxation processes, almost overlapped (one at 1Hz and the other at
500Hz). Figure 2(d) shows the dielectric loss dependence on frequency, at three constant representative temperatures
for the HPC and HPC/E7. In the HF domain, for the HPC/E7, one relaxation process is observed at 106 Hz, therefore
attributed to the LC.

The characteristic relaxation times were obtained by fitting the spectra of the dielectric loss with the Havriliak-
Negami (HN) functions [31]:

ε∗HN(ω) = ε′(ω) − iε′′(ω) = ε∞ +
εLF − ε∞

(1 + (iω · τmax)α)β
,

0 < α < 1, 0 < β < 1, (1)

where ε′(ω) is the permittivity and ε′′(ω) is the dielectric loss, εLF is the low-frequency permittivity and ε∞ is the
permittivity in the HF limit and τmax is the characteristic relaxation time of the medium [32].

Figure 3(a) shows the variation of the quality factor (tan(δ) versus frequency, logarithmic scale, and fig. 3(b)
presents the Nyquist diagram (also known as Cole-Cole diagram), ε′′ = ε′′(ε′), also logarithmic scale. The represented
values are obtained from the dielectric spectra measured at the temperature 346.15K. These figures are illustrating
the fitting procedure with one Havriliak-Negami (HN) function. They also emphasize in a clearer way the presence of
the three relaxation processes mentioned in fig. 2. So, by examining fig. 3(a), a “main” relaxation process, at 100Hz is
observed (at the respective temperature), on which the HN fitting function is centered (open black circles). In the low
frequency domain, the experimental curve gets away from the HN function, indicating the presence of a “secondary”
process, observed as a “shoulder” of the increasing branch of the “main” relaxation process. In the high frequency
(above 100KHz) range, the increasing branch of a third process is relaxation process is noticed (solid red circles).

Figure 3(b) confirms the above-mentioned processes. In its left side there is an incomplete semicircle, deformed by
the logarithmic scale, corresponding to the high frequency process. In the right side of fig. 3(b), the experimental data
move away from the fitting curve (open black squares curve), due to the influence of the relaxation process from very
low frequencies. The processes present at the two above mentioned limits are not entirely comprised in the studied
frequency range. Therefore, they could not be analysed, because the fitting parameters are affected by too large errors.
The above mentioned arguments explain our choice for one HN function centered on a single relaxation process.

A special attention should be paid to the interpretation of the results related to the two low frequency relaxation
mechanisms, which are, to a good extend, superposed. The main mechanism may be attributed to the dynamics of
the molecules present in the surface layer of composite systems. The structure of such a layer might be considered as
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Table 1. DS characteristic constants for HPC/E7.

No. Sample type Investigation method
Temperature domain Activation energy Vogel temperature Relaxation time

[K] Ea [eV] TV [K] τ [s]

1 HPC/E7
DS 295–328 0.61 0 2.98 × 10−10

Vogel-Fulcher-Tammann 331–346 0.58 4.84 1.97 × 10−10

2 HPC/E7
I-V curves 308–330 0.66 – –

Arrhenius [20] 330–353 0.42 – –

constituted by: a) LC molecules directly linked to the surface by a chemical bond; b) a certain number of molecules
unbound to the interface but whose dynamics is different from the one specific to the bulk behaviour, being hindered
by the short distance interaction with the adsorbed molecules. In the dielectric spectra, a relaxation process whose
characteristic frequency is smaller than the one corresponding to the relaxation process in the bulk LC appears. This
interpretation is in agreement with those given by Lippens et al. [33], Cramer et al. [34] and Brás et al. [35].

The second process (LF), due to the interfacial polarization, manifested at very low frequencies, of about 1Hz,
might be attributed to the Maxwell-Wagner-Sillars effect [2,31,36–38]. This effect is present at the interface between
two media with different dielectric constants and electric conductivities. It results in a supplementary increase of the
dielectric constant and of the dielectric losses at the decrease of the frequency, as one can see in fig. 3(a).

Figure 4 shows the temperature dependence of the characteristic relaxation time for HPC/E7, which presents two
linear segments, slightly shifted between them. The transition temperature of the LC is included in the region at which
this shift occurs. The magnitude of this shift is rather small, because parts of the LC molecules are attached to the
HPC fibres and are part of the surface layer. This results in a reduced mobility of the LC molecules as they are in a
movement limiting confined structure. The rest of LC molecules, part of the bulk volume, have higher mobility.

The dependency τmax = f(1/T ) can be modelled using the Vogel-Fulcher-Tammann (VFT) law:

τmax = τ∞ exp

[

A

KB(T − TV)

]

, (2)

where A is a material constant, KB is Boltzmann’s constant, T is the current temperature, TV is the Vogel temperature
and τ∞ is a pre-exponential factor. The activation energies were calculated for the HPC/E7 samples, by fitting the
dependency ln(τmax) = f(1/T ) to two straight line segments, for two temperature domains, as presented in table 1.
The slope of the lines is m = A/KB and from their intersection with the ordinate axis, the relaxation time was
determined. It should be noted that, since the obtained Vogel temperature is very low, the VFT equation becomes
the Arrhenius equation, as the material constant A is assimilated by the activation energy Ea. The previous data [20],
obtained with slightly different electrospinning conditions and using the Arrhenius formula, are very similar.

The two sets of results are in good agreement; in both cases, the activation energy has lower values in the higher
temperature domain, in the isotropic phase of the LC.
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Fig. 5. Optical transmission versus RMS electric field for the HPC/E7 sample.

3.2 Electro-optical transmission

The optical transmission value, under the influence of an external electrical field, was determined. Thermal effects that
accumulated in the samples made the DC electric fields unfitted for use, as the temperature rise changes the phase of
the sample from nematic to isotropic. Therefore, a variable amplitude AC field was applied to the samples [1,2,13],
and the optical transmission through the sample was measured.

The voltage URMS was gradually increased and the optical transmission was measured after enough time until no
transient effects occur. At low electric fields, the optical transmission retains a low value and thus the sample acts as a
light blocker. This is known as the “off” state. As the voltage increases, the overall behaviour of the composite leads to
an increase in the optical transmission to an almost unitary value. This is known as the “on” state. The voltage level
at which the optical transmission attains the value 0.9 is known as the threshold voltage. The static optical behaviour
of the sample is presented in fig. 5. Based on the graph, we have estimated the threshold voltage at less than 1V/µm.

4 Conclusions

The electrospinning method was chosen to obtain a non-woven fibre mat, deposited on ITO-covered glass. Using one
glass with the HPC non-woven mat deposited on and the other one as received, an electro-optic cell was obtained.

By filling in the nematic liquid crystal E7, an organic optoelectronic device was obtained, functioning as a light
scattering - light transmitting device (optical valve), similar to the PDLC type.

A dielectric spectroscopy study was performed on the electro-optic cells before and after filling in the LC. The
dependence of the dielectric constant and electric energy loss on frequency and temperature was studied. By comparing
the spectra of the dielectric permittivity of the samples with LC (HPC/E7) to the ones of the sample without LC
(HPC), the following conclusions were drawn: a) the presence of the LC modifies the dielectric permittivity spectra,
the variations depend on frequency and temperature; b) the phase transition of the liquid crystal is determined by
the molecular dynamics in confined configurations; c) the existence of a main process (in the 100Hz–1MHz frequency
range) due to the dynamics of the permanent dipoles of the molecules adsorbed at the fibre surface; d) the presence of
a supplementary dielectric process, with the characteristic frequency about 1Hz, due to the relaxation of the interfacial
polarization (Maxwell-Wagner-Sillars relaxation).

The activation energy of the E7 liquid crystal in the HPC fibre mat was determined in good agreement with
previous data.

The electro-optic study shows a very good optical transmission curve, with an on-off switching voltage of less than
1V/µm.

This work was partially funded by FEDER funds through the COMPETE 2020 Program and National Funds through
FCT - Portuguese Foundation or Science and Technology under the Projects Nos. POCI-01-0145-FEDER-007688 (Reference
UID/CTM/50025) and PTDC/FIS-NAN/0117/2014. CPG thanks the Romanian Ministry of Education and Research for fi-
nancial support under Core Program, Project CEFIZMATINT (PN18-11). DMM thanks L. Frunza and S. Frunza for useful
discussions.
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Abstract
A new bisimidazolium salt with dodecyl sulfate as counterion has been designed and prepared. This salt shows a SmA phase that is

stable at room temperature. The new ionic liquid crystal (ILC) was characterized by 1H NMR, 13C NMR and IR spectroscopy. Its

liquid crystalline properties were analyzed by polarizing optical microscopy (POM), differential scanning calorimetry (DSC) and

powder X-ray diffraction (XRD) studies. The dielectric spectra of the ILC doped with different concentrations of carbon nanotubes

(CNT) were recorded over a wide frequency and temperature range of 10−1 to 107 Hz and 293–338 K, respectively. The values of

the activation energy were found in the range of 0.46–0.61 eV; the characteristic time was obtained by fitting the spectra of the

dielectric loss with the Havriliak–Negami functions. As a result of doping the ILC with CNT, the electric conductivity increases

significantly. Ionic conductivity is dominant and it was indirectly observed through the electrode polarization (EP) effect. The very

high dielectric permittivity values and the decrease of the electric conductivity at low frequencies confirm the presence of EP.

