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This work presents the analysis of experimental data on electrooptical properties of viologens
incorporated into the liquid crystalline medium. These data along with theoretical considera-
tions allow specifying the mechanism, which leads to the double color change in the liquid crys-
tal – viologen samples stipulated by the application of increasing voltage values. Specifically,
it is proved that the first color change takes place due to the one-electron reduction of vio-
logen molecules, and the second color change is caused by the dimerization between viologen
molecules, which were fully reduced under the action of a voltage applied, and initial viologen
molecules.
K e yw o r d s: lyotropic liquid crystals, viologens, optical spectroscopy, absorption, dime-
rization.

1. Introduction

Works devoted to the investigation of chemical and
physical properties of nonconventional classes of liq-
uid crystals (LC) significantly extend the range of
fundamental knowledge on these materials, which
include organosilicon compounds [1, 2], Schiff base
metal complexes [3, 4], and ionic thermotropic and
lyotropic liquid crystals of metal alkanoates. While
thermotropic liquid crystals, when being in the
mesophase or glassed mesophase [5, 6], have signif-
icant optical absorption in the visible region, metal
alkanoates that form the lyotropic liquid crystalline
phase generally do not absorb. To provide liquid
crystalline materials with desired optical properties,
one needs to combine lyotropic ionic liquid crystals
(LILC) and different impurities, namely polymethine
dyes [7], viologens, etc. Particularly, the introduction
of photo- and electrochromic impurities such as vi-
ologens allows creating materials with optical prop-
erties that could be regulated, by using the ultra-
violet irradiation or application of an external elec-
tric field. Structural and electrooptical peculiarities

c○ A.B. BORDYUH, 2017

of such materials were previously investigated in a
number of works [8–10]. Possible practical applica-
tions require a further specification of intermolecular
processes taking place under the action of an electric
field and causing color modifications of interest.

The present work discloses the possible mechanism
of reduction and dimerization of viologen molecules
introduced into a lyotropic ionic liquid crystalline
medium under the action of an electric field.

2. Experimental Methods and Materials

The lyotropic ionic liquid crystalline phase was
formed by mixing a powder of a potassium capry-
late (С7Н15СОО−K+) with water in the 1 : 1 weight
proportion at room temperature. LILC samples were
doped by N,N′-diheptyl-4,4′-dipyridilium dibromide
(HD2+2Br−) viologen with the general structural for-
mula shown in Fig. 1. The viologen content in LILC
samples amounts to 2% by weight.

Fig. 1. General structural formula of HD2+2Br− viologen. 𝑅
is a substitute (C7H15), 𝐴 is a counterion (Br−)
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Fig. 2. Schemes of reduction and dimerization of a viologen molecule under the action of an electric field. One-
electron reduction and formation of a radical cation (a). Two-electron reduction and formation of a biradical
(b). Dimerization due to the radical cation – radical cation interaction (c). Dimerization due to the interaction
between initial and fully reduced viologen molecules (d)

It is worth to note that other viologen species could
be used to dope liquid crystals on the base of potas-
sium caprylate, as well as other homologs of potas-
sium salts could be used as LC matrices. The similar-
ity between sizes of the water-containing electrostatic
layer of a liquid crystal and viologen’s core allows vi-
ologens to build organically into the LC matrix with-
out breaking its ordering [8].

Sandwich cells with their inner surface covered with
ITO electrodes were used for the investigation of
LILC – viologen samples. The cells were pasted to
avoid the air access and the further spoiling of sam-
ples. The thickness of the sample was set with using
teflon pads. The voltage was applied by using a con-
stant voltage source. The visible absorption spectra
of samples exposed to the action of an electric field
at different voltage values were obtained with using a
spectrometer based on a monochromator MDR-6.

3. Results and Discussion

It is known that the application of an electric field
leads to the reduction of viologen molecules and the
formation of colored radical cations and dimers [11–
15]. Investigations of volt-ampere characteristics of
LILC – viologen samples [10] showed that, in the ly-
otropic liquid crystalline medium HD2+2Br−, violo-
gen reduces under the action of an electric field in two
stages. On the first stage, a viologen molecule turns

into a blue-colored radical cation (Fig. 2, a). On the
second stage, the radical cation reduces to a color-
less biradical with plane quinoid structure (Fig. 2,
b). The further dimerization could be stipulated by
two different processes. According to work [11], the
dimerization of viologens in water is caused by the
interaction between two radical cations (Fig. 2, c),
when their concentration in a sample reaches some
critical value. In more recent works, the dimerization
is associated with the interaction between initial vi-
ologen molecules and molecules that undergone the
two-electron reduction (Fig. 2, d) [13–15].

The information received from the voltamperom-
etry experiment was justified and completed by the
optical spectrometry data. Figure 3 shows the main
stages of the viologen transformation under condi-
tions of the application of the increasing voltage. In
the initial state, LILC – viologen samples do not ab-
sorb in the visible region (Fig. 3, curve 1). After ap-
plying the voltage 𝑈 = 2.5 V, the one-electron re-
duction of viologen molecules led to the formation
of blue-colored radical cations, whose presence was
confirmed by the characteristic absorption band at
𝜆 = 605 nm (Fig. 3, curve 2). The two-electron re-
duction was observed at 𝑈 = 3 V and characterized
by the absorption spectrum (Fig. 3, curve 3) show-
ing no significant absorbance. The dimerization oc-
curred after increasing the voltage up to 4 V and was
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Fig. 3. Absorption spectrum of the LILC – viologen sample.
Curve 1 – 𝑈 = 0 V; curve 2 – 𝑈 = 2.5 V; curve 3 – 𝑈 = 3 V;
curve 4 – 𝑈 = 4 V

confirmed by the characteristic absorption band with
𝜆 = 520 nm (Fig. 3, curve 4). Similar color change
was observed, when the voltage increase step was re-
duced to the tenth of one volt.