164

Introduction
Ionic liquid crystals (ILCs) represent a very appealing class of

materials that has found various recent applications in dye-

sensitized solar cells, battery materials, electrochemical sensors

or energy storage devices. Their interesting properties result

from the combination of liquid crystal (LC) and ionic liquid

(IL) properties. The recent progress and development in the

field of ILCs were reviewed in several publications [1-3]. There

is a growing interest in ILs based on imidazolium cations. Par-

ticular attention is paid to the flexibly or rigidly linked bisimi-

dazolium salts, the so-called gemini ILs. Gemini ILs can show

interesting surfactant and liquid crystalline properties [4-12]

and such salts were used in many applications, ranging from ca-

talysis [13] to biological [14-16] or biochemical applications

[17-19]. Recently, we have shown that it is possible to exchange

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:doina.manaila@physics.pub.ro
mailto:paul.ganea@infim.ro
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Scheme 1: Synthesis of bisimidazolium salt with dodecyl sulfate anion: (i) Br(CH2)10Br, NaH; (ii) C8H17Br, acetonitrile; (iii) C12H25OSO3Na, methanol/
dichloromethane.

the smaller anions (Br−) with alkyl sulfate ions to yield new

ILCs based on bisimidazolium salts with flexible methylene

spacer and long alkyl tails [20]. The LC properties are influ-

enced, in the order of impact, by spacer length, alkyl tail length

and, finally, by the length of alkyl chains attached to the sulfate

groups [21]. Furthermore, the liquid crystalline compounds with

alkyl sulfate anions have lower melting and clearing points.

Hence, there is the interest to design such materials for further

electro-optical applications [22-32].

Figure 1: Schematic representation of the bilayer interdigitated SmA
phase of the ILC based on bisimidazolium salts with alkyl sulfate ion.

Carbon nanotubes (CNTs) and nanoparticles were also dis-

persed in LCs [33-36]. It is well-known that the order of the

LCs can be imposed on the CNTs in such a way that the align-

ment axis of the CNTs is driven by the LC reorientation con-

trolled by an electric field [37]. The concentration and the

spatial distribution of charges in the LC matrix will be affected

by the presence of CNTs and, hence, the conductivity will be

changed [38-44].

There are studies dedicated to the dielectric spectroscopy (DS)

of ILCs doped with CNT [45]. In the present work we studied

the effect of added CNTs on the dielectric properties of a new

ILC based on a bisimidazolium salt with a dodecyl sulfate ion.

The dielectric spectra of pure and CNT-doped ILC were re-

corded in the frequency range from 10−1 to 107 Hz and in the

temperature range from 293 to 338 K corresponding to the dif-

ferent phases of the ILC (mesophase and isotropic state). The

values of the permittivity, dielectric loss and conductivity were

deduced from the dielectric studies. The activation energy was

calculated by employing the Vogel–Fulcher–Tammann law

while the characteristic time was obtained by fitting the spectra

of the dielectric loss with the Havriliak–Negami functions.

Results and Discussion
Synthesis of the bisimidazolium salt
The preparation of new bisimidazolium salt with dodecyl

sulfate anion employed in this study, along with the numbering

scheme of intermediates, is presented in Scheme 1.

In the first step 1,1′-(1,10-hexanediyl)bisimidazole (1) was pre-

pared starting from imidazole and 1,10-dibromodecane, as de-

scribed by Bara and co-workers [7]. The bromide salt 2 was

prepared by alkylation of 1 with 1-bromooctane in acetonitrile

under reflux. The product was precipitated with ethyl ether, and

purified by several recrystallizations from dichloromethane/

ethyl ether. The metathesis reaction of the bromide anion with

sodium dodecyl sulfate, C12H25OSO3Na, yielded the corre-

sponding salt [bisC8ImC10][C12H25OSO3]2 (3). Compound 3

was characterized by several physico-chemical techniques, such

as elemental analysis (C, H, N), IR, 1H and 13C NMR spectros-

copy, supporting the proposed structure. The exchange of bro-

mide anion with dodecyl sulfate ion was easily confirmed by IR

spectroscopy. The IR spectrum of [bisC8ImC10][C12H25OSO3]2

shows a strong band at 1225 cm−1 assigned to the sulfate group.
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Figure 2: POM pictures of [bisC8ImC10][C12H25OSO3]2 on cooling from the isotropic state: at 318 K (a) and at 303 K (b).

Figure 3: DSC traces for [bisC8ImC10][C12H25OSO3]2: (a) first and (b) second heating–cooling cycle recorded in the temperature range of 273–353 K
with a scan rate of 10 K/min. Thermal parameters are given in brackets. The given enthalpy contains the combined values for the two transitions
Cr–SmA and SmA–Iso.

Moreover, the 1H and 13C NMR spectra give additional support

for the exchange of bromide ions with dodecyl sulfate ions. The

signals assigned to the three protons belonging to the two

imidazolium rings are shifted upfield in the 1H NMR spectrum

of [bisC8ImC10][C12H25OSO3]2 compared to their position in

the 1H NMR of the bromide salt 2. The most significant change

was observed for the signal assigned to the proton adjacent to

the two nitrogen atoms (Scheme 1). For the bromide salt 2 this

signal is located at 10.42 ppm, while for the dodecyl sulfate salt

[bisC8ImC10][C12H25OSO3]2 this signal is shifted to 9.58 ppm.

It is well documented that the anion–cation interactions have a

strong effect on the NMR chemical shifts of protons belonging

to the imidazolium ring. The NMR signals are shifted down-

field due to the presence of hydrogen-bonding interactions in

imidazolium-based ILC systems [32,46-51].

Polarized optical microscopy (POM)
The LC phase of [bisC8ImC10][C12H25OSO3]2 was determined

based on the POM observations. Two different pictures of the

textures developed on cooling from the isotropic state are

shown in Figure 2. These observations were confirmed later by

XRD studies. On cooling the sample from the isotropic state,

typical fan-shape or focal conic textures together with several

homeotropic areas were found, leading to an unambiguously as-

signment of a SmA phase. ILCs are well known to exhibit pre-

dominantly lamellar phases, with the SmA phase being the most

common phase for such materials, in particular due to electro-

static interactions and ion–ion stacking in ILCs.

Differential scanning calorimetry (DSC)
The transitions and their corresponding temperatures together

with the enthalpy values associated to these processes are

presented in Figure 3. The transitions of [bisC8ImC10]-

[C12H25OSO3]2 between mesophase and isotropic state ob-

served by DSC are broad, with Tonset = 321.15 K. The tempera-

ture range of the liquid crystalline phase is limited to approx.

10 K during the heating run. The first heating run of the bisimi-

dazolium salt shows a broad peak including the transition from

the crystalline state to the LC phase and the following transi-

tion to the isotropic state, giving only the combined enthalpy of

the two processes. However, POM observations clearly indicat-

ed that the two transformations are well separated. The
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Figure 4: Powder XRD pattern of [bisC8ImC10][C12H25OSO3]2 recorded at 298 K, after cooling from the isotropic state. Inset: the XRD pattern re-
corded at 298 K in the crystalline state (prior to heating).

following cooling run shows the Iso-SmA phase transition at

321.15 K followed by a second transition at 285.15 K, which

was assigned to a transition from the LC phase to a different

crystalline phase (Cr′). This second Cr′ phase is not thermody-

namically stable at room temperature and it transitions to the

first crystalline phase at 287.15 K during the subsequent heating

run (in fact, it is a melting transition followed by the cold crys-

tallization to the Cr phase). The following heating–cooling

cycles are perfectly reproducible with the two transitions

Cr–SmA and SmA–Iso well separated during the heating runs

(Figure 3b). Importantly, POM observations show that on cool-

ing from the isotropic state, the SmA phase is stable down to

room temperature over time with a slow crystallization occur-

ring over the course of hours based on POM observations.

Obviously, the stability domain of the SmA phase is higher (ca.

36 K) during the cooling step, allowing for precise dielectric

measurements in the LC phase.

Powder X-ray diffraction measurements
The nature of the LC phase was unequivocally confirmed by

powder X-ray diffraction measurements. The XRD measure-

ments were performed at 298 K after the sample was previ-

ously heated at 333 K to reach the isotropic state and then

cooled down to room temperature in the mesophase tempera-

ture domain. The results are presented in Figure 4. The XRD

pattern of [bisC8ImC10][C12H25OSO3]2 salt shows one sharp

and intense diffraction peak in the small-angle region (27.3 Å)

and a second broad peak at wide angles (around 4.5 Å). The

first peak was assigned to the (001) reflection corresponding to

a lamellar structure while the broad peak is due to the liquid-

like order of the molten alkyl chains.

The results of a simple molecular calculation based on an all-

trans extended model revealed a molecular length of about

39 Å. Indeed, by comparison of the experimental value of the

layer thickness (27.3 Å) with the molecular length resulting

from molecular calculations, it is justified to assume an inter-

digitated double layer structure for the SmA mesophase [4,20].

Dielectric spectroscopy
The DS measurements were performed both for the pure ILC

and for various mixtures of CNT-doped ILC (concentration

0.05% w/w and 0.5% w/w) in the frequency range from 10−1 to

107 Hz. The temperature range was chosen in agreement with

the DSC and the POM observations for the phase transitions,

between 293 and 338 K.

The logarithmic permittivity for the pure ILC and the CNT-

doped ILC as a function of the temperature is presented in

Figure 5. It was found that the permittivity has higher values for

the CNT-doped ILC and, in the range of 320–338 K, the plots

of the permittivity for the 0.05% CNT and 0.5% CNT concen-

trations overlap.

The temperature variation of the dielectric loss for the pure ILC

and the CNT-doped ILC is shown in Figure 6. It was found that

the dielectric loss increases with the temperature and with the

CNT concentration.
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Figure 5: Permittivity as a function of the temperature (logarithmic
scale) for pure ILC (green solid squares), ILC doped with 0.05% CNTs
(red open squares) and ILC doped with 0.5% CNTs (blue open
circles).

Figure 6: Dielectric loss as a function of the temperature (logarithmic
scale) for pure ILC (green solid squares), ILC doped with 0.05% CNTs
(red open squares) and ILC doped with 0.5% CNTs (blue open
circles).

The characteristic relaxation times were obtained by fitting the

spectra of the dielectric loss with the Havriliak–Negami (HN)

function [52]:

(1)

where ε′(ω) is the permittivity and ε″(ω) is the dielectric loss,

εLF is the low-frequency (LF) permittivity and ε∞ is the permit-

tivity in the high-frequency (HF) limit and τmax is the character-

istic relaxation time of the dielectric relaxation process.

The dependency τmax = f(1/T) can be modeled using the

Vogel–Fulcher–Tammann (VFT) law, as follows:

(2)

where A is a material constant, kB is Boltzmann’s constant, T is

the temperature, TV is the Vogel temperature and τ∞ is a pre-

exponential factor.

Figure 7 presents the characteristic relaxation time as a func-

tion of the inverse temperature for the pure ILC and the CNT-

doped ILC. For the pure ILC and for the lower CNT doping

concentrations, there are two slopes, attributed to the isotropic

and the SmA phases. At the higher CNT concentration (0.5%)

the transition isotropic–SmA could not be detected clearly,

probably due to the very low energies involved in the transition.

In the isotropic phase, the curves of the relaxation time for the

0.05% CNT and 0.5% CNT concentrations overlap, and for

lower temperatures, the relaxation time decreases with the CNT

concentration. The pure ILC has a relaxation time higher than

the doped ILC in the temperature range of the mesophase.

Figure 7: Relaxation time as function of the inverse temperature (loga-
rithm scale) for pure ILC (green solid squares), ILC doped with
0.05% CNTs (red open squares) and ILC doped with 0.5% CNTs (blue
open circles).
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Table 1: DS characteristic constants for pure and CNT-doped ILC.

no. sample type temperature domain [K] activation energy, Ea
a [eV] relaxation time, τmax [s]

1 pure ILC 296–317 0.61 5.500 × 10−13

323–338 0.49 1.700 × 10−11

2 ILC doped with 0.05% CNT 293–317 0.59 1.169 × 10−13

323–338 0.47 2.364 × 10−11

3 ILC doped with 0.5% CNT 309–338 0.46 3.105 × 10−11

aIn these calculations, the Vogel temperature was considered zero in the initial fitting. Hence, the VFT equation approximates an Arrhenius-like
expression, the material constant A being incorporated into the activation energy Ea.

Table 1 gives the values of the activation energy and the relaxa-

tion times in the corresponding temperature domains. The

following observations can be made according to data presented

in Table 1: a) the activation energy increases with CNT concen-

tration; b) for the same CNT concentration, the activation

energy is smaller in the isotropic phase (at higher temperatures).

There are “jumps” in the characteristic relaxation time around

certain temperatures such as 293–296 K for the CNT-doped

samples and 314.15–323.15 K for the pure ILC and the 0.05%

CNT doped sample (Figure 7). These jumps can be attributed

either to the fitting procedure or to one or more phase transi-

tions. The isotropic–SmA transition is found in the range of

314–323 K. In order to study this phenomenon, the permittivity

and dielectric loss were plotted as functions of the frequency in

the abovementioned temperature ranges. These curves are

shown in Figure 8 and Figure 9. The ILC permittivity as a func-

tion of the frequency has three distinct slopes, one between 10−1

and 102 Hz, one between 102 and 104 Hz and the third one be-

tween 104 and 107 Hz. This type of dependence also occurs for

the CNT doping concentrations of 0.05% and 0.5%.

The dielectric loss of the ILC can be divided in two regions, be-

tween 10−1 and 102 Hz and between 2·102 and 107 Hz

(Figure 8). At lower temperatures, for the CNT- doped samples

(Figure 9a,b), the straight lines with the greater slope are seen

over a wider frequency range (more evident in Figure 9c, at

293 K). In the dielectric loss spectra, presented in Figure 8 and

Figure 9, a dipolar relaxation process was identified in the range

of 102–103 Hz, with only the descendent slope being observed.

The Havriliak–Negami fitting function (Equation 1) are

centered on this process. In the fitting procedure the exponent β

was set to 1, and the other parameters were left optimized by

fitting the HN function to the experimental data. It was found

that the permittivity and the dielectric loss values increase with

the temperature for pure ILC and for all CNT-doped samples.

The permittivity and the dielectric loss have high values in the

LF domain, both for the pure and the doped-ILC. The high

values in the range of 106–108 Hz are due to the presence of

Figure 8: Permittivity and dielectric loss as functions of the frequency
(logarithmic scale) for the pure ILC at two constant temperatures, 317
and 323 K.

free ions. Figure 10 shows the variation of the real part of the

conductivity as a function of the temperature for the ILC and

the CNT-doped ILC. A linear dependency is observed, the

change of the slope being attributed to the different phases. This

behavior is more clearly observed for the ILC (solid squares)

and the ILC doped with 0.05% CNTs (open squares). The

conductivity increases with the CNT concentration.

Figure 11 shows the real part of the conductivity of the pure

ILC as a function of the frequency (logarithmic scale), at three

different constant temperatures. An increase of the conductivity

with CNT concentration and temperature is also observed as

presented in Figure 12.

Ionic conductibility
Two major polarizing mechanisms can be studied by means of

DS: a) polarization due to orientation of permanent molecular

electrical dipoles and b) polarization due to the movement of

mobile charge carriers. Due to the presence of mobile charge

carriers in LCs, a supplementary induced polarization needs to
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Figure 9: Permittivity and dielectric loss as functions of the frequency (logarithmic scale) at different constant temperatures for (a,b) ILC with
0.05% CNTs, and (c,d) ILC with 0.5% CNTs.

Figure 10: Real part of the conductivity versus temperature for pure
ILC and ILC doped with CNTs, at 10 kHz.

Figure 11: Real part of the conductivity as a function of the frequency
(logarithmic scale) for the pure ILC, at three different constant temper-
atures. Region 1: low and very low frequency; region 2: medium fre-
quency; region 3: high frequency.
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Figure 12: Conductivity as a function of the CNT concentration at
three constant temperatures.

be considered when interpreting experimental data, namely the

electrode polarization, resulting from charge accumulation at

the electrode/sample interface.

Experimental data can be presented either by means of the com-

plex dielectric function or of electric conductivity. The AC

conductivity σ*(ω) is a complex function:

(3)

In agreement with Maxwell’s equations, a direct general rela-

tionship can be established between the electrical conductivity

and the dielectric permittivity of a medium. For a sinusoidal

electric field Equation 3 becomes:

(4)

The real and the imaginary parts are σ′(ω) = σ0 + ωε0ε″(ω) and

σ″(ω) = ωε0ε′(ω), respectively.

As shown in Figure 11, at medium frequencies (103–105 Hz),

the ac conductivity and permittivity spectra are controlled by

ion movements in the bulk of the electrolyte. At low frequen-

cies (10−1–103 Hz), approximately region 1 in Figure 11, the

behavior is controlled by “electrode polarization” effects. Thus,

the electric conductivity decreases significantly when the fre-

quency decreases. In the frequency range below 100 MHz, the

ionic conductivity spectra obey the Jonscher power law [52,53]:

(5)

where 0 < N ≤ 1 and σdc is the dc conductivity (usually

0.1 ≤ N ≤ 0.4). The parameter σdc is obtained from the elec-

trical conductivity spectra by extrapolation to the ω→0 limit.

For samples with ionic carriers, obtaining the conductivity

values, σdc, is not trivial [38,54,55]. In this case the effects of

the electrode polarization and of the ionic conductivity overlap

at medium and low frequencies in the conductivity spectra

(Figure 11). The electric conductivity is σdc = q·μ·n, where q is

the electrical charge (in C), n is the concentration (in cm−3), and

μ is the mobility (in cm2·s−1·V−1).

The bulk electrical ionic conductivity σdc obeys the Arrhenius

law [5]:

(6)

where T is the absolute temperature, B is a pre-exponential con-

stant of the material and WA is a constant associated with the

activation energy. Usually, the activation energy includes the

energy terms for the formation and migration of ions.

The experimental results showed that the real part of the permit-

tivity, ε′, representing the dielectric conductivity, increases with

the increase of CNT concentration; the same behavior was seen

for the imaginary part of the permittivity, ε″, representing the

dielectric loss. The permittivity being linked to dipole move-

ments, an increase of the CNT concentration will lead to

possible sample heating. Moreover, the ionic conductivity, σ,

increases with CNT concentration (Figure 12). In this way, ad-

ditional heating results from an increase of the CNT concentra-

tion, this process being frequency dependent.

Conclusion
A new ILC based on bisimidazolium salt with a spacer of ten

carbon atoms and octyl tails and dodecyl sulfate as counterion

was synthesized. The SmA phase was unambiguously assigned

based on polarized optical microscopy observations and XRD

studies while the corresponding phase transition enthalpies were

obtained by DSC. The ILC was doped with CNT in concentra-

tion of 0.05% w/w and 0.5% w/w. The dielectric spectra were

recorded in the frequency range from 10−1 to 107 Hz. The de-

pendence of the dielectric constant and electric energy loss on

frequency and temperature was studied. The activation

energy was determined and the characteristic time was ob-

tained by fitting the spectra of the dielectric loss with the
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Havriliak–Negami function. The study of the dielectric spectra

leads to the following observations: (1) The study of the dielec-

tric permittivity and electric conductivity spectra is complex,

due to the superposition of ionic conductivity effect and dipolar

relaxation specific to LC. Ionic conductivity is dominant and its

effects are indirectly seen through the electrode polarization

(EP) effect. (2) The very high dielectric permittivity values and

the decrease of the electric conductivity at low frequencies

confirm the presence of EP. (3) The doping with CNTs results

in an increase of the conductivity. (4) Relaxation times de-

crease with CNT concentration. (5) In the lower temperature

range, the presence of CNTs leads to a decrease of the activa-

tion energy while for higher temperatures, the activation ener-

gies are very similar for the pure ILC and the doped samples.

As expected, the activation energies are lower at higher temper-

atures.

These preliminary studies revealed an interesting influence of

the CNT concentration on the dielectric behavior of the bisimi-

dazolium salt. This investigation will be extended to new ionic

liquid crystals with a large range of doping concentration in

order to complete the existing image on these aspects. Special

attention will be paid to low-frequency studies of the effects

related to very low CNT concentration.

Experimental
Characterization methods
All chemicals were used as supplied. C, H, N analyses were

carried out with an EuroEA 3300 instrument. IR spectra were

recorded on a Bruker spectrophotometer using KBr discs or by

using a Jasco FTIR 4200 spectrophotometer coupled to an ATR

PIKE GladiATR device. 1H and 13C NMR spectra were re-

corded on a Bruker spectrometer operating at 500 MHz, using

CDCl3 as solvent. 1H chemical shifts were referenced to the sol-

vent peak position, δ = 7.26 ppm. The phase assignment for the

bisimidazolium salt was evaluated by polarizing optical light

microscopy (POM) [56,57], placed on untreated glass slides,

using a Nikon 50iPol microscope equipped with a Linkam

THMS600 hot stage and TMS94 control processor. Tempera-

tures and enthalpies of transitions were recorded by using

differential scanning calorimetry (DSC) technique employing a

Diamond DSC Perkin Elmer instrument. The bisimidazolium

salt was studied at a scanning rate of 10 K/min after being

encapsulated in an aluminum pan. Three heating–cooling cycles

were performed for this sample.

Synthesis of [bisC8ImC10][C12OSO3]2
A solution of sodium dodecyl sulfate (2.18 g, 7.5 mmol) in

methanol (60 mL) was added dropwise to a solution of com-

pound 2 (2 g, 3.0 mmol) in dichloromethane (50 mL). The mix-

ture was stirred at room temperature for 1 h after which 100 mL

of deionised water was added. The organic layer was separated

and washed repeatedly with water until no reaction with silver

nitrate for Br− was noticed. The organic phase was dried over

sodium sulfate followed by solvent removal with a rotary evap-

orator. The product was recrystallized twice from a mixture of

dichloromethane and ethyl ether to yield an off-white waxy

solid. Yield 75%, off-white waxy solid. Anal. calcd for

C56H110N4O8S2: C, 65.20; H, 10.75; N, 5.43; found: C, 65.59;

H, 11.03; N, 5.27; 1H NMR (500 MHz, CDCl3) δ 9.58 (s, 2H),

7.78 (s, 2H), 7.24 (s, 2H), 4.32–4.20 (m, 8H), 4.01 (t, 4H), 1.94-

1.84 (t, 8H), 1.64 (t, 4H), 1.42–1.22 (m, 68H), 0.86 (t, 12H);
13C NMR (125 MHz, CDCl3) δ 136.9, 123.3, 121.6, 67.8, 49.9,

49.4, 31.9; 29.7, 29.6, 29.5, 29.4, 22.7, 14.1; IR (ATR, cm−1):

3136, 3109, 2957, 2919, 2851, 1568, 1467, 1379, 1225, 1169,

1063, 1044, 1005, 932, 792, 723, 623, 580.

Preparation of the mixtures of LC doped with
CNTs
Single-walled CNTs (Aldrich code 519308) with a diameter be-

tween 1.2 and 5 nm were employed in this study. Two

CNT/[bisC8ImC10][C12H25OSO3]2 mixtures with different

amounts of CNTs (0.5% w/w and 0.05% w/w) were prepared

for dielectric measurements by consecutive dilution of an initial

sample containing 2% CNTs. The starting sample was prepared

by dissolving first the bisimidazolium salt (0.2 g) in a minimum

volume of dichloromethane (1 mL) followed by addition of

CNT (0.004 g) [58]. The resulting mixture was sonicated for at

least 60 min followed by the removal of the solvent, drying in

vacuum and cooling at 0 °C. All samples were kept at 0 °C

before the physical measurements. Prior to dielectric measure-

ments, the samples were heated to 50 °C and sonicated for at

least 15 min to ensure an homogeneous dispersion of CNTs in

the ionic liquid crystalline sample.

X-ray diffraction
The X-ray diffraction measurements were made on a D8

Advance diffractometer (Bruker AXS GmbH, Germany), in

parallel beam setting, with monochromatized Cu Kα1 radiation

(λ = 1.5406 Å), scintillation detector, and horizontal sample

stage. The measurements were performed in symmetric (θ–θ)

geometry in the 2θ range from 1.5 to 30° in steps of 0.02°, with

measuring times per step in the range of 5–40 s. The sample

was deposited on a Si(100) plate, heated to the isotropic state

and then cooled down to room temperature prior to data acquisi-

tion

Dielectric spectroscopy
The dielectric spectroscopy measurements were performed

using a broadband dielectric spectrometer, NOVOCONTROL,

with an Alpha-A high-performance frequency analyzer in the

LF domain (0.01 to 107 Hz), equipped with WinDETA soft-
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ware. The temperature was controlled within 0.2 K, at a con-

stant ac voltage of 0.5 V.
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A new colloidal composite formed by specially synthesized dimethylphenyl ferrite particles and a
nematic liquid crystal (LC) is presented. By applying a small magnetic field during polarizing optical
microscopy observations, it was found that the magnetic moment of the synthesized ferrite is perpendic-
ular to the director of the LC. The optical transmission of laser light across the ferronematic was investi-
gated under magnetic field. The critical magnetic field corresponding to the Freedericksz transition was
obtained and discussed according to the Burylov and Raikher theory.
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1. Introduction

Many organic substances do not present a unique transition
between solid and liquid, but a serial of transitions, passing
through states with intermediate properties between crystal and
liquid [1,2]. Liquid crystals (LCs) are characterized by the presence
of orientational order and the total or partial absence of positional
order [1–3].

Application of LC as displays have boosted the scientific interest
[3–5] and, in the last decade, new LCs [6–8] and nanoparticles dis-
persions in LCs [9–13] are designed for application in organic elec-
tronics, as e.g. organic light-emitting diode, thin film transistors,
light valves, solar cells.

When used in conjunction with magnetite particles, new com-
posite materials known as ferronematics (FN) are obtained [14–
16]. In this paper, a new highly ordered FN formed by using a spe-
cially synthesized ferrite particle with phenyl terminal groups,
compatible with the LC, is presented. The mixtures exhibited long
term stability (month-order). Sandwich type samples using glass
plates with homeotropic and planar alignment to the substrate
were manufactured.

The samples were placed in magnetic field, under crossed polar-
izers, and investigated by measuring the optical transmission of
the laser light. When slowly increasing the magnetic field, at the
critical value Bc , the LC’s molecular director exhibits a change in
orientation, leading to a variation of the refractive index. This, in
turn, leads to a change in the intensity of the emerging laser beam,
indicating the start of the Freedericksz transition. Under static
magnetic field conditions, the Freedericksz transition was obtained
and the critical magnetic fields determined.

2. Experimental

2.1. Particle synthesis

To obtain magnetic particles with a good compatibility with a
liquid crystal having phenyl terminal groups, K15 (Merck) in this
case, the phenyl group was chemically included in the magnetite
particle, during its synthesis. The obtained particles are of the
‘‘hairy” type, with the phenyl ending groups towards the LC. Start-
ing from Fe3O4 and CH2Cl2 a dispersion was formed by mechanic
agitation at 350 rot/min, in controlled nitrogen atmosphere [17].
The dispersion was stirred for 30 min, ultrasonicated for 5 min
and then the precursor dimethylphenyl ethoxysilane compatibi-
lizer agent was added and the mixture was stirred for another 3
h. The final compound was washed with CH2Cl2 and dried. The
mole fraction of the reactant (surfactant) at 100 g was determined
by TGA and was 0.0408 for dimethylphenyl ethoxysilane
(PhMe2ES). The final compound particles are dimethylphenyl fer-
rite, Fe3O4ðCH3Þ2C6H5, particle code: DFF, and have a diameter of
168 nm determined by DLS.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2017.12.096&domain=pdf
https://doi.org/10.1016/j.jmmm.2017.12.096
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2.2. Sample preparation

The obtained particles were mixed with the K15 thermotropic
LC, from Merck, as presented in Table 1. Liquid crystal K15 (or
5CB) is 4-cyano-40pentylbiphenyl, chemical formula C18H19N:

The transition temperatures are:

Cr �!296:9 K
N �!308:4 K

I

where Cr stands for crystalline state, N – nematic and I – isotropic
and has a positive dielectric anisotropy De > 0. Being a ther-
motropic LC, its magnetic anisotropy, va is positive; thus, when sub-
jected to a strong enough magnetic field, the LC molecules will
reorient in the direction of the magnetic field [3].
Table 1
Characteristics of LC and FN samples.

No Sample code Composition

1 H0(K15) Liquid crystal K15
2 H1/(K15/DFF) K15/dimethylphenyl ferrite particles
3 H2/(K15/DFF) K15/dimethylphenyl ferrite particles
4 H3/(K15/DFF) K15/dimethylphenyl ferrite particles
5 P0(K15) Liquid crystal K15
6 P1/(K15/DFF) K15/dimethylphenyl ferrite particles
7 P2/(K15/DFF) K15/dimethylphenyl ferrite particles
8 P3/(K15/DFF) K15/dimethylphenyl ferrite particles

Fig. 1. Experimental set-up for: (up) planar aligned FN; (down) homeotropic alig
Sandwich type glass cell, consisting of two glass plates sepa-
rated by spacers have been prepared. For homeotropic-aligned
cells DMOAP, Dimethyloctadecyl [3-(trimethoxysilyl) propyl]
ammonium chloride was used, in the following ratios: 899 parts
isopropanol, 100 parts distilled water, 1 part DMOAP. The solution
was deposited onto glass plates by spin coating and polymerized
for 15 min at 100 �C. For planar alignment, the glass plates were
treated with a 0.1% concentration polyvinyl alcohol, deposited by
spin coating and polymerized at 120 �C for one hour, slowly cooled
down to room temperature, and rubbed with a smooth cloth in the
direction of alignment. The cell thickness was of about 150 lm.

The nominal parameters of the samples are presented in Table 1.
The LC and the LC-DFF composite have been filled in the cells and
sealed.
2.3. Experimental apparatus

The experimental setup used to study the influence of magnetic
field on the FN is schematically presented in Fig. 1 and discussed in
detail in [18].
Alignment of glass plates Concentration % by mass

homeotropic –
homeotropic 0.05
homeotropic 0.1
homeotropic 0.2
planar –
planar 0.05
planar 0.1
planar 0.2

nment. The direction of initial alignment of LC is marked by double arrow.
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A linearly polarized laser light, (632.8 nm; 2.5mW), with supe-
rior spatial and spectral resolution, passes through the sample
placed under crossed polarizers, in magnetic field. The magnetic
field is obtained using an electromagnet, with 35 cm diameter
poles and iron core of 10 cm. To observe the samples in the same
direction as the magnetic field, a 5 mm diameter hole was drilled
in the center of the iron core. The light detection is ensured by a
Silicon p-i-n photodiode connected to a high precision multimeter
[19].

3. DFF particle – Liquid crystal interaction under magnetic field

3.1. Interaction between DF ferrite particles and LC

Due to the DFF particle properties, the LC homeotropic align-
ment to the particle surface is probable. Considering a very small
chain of particles, as presented in Fig. 2, the direction of the mag-
netization of the particle ~m is than perpendicular to the nematic
director ~n.

The first observation of a macroscopic collective behavior of a
LC doped with magnetic particles was reported by Chen and Amer
[20]. In their experiment, an observation cell was employed, hav-
ing homeotropic alignment and filled with FN; the magnetic
moment was oriented perpendicular to the LC director by using a
very small magnetic field. This cell appears dark between crossed
polarizers, due to the homeotropic alignment, if the magnetic field
is zero. When applying a magnetic field parallel to direction of the
glass plate alignment, the entire cell becomes birefringent, due to
the reorientation of the magnetic moment of the particles that will
drive the whole LC matrix. If the magnetic field is applied parallel
to the magnetic moment of the particles, birefringence does not
occur. This leads to the conclusion that initially the nematic direc-
tor is perpendicular to the magnetic moment of the particle,~n ? ~m.

3.2. Theoretical considerations

Based on the observation of Chen and Amer, Burylov and Rai-
kher [21–23] considering that the anchoring energy between the
LC and the particle is finite, have proven that the equilibrium ori-
entational state is achieved when the nematic director is perpen-
dicular to the local magnetization and that an analogue of the
classical Freedericksz transition in nematic LC is permitted in FN
[22].

The free energy density for a magnetite-LC composite, f FN is the
sum of the density energies describing the interactions present in
the system:

f FN ¼ f LC þ f LC�B þ f F�B þ f T þ f F�LC ð1Þ
Fig. 2. Interaction of a small chain of DFF particles with LC.
where f LC is the free energy density of the nematic LC, f LC�B is the
free energy density resulted from the interaction between the
nematic LC and the magnetic field, f F�B takes into consideration
the interaction between the dimethylphenyl ferrite (DFF) particles
and the magnetic field, and f T accounts for the presence of particles
in suspension and f F�LC is the free energy density for the ferrite-LC
interaction. Accordingly:

f LC ¼ 1
2

k1ð~nr~nÞ2 þ k2 ~nr�~nð Þ2 þ k3ð~n� ðr�~nÞÞ2
h i

ð2Þ

where k1, k2, k3 are the elastic constant for the splay, twist and bend
deformations, respectively and ~n is the nematic director;

f LC�B ¼ �1
2
l�1

0 vað~n~BÞ
2 ð3Þ

where l0 is the vacuum susceptibility, va-magnetic anisotropy of

the LC, va > 0, ~B-magnetic field induction;

f F�B ¼ MSf ~m �~B
� �

¼ �1
2
fvam

l0

~m �~B
� �2

ð4Þ

where MS-saturation magnetisation of the particles, f is the particle
concentration in LC, vam-magnetic anisotropy of the magnetite par-
ticles, vam > 0, ~m-unit vector of the magnetic moment of the
ferroparticle;

f T ¼ fkBT
v

� �
ln f ð5Þ

where kB-Boltzmann’s constant, T-absolute temperature, v-
volume of each particle, f is the particle concentration in LC.

f F�LC ¼ fW
a

� �
~n � ~mð Þ ð6Þ

where W is the surface density of the anchoring energy LC-particle
and a is the particle diameter.

3.3. Homeotropic alignment and static magnetic field

In Fig. 3 is presented a FN cell with homeotropic alignment
of the nematic. In the absence of the magnetic field, Fig. 3a),
the unit vector of the magnetic moment of the ferrite is per-
pendicular on the nematic initial orientation. The increase of
the magnetic field, distorts the nematic direction and the mag-
netic moment versor, as presented in Fig. 3b), thus destabilizing
the LC matrix, and simultaneously stabilizing the magnetic par-
ticle alignment [24–28], since the ~m is parallel to the magnetic
field.

For very small angular deviations, the critical magnetic field for
the FN in homeotropic aligned cells, B2

c;FNhomeo is obtained as [24]:

B2
c;FNhomeo ¼

l0k3
va

p
d

� �2
þ 2l0fW

ava
ð7Þ

where d is the thickness of the sample. By taking into account that
l0k3
va

p
d

� �2 ¼ B2
c;LChomeo, where Bc;LChomeo is the critical magnetic field for

the pure nematic. Denoting G2 ¼ 2lofMSBW
va 2WþMSBað Þ ¼ 2l0fW

ava 2W
MSBa

þ1

� � ffi 2l0fW
ava

,

valid for 2W
MSBa

� 1, results [19]:

~B2
c;FNhomeo ¼ B2

c;LChomeo þ G2 ð8Þ

~B2
c;FNhomeo ¼

l0k3
va

p
d

� �2
þ 2l0fW

ava
ð9Þ



Fig. 3. Homeotropic alignment: ~B ¼ 0 a) and magnetic field applied along Ox axis b).
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According to Eq. (9) the critical magnetic field at which the den-
sity energy minimizes is greater that in the case of pure LC, since
the coupling between the magnetic particle and LC opposes to
the reorientation of the LC matrix in the presence of magnetic field.
This explains why the critical magnetic field increases with the
magnetic particle concentration.

In lyotropic LC, because the magnetic anisotropy of the lyotro-
pic LC is negative, the critical magnetic field of the LC-particle sys-
tem decreases [13,15,16,18].
3.4. Planar alignment of LC under static magnetic field

In Fig. 4 is schematically presented a FN in homotropic align-
ment conditions. The magnetic moment of the particle is ~m, and
the magnetic field is perpendicular to the glass plates.

Considering the expression of free energy density for the fer-
ronematic, f FN , in the Euler-Lagrange eqs. [22], for very small devi-
ation angles, it results the critical magnetic field of the FN,
B2
c;FNplanar:
Fig. 4. Planar alignment: ~B ¼ 0 a) and ma

Fig. 5. Schematically presentation of the FN behavior, the double arrowmarks the directi
magnetic field is applied, ~m turns to align to ~B.
B2
c;FNplanar ¼

l0k1
va

p
d

� �2
þ 2l0fW

ava
ð10Þ

Taking into account that l0k1
va

p
d

� �2 ¼ B2
c;LCplanar , where Bc is the crit-

ical magnetic field for the pure LC.
The critical magnetic field for the FN is:

B2
c;FNplanar ¼ B2

c;LCplanar þ G2 ð11Þ
Thus, in the FN with planar alignment the critical magnetic field

for the Freedericksz transition also increases, relation (11) being
similar to relation (9), the difference consisting in the replacement
of k3 with k1.
4. Results and discussions

4.1. POM observations

In order to establish the initial mutual orientation between the
magnetic moment of the DFF particle and the nematic director,
gnetic field applied along Oz axis b).

on of the alignment,~n, and ~mmarks the magnetic moment of the particles. When the
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POM observations have been employed. A DFF/K15 sample of 150
mm thickness and 0.5% b.w. concentration with homeotropic treat-
ment of the glasses was used, as schematically presented in Fig. 5a.
Initially, a small magnetic field, of about 1G was applied, parallel to
one side of the glass plate, as presented in Fig. 6a. It has the role to
ensure the orientation of all DFF magnetic dipoles in the direction
of the applied magnetic field. The sample was observed between
140 µm

                                a)                                                

140 µm

b)

Fig. 6. POM images of a DFF/K15 sample: without applied magnetic field, between
crossed polarizers, the sample is dark, (6a); when a 15G magnetic field is applied in
the direction of the glass plate alignment (homeotropic), the sample is bright, (6b).

Fig. 7. Optical transmission response under static magnetic field for a) p
crossed polarizers, and a dark image was observed, as presented
in Fig. 6a.

Then a 15 G magnetic field was applied parallel to the LC direc-
tor, as presented in Fig. 5b. The observed image is bright, the sam-
ple becomes birefringent, as shown in the POM image presented in
Fig. 6b. The explanation of the change is due to the reorientation of
the DFF magnetic moment in the direction of the magnetic field
and, due to the coupling between the particles and the LC, the LC
molecules will be driven in the movement, as schematically shown
in Fig. 6b. This leads to the conclusion that initially the nematic
director is perpendicular to the magnetic moment of the particle,
~n ? ~m.

4.2. Freedericksz transitions

4.2.1. Homeotropic alignment
When slowly increasing the magnetic field, the laser light trans-

mission through the homeotropically aligned samples was mea-
sured. In Fig. 7a) is presented the light intensity versus magnetic
field induction for the pure LC sample H0 and in Fig. 7b) the optical
transmission for the FN sample H2. The critical magnetic field, Bc

(homeo), corresponding to the Freedericksz transitions are presented
in Table 2.

In Fig. 8 is presented the dependency of the square of the critical
magnetic field on particle concentration. Considering Eq. (9), the
slope p is:

B2
C

f
¼ 2l0W

vana
¼ p ð12Þ

It was found from the graphical representation p � 1:1T2: Intro-
ducing numerical values for the magnetic anisotropy
va ¼ 1:43 � 10�6; a = 170 nm, results the value of the anchoring

energy density W ¼ 1 � 10�7N=m.
ure LC (Bc,K15 is about 510 G) and b) ferronematic H2 (Bc,H2 625 G).

Table 2
Critical magnetic field for the homeotropic aligned samples.

Sample BC(homeo) [G]

1 H0 510
2 H1 583
3 H2 625
4 H3 701
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Fig. 8. Dependency of the square of the critical magnetic field on particle
concentration in the case of homeotropic alignment.

Table 3
Critical magnetic field for the planar aligned samples.

Sample BC(planar) [G]

1 P0 470
2 P1 540
3 P2 590
4 P3 735
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4.2.2. Planar alignment
In Table 3 are presented the experimentally obtained values of

the critical magnetic field at the Freedericksz for planar aligned
samples. The critical magnetic field for the FN increases with the
DFF particle concentration, in agreement with Eq. (11).

As in the previously discussed case of homeotropic alignment,
the increase of the magnetic field will result in a competition of
opposing factors: the stabilization of the orientation of the mag-
netic particles and the decrease of the LC matrix orientation, since
~B ?~n. Magnetic anisotropy of the LC is positive, the critical mag-
netic field for the Freedericksz transition increases.

In Fig. 9 is presented the dependency of the square of the critical
magnetic field on particle concentration. For the same values of the
constants as above, the anchoring energy was found
W 0 ffi 1:4 � 10�7N=m .
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Adj. R-Sq 0.9812

Value Standard 
C Interce 0.002 1.45379E-
C Slope 1.593 0.1269

Fig. 9. Dependency of the square of the critical magnetic field on particle
concentration in the case of planar alignment.
5. Conclusions

A new FN was obtained by using specially synthesized ferrite
particles functionalized with phenyl terminal groups. These so-
called ‘‘hairy” particles are compatible with K15 nematic LC, which
presents phenyl groups. The alignment of the LC to the particle is
homeotropic.

Mixtures of different concentrations have been prepared and
studied under homeotropic and planar alignment substrate condi-
tions. The mixtures exhibited long term stability (month-order).

It was found that, when applying a small magnetic field perpen-
dicular to the glass plates alignment conditions, homeotropically
aligned, the FN sample passes in a birefringent state, due to the
molecular reorientation of the LC matrix, driven by the magnetic
particle. Applications of this type of composite systems can be con-
sidered the magnetically controlled devices for information pro-
cessing and storage [27].

The action of the magnetic field on the FN is also studied using
the laser light transmitted through the sample under static mag-
netic field. The critical magnetic field corresponding to the Freed-
ericksz transition experimentally determined showed an increase
with particle concentration as predicted by Burylov and Raikher
theory.
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1. Introduction

Liquid crystals (LC) have been in the center of attention for the
last four decades, when their application in displays attracted the
interest of companies, scientists and engineers. Liquid crystals
are characterized by the presence of orientational order and total
or partial absence of positional order [1]. Due to their properties,
they have proven themselves extremely useful in a variety of appli-
cation fields, from optics, electronics, to medicine and biology. For
medicine and biology, lyotropic liquid crystals are favored to ther-
motropic ones. In lyotropic LCs, the known phase transitions
(smectic, nematic, isotropic) [2] are induced by a variation in the
concentration of chemical compounds in a dissolving liquid, such
as water. When used in conjunction with magnetite particles,
new composite materials known as ferronematics are obtained
[3,4]. These composites exhibit distinct characteristics (biocompat-
ibility, non-immunogenic, non-toxic) and can be successfully used
in industrial and biomedical applications, including magnetic drug
targeting, hyperthermia and magnetic separation of cells. By incor-
porating a certain metal in the liquid crystal molecule, unique
properties are obtained regarding the colour, polarizability, electric
and magnetic properties [5,6]. In order to maintain their character-
istics, homogeneity throughout the composite must be preserved.
This is generally achieved by introducing a surfactant [7,8], chosen
in such a way that it anchors itself to the surface of the particle,
forming a ’hairy’ particle [9,10]. A better compatibility is obtained
when the particles are especially synthesized to be compatible
with a specific liquid crystal [11]. We present a new colloidal com-
posite formed by combining a specially designed nano-structured
magnetite-polymer and a lyotropic nematic liquid crystal. The
magnetite-polymer composite was dispersed in a lyotropic liquid
crystal based on sodium dodecyl sulfate (SDS), decanol (DeOH)
and water. The mixture exhibited long term stability (month-
order). The structural units of these lyotropic liquid criystalline
materials are anisotropic micelles. Mixtures with two different
amphiphiles show three nematic phases (calamitic, discotic and
biaxial), where micelles have orthorhombic symmetry or flattened
prolated ellipsoid shape [12,13]. Our samples were created using
glass slabs, with planar and homeotropic alignments on the
anchoring surface. The critical field for magnetic Fréedericksz tran-
sition BC was estimated using the optical method presented in
[14,15]. A laser beamwas sent through the LC sample placed under
crossed polarizers, while the magnetic field was gradually
increased. When the field reaches a critical value BC , the LC’s
molecular director exhibits a change in orientation, leading to a
variation of the refractive index [16]. This, in turn, leads to a
change in the intensity of the emerging laser beam, indicating
the start of the transition [17].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2017.02.034&domain=pdf
http://dx.doi.org/10.1016/j.jmmm.2017.02.034
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Table 1
Nominal construction parameters for the samples used in testing.

Sample Code Composite Concentration [%] Alignment

H2 LLC/PM-171 0.1 Homeotropic
H3 LLC/PM-171 0.2 Homeotropic
P2 LLC/PM-171 0.1 Planar
P3 LLC/PM-171 0.2 Planar
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2. Experimental methods

2.1. Composite particles

To obtain a good chemical compatibility between the colloidal
particles and the liquid crystal we used a novel polystyrene latex
containing magnetite (Fe3O4) with covalent bonds to the polymeric
chains, functionalized with alkoxysilanes containing double bonds,
synthesized as in [18]. The high-resolution TEM (HRTEM) images
for the hybrid-type latex magnetite-polymer show magnetite crys-
tals of 5–15 nm anchored within polymeric chains of tens of
nanometers. A full characterization has previously been performed
on the resulting magnetite-polymer particles in [18].
2.2. Sample preparation

The magnetite-polymer particles were mixed with a lyotropic
liquid crystal, in two concentration versions, 0.1% and 0.2% b.w.
Homogenization of the mixture was performed by ultrasound
techniques. The concentrations of the components of the lyotropic
LC are: 28.2% sodium dodecyl sulfate, 5.7% decanol and 66.1%
water. From a structural point of view, the liquid crystal forms dis-
cotic nematic domains [19,20]. The samples containing the mix-
tures were manufactured using glass plates, with a spacing of
100 lm. To produce surface alignments, the following steps were
executed: for a homeotropic alignment, a solution of DMOAP-
metaxibenzen-butyl-anylin (N-dimethyl-N-octyl-3-aminopropyl-t
rimetoxyl-xylil) was used. The ratio of the components is 899 parts
isopropanol, 100 parts distilled water, and 1 part DMOAP. Deposi-
tion of the solution was performed by spin coating, and polymer-
ized for 10 min at 100 �C in an oven. For the planar alignment, a
solution of polyvinyl alcohol (1% volume fraction). The solution
was deposed by spin coating, and heated at 120 �C for one hour,
slowly cooled to room temperature, and rubbed with a smooth
cloth in the desired direction of alignment. In Fig. 1, we illustrate
the observation of the nematic phase of the SDS/DeOH/water sys-
tem and its’ planar alignment by Polarizing Optical Microscopy. For
the homeotropic alignment, a dark image was obtained [20].

The nominal parameters of the samples are given in Table 1.
2.3. Experimental apparatus

The experimental setup used consists of the following: a lin-
early polarized, 632.8 nm, continuous wave He-Ne laser having
an output power of 2.5 mW with superior spatial and spectral res-
olution, two crossed polarizers having a transmission ratio of 99.3%
and an cross-polarization extinction ratio of 99.7%, a Silicon p-i-n
photodiode for the visible range, equipped with a controllable
Fig. 1. Polarization Optical Microscopy images: observation of obtained nematic p
amplification of up to 70 dB and 5% distortion level at maximum
amplification, and a high precision multimeter for recording the
voltage offered by the photodiode. The magnetic field generator
is an electromagnet ranging from 0.1 to 1 Tesla, with poles having
a diameter of 35 cm, an iron core of 10 cm, and a pole-to-pole dis-
tance of 10 cm. For the homeotropic alignment, in which the laser
beam has to be parallel to the magnetic field, the iron core has been
drilled in its’ center, forming a 5-mm diameter hole, which does
not affect the field homogeneity. The scheme of the setup is pre-
sented in Fig. 2. The sample was placed under crossed polarizers,
at the center of the pole-to-pole distance of the electromagnet
and the optical intensity of the laser field was observed for differ-
ent values of the applied magnetic field [21].
3. Results and discussions

The magnetic Fréedericksz transition experiment was con-
ducted for samples containing magnetite-polymer in liquid crystal,
in the circumstances of planar and homeotropic alignments. The
experimental data for the planar alignment of the LC samples is
shown in Fig. 3, while the data for the homeotropic alignment of
the samples is shown in Fig. 4.

It is known that in the discotic nematic phase, the natural orien-
tation of the micelles leads to a homeotropic alignment, with the
director normal to the anchoring surface [20]. In order to re-
orient the liquid crystal director using a magnetic field, when
rotating from a homeotropic to planar orientation, the field must
also compensate for this natural tendency, and therefore
BCH > BCP . Studies conducted on pure discotic liquid crystals have
established the critical magnetic field of the Fréedericksz transition
BC ’ 1T, and exhibits a decrease when the liquid crystal is mixed
with magnetive responsive materials, regardless of the surface ori-
entation of the liquid crystal [12]. Experimental plots of the emer-
gent beam intensity vs. magnetic field were recorded for each
sample, and the critical field was estimated. In our estimations,
we have considered the critical field as the value of the magnetic
field for which we begin to observe an increase in the intensity
of the emerging beam. Within the transition zone, the estimated
critical field values were determined as follows: For the planar
hase for SDS/DeOH/water system a) and planar alignemnt of LLC sample b).



Fig. 2. The experimental setup for the two configurations: a) - homeotropic alignment, and b) - planar alignment. H and V denote a set of orthogonal polarization basis,
rotated by 45� from the polarization axis of the laser beam.

Fig. 3. Normalized transmitted light intensity through the sample having a planar
alignment. Inset: The experimental data in the transition zone (gray area) was fitted
by an interpolation (guide-eye) curve, and the critical field was roughly estimated
as the value of the field at which the intensity of the transmitted light starts to
increase.

Fig. 4. Normalized transmitted light intensity through the sample having a
homeotropic alignment. Inset: The experimental data in the transition zone (gray
area) was fitted by an interpolation (guide-eye) curve, and the critical field was
roughly estimated as the value of the field at which the intensity of the transmitted
light starts to increase.
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alignment, the critical fields were BCP2 ’ 280� 50 Gauss, for the P2
(0:1%) sample and BCP3 ’ 150� 20 Gauss for the P3(0:2%) sample.
For the homeotropic alignment, the critical fields were estimated
at BCH2 ’ 700� 30 Gauss for the H2(0:1%) sample, and
BCH3 ’ 600� 20 Gauss for the H3(0:2%) sample. These results are
in good accordance with our theoretical reasoning presented at
the beginning of this paragraph and with the theoretical model
we develop in the next section.

4. Critical field determination model

According to the classic elastic continuum theory together with
the Brochard-de Gennes model for the interaction between parti-
cles and liquid crystals [22], the free energy density for a
magnetite-polymer/liquid crystal composite F is given as:
F ¼ FN þ FNB þ FMB þ F T ð1Þ
where FN is the free energy density of the nematic liquid crystal,
FNB is the free energy density component of the magnetic field,
FMB accounts for the interaction between the magnetite-polymer
particles and the magnetic field, and F T accounts for the interaction
between the magnetite-polymer particle and the liquid crystal. The
free energy density of the pure nematic liquid crystal is:

FN ¼ 1
2

k1~n r~nð Þ2 þ k2 ~n r�~nð Þð Þ2 þ k3 ~n� r�~nð Þð Þ2
h i

ð2Þ

where k1; k2 and k3 represent the elastic constants of the liquid crys-
tals of the splay twist and bend deformations respectively, and ~n
represents the nematic directory. The free energy density for the
nematic-magnetic field interaction is:
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FNB ¼ �1
2
va

l0

~n �~B
� �2

ð3Þ

where va is the magnetic anisotropy of the liquid crystal, and ~B is
the magnetic field induction. The free energy density for the
magnetite-polymer particles and magnetic field interaction is:

FMB ¼ �1
2
fvam

l0

~m �~B
� �2

ð4Þ

where f represents the concentration of colloid in the liquid crystal,
vam is the magnetic anisotropy of the particles, and ~m is the orien-
tation directory of the particles in the liquid crystal. The magnetite-
polymer/LC interaction free energy density is:

F T ¼ f
kT
V

ln f ð5Þ

where k is Boltzmann’s constant, T is the sample temperature, and V
is the volume of each particle.

Due to their strong attraction forces, magnetite-polymer parti-
cles assemble together forming long chains [23]. Because the align-
ment of discotic liquid crystal micelles at the magnetite-polymer
particles is homeotropic, the director of the magnetite ~m and the
director of the liquid crystal micelles ~n are rigidly fixed, and per-
pendicular to each other. From a magnetic point of view, magnetite

exhibits a positive magnetic anisotropy, and will rotate until ~mk~B,
where ~B denotes the magnetic field induction. Conversely, a
nematic discotic LC exhibits a negative magnetic anisotropy [12],

and therefore, it will rotate until ~n ?~B. When acting on the whole
composite, the magnetic field will rotate both magnetite-polymer
and liquid crystal micelles in the same direction. Due to the rigid
bond between magnetite-polymer and LC micelles, the angle
between ~m and ~n remains p=2, and therefore, any rotation of ~m
by an angle h will induce the same angle rotation on ~n. We will
detail the theoretical model for both types of surface alignment
of the glass cell in the following sections.

4.1. Planar alignment

When considering a planar alignment treatment of the glass
cell, in the absence of the magnetic field, the director of the discotic
LC is located in the surface plane of the glass cell, parallel to the
grooves formed by rubbing. The structure of the composite in the
Fig. 5. Illustration of the structure of the magnetite-polymer/LC composite in the planar a
of the magnetic field (right side). To rotate the whole composite structure, the magneti
absence and presence of an external magnetic field are presented
in Fig. 5. In our model, we will assume that ~n0kOx, and ~m0kOz.
The magnetic field will act on Ox, and will rotate the whole com-
posite structure with the same angle h, as a result of the rigid bond
between the discotic micelles to the magnetite chain.

Upon rotation, the nematic and magnetite directors are:

~n ¼~ex sin hþ~ez cos h ð6Þ

~m ¼ �~ex cos hþ~ez sin h ð7Þ
where~ex and~ez represent the unit vectors of Ox and Oz, respectively.
The free energy density for the liquid crystal becomes:

FN ¼ 1
2
k1 sin

2 h
@h
@z

� �2

þ 1
2
k3 cos2 h

@h
@z

� �2

ð8Þ

In the same manner, we have:

FNB ¼ �1
2
va

l0
B2 cos2 h ð9Þ

for the free energy density of the nematic-magnetic field
interaction,

FMB ¼ 1
2
fvam

l0
B2 sin2 h ð10Þ

for the free energy density of the interaction between the
magnetite-polymer and the magnetic field, while F T remains
unchanged. By applying the Euler–Lagrange equations on the total
free energy density:

@

@z
@F
@n

� �
� @F

@h
¼ 0 ð11Þ

where the substitution n ¼ @h
@z has been made, Eq. 11 becomes:

k1
@2h
@z2

þ B2 fvam � va

l0

� �
sin h cos h ¼ 0 ð12Þ

When working in the small angle regime (sin h ’ h; cos h ’ 1),
the above equation becomes:

@2h
@z2

þ B2

k1l0
fvam � va

� �
h ¼ 0 ð13Þ

By substituting:
lignment context in the absence of the magnetic field (left side), and in the presence
c field is applied parallel to Ox.



Fig. 6. Illustration of the structure of the magnetite-polymer/LC composite in the homeotropic alignment context in the absence of the magnetic field (left side), and in the
presence of the magnetic field (right side). To rotate the whole composite structure, the magnetic field is applied parallel to Oz.
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g2 ¼ B2

k1l0
fvam � va

� � ð14Þ

Eq. (13) becomes a harmonic oscillator equation, having the
general solution:

h zð Þ ¼ C1 singzþ C2 cosgz ð15Þ
Applying boundary conditions at z ¼ 0 and z ¼ d, where d is the

thickness of the cell, we obtain:

C2 ¼ 0andg ¼ p
d

ð16Þ

and the corresponding critical field:

B2
CP ¼ p

d

� �2 l0k1
fvam � va

ð17Þ

This implies that in the case of discotic liquid crystals having
va < 0, the critical field decreases with the increase of the concen-
tration of the magnetite-polymer particles.

4.2. Homeotropic alignment

When considering the homeotropic alignment case, in the
absence of the magnetic field, according to the planar alignment
of the discotic LC, the director of the LC micelles~n0 is perpendicular
to the glass cell surface. The structure of the composite in the
absence and in the presence of the magnetic field are presented
in Fig. 6. In our model, we will consider that ~n0kOz; ~m0kOx, and
the magnetic field acts on Oz.

By applying exactly the same model and approximations as in
the planar alignment case, and by considering the rotated directors
as:

~n ¼~ez cos hþ~ex sin h ð18Þ

~m ¼ �~ez sin hþ~ex cos h ð19Þ
we obtain the critical field:

B2
CH ¼ p

d

� �2 l0k3
fvam � va

ð20Þ

The critical field exhibits the same monotonic behavior with the
concentration f as in the case of the planar alignment. By corrobo-
rating the experimental values of the critical field with the theoret-
ical relations (20) and (17), the method can be used to determine
the elastic constants k1 and k3 of the liquid crystal, in low magnetic
fields (less than 0.1 T).

5. Conclusions

In this paper, we present a novel highly ordered structure in
lyotropic liquid crystals, obtained by inserting specially synthe-
sized magnetite-polymer nanoparticles in low concentrations.
We investigate the optical transmission properties under an exter-
nal magnetic field. The high positive anisotropy of magnetite com-
bined with the negative anisotropy of the discotic lyotropic liquid
crystal strongly decreases the Fréedericksz transition threshold to
less than 1000 Gauss. This is in good agreement with results in lit-
erature [12,22]. Thus, the system acts like a nematic liquid crystal
with a low transition critical field, making it suitable for magneto-
optical applications.

References

[1] S. Chandrasekar, Liquid Crystals, 2nd Edition., Oxford University Press, 1992.
[2] P.G. De Gennes, J. Prost, The Physics of Liquid Crystals, second ed., Claredon

Press, 1993.
[3] S. Odenbach, Colloidal Magnetic Fluids: Basics, Development and Applications

of Ferrofluids. Lecture Notes in Physics, Springer, Berlin, 2009.
[4] C.Y. Matuo, F.A. Tourinho, M.H. Souza, J. Deperyot, A.M. Figueiredo Neto,

Lyotropic ferronematic liquid crystals based on new Ni, Cu and Zn ionic
magnetic fluids, Braz. J. Phys. 32 (2002) 458–463.

[5] V. Cı�rcu, T.J.K. Gibbs, L. Omnès, P.N. Horton, M.B. Hursthouse, D.W. Bruce,
Orthometallated palladium(II) imine complexes as candidate materials for the
biaxial nematic phase. crystal and molecular structure of three palladium
imine complexes, J. Mater. Chem. 18 (2006) 4316–4325.

[6] M. Micutz, M. Ilis�, T. Staicu, F. Dumitras�cu, I. Pasuk, Y. Molard, T. Roisnel, V.
Cı�rcu, Luminescent liquid crystalline materials based on palladium(II) imine
derivatives containing the 2-phenylpyridine core, Dalton Trans. 43 (2014)
1151–1161.

[7] H. Stark, Physics of colloidal dispersions in nematic liquid crystals, Phys. Rep.
351 (2001) 387–474.
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