The lifetime of colored viologen derivatives, radi-
cal cations, and dimers may vary and lasts from sec-
onds to days depending on the magnitude and du-
ration of the voltage applied. In general, these col-
ored viologen products can be relatively stable for
using them in applications such as the diffraction
grating recording [9, 10]. However, it was discovered
that the colorless form of a biradical is very unsta-
ble. After switching-off the voltage, the colorless sam-
ples quickly became blue-colored. The last fact indi-
cates the back transformation of biradicals to radical
cations. On the other hand, the further increase of
the voltage led to the dimerization.

According to the data obtained, the dimerization
cannot be caused by the radical cation – radical cation
interaction, since there are no radical cations in the
sample at voltages exceeding 3 V. This was clearly
shown by the absorption spectra, as well as by the
presence of an intermediate stage between the forma-
tion of radical cations and dimers. The liquid crys-
talline medium, which has much greater viscosity
than water, allowed us to separate distinctly all the
viologen transformation phases. This allows also ex-
tending the lifetime of colored products in comparison
with water and other liquid media [14].

One more effect of the liquid crystalline matrix and
the geometry of sandwich cells used in the experi-
ments consists in the following: all the reduction pro-
cesses and the further dimerization took place in the
near-cathode region, where viologen molecules could
capture free electrons. As a result, the initially ho-
mogeneous samples underwent a separation into a bi-
layered structure, which consists of a colored layer of
viologen reduction products and an LC layer. The ex-
periments on circular dichroism have shown that the
layer of colored viologen derivatives is highly ordered,
since the movement of viologen molecules is restricted
by the LC matrix. Assume that all viologen molecules
at a given concentration are precipitated on the cath-
ode. Then the maximal width of the colored layer was
evaluated to be approximately 400 nm.

However, the absorptive viologen layer is much
thinner de facto; therefore, initial or non-reduced vi-
ologen molecules are still present in the volume of a
sample even after applying the voltage. Under the ac-
tion of an increased voltage (>3 V), they can freely
move along electrostatic layers of the liquid crystal
toward the electrode. Since there is a layer of double
reduced biradicals on the cathode, molecules coming
from the volume of a sample can interact with fully re-
duced molecules, thereby forming dimers. This proves
the fact that, in the liquid crystalline medium, the
way of dimerization is similar to the way described in
[13–15].

Taking into account that the processes of forma-
tion of radical cations and dimers take place in a
thin layer near the cathode, it is possible to consider,
as the first approximation, this layer as a solid crys-
talline layer. So, the abovementioned processes could
be analyzed from the point of view of the theory of
molecular crystals [16].

The dimerization of viologen molecules is con-
nected with the formation of the so-called physical
dimers. Physical dimers are formed in the case of
two equal molecules, which are located closer to each
other than to other similar molecules and have spe-
cific orientation. At the same time, they do not form
any chemical bond with each other.

If the dimer is in a stationary state the excita-
tion is distributed between two molecules for all the
time. If the dimer exists in a non-stationary state,
i.e., the excitation is localized at one molecule, pro-
vided that there is no energy removal, the excitation
is transferred from one molecule to another one in
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Fig. 4. Exciton zone splitting and the shift of energy levels for a physical dimer. Two
possible optical transitions are shown by arrows

a wavelike or coherent manner. This leads to a shift
and a splitting of the energy levels of a dimer rela-
tive to the levels of a monomer. The shift of spectral
bands can occur toward the violet or red spectral re-
gion. It depends on the values of Coulomb binding
energy of a pair of monomers and Coulomb energy
of interaction between distributed charges of the first
monomer and the second one, being in the excited and
ground states, respectively, and on the mutual orien-
tation of transition moments of these monomers. The
allowed dipole transitions are defined by transition
moments, which are equal for the “plus” and “minus”
dimeric states. In the case of translation-equivalent
molecules, these moments can be parallel or antipar-
allel. Therefore, for one of the configurations, the re-
sulting moment is equal to zero. In other words, the
optical transition is allowed only to the one excited
state of a dimer (Fig. 4).

Applying the foregoing theory to the experimental
results, it is possible to assume the mechanism of for-
mation of dimers by viologen molecules. According
to the optical spectra, the absorption of a dimeric
form of viologen is shifted to the violet region relative
to the absorption of radical cations (Fig. 3). Thus,
during the formation of dimers, the molecules are
situated in parallel to each other, as it is shown
in Fig. 4. In this case, the excitation transition be-
tween antiparallel molecules is forbidden, so the for-
mation of a dimer by two radical cations is ex-
cluded. Therefore, in the case of viologens, the dimers
can be formed only due to the donor-acceptor in-
teraction between a fully reduced viologen molecule
with quinoid structure and the initial molecule, as
described, for example, in [13].

The established mechanism of dimerization of vi-
ologens in the liquid crystalline medium could be
generalized onto other water-containing viscous me-
dia and is important for possible practical applica-
tions, for example, for determining the voltage value
required for the desired color change of a viologen-
containing material. Furthermore, the understanding
of a nature of viologen dimerization can be useful for
determining the origin of nonlinear optical effects ob-
served in colored LILC – viologen samples.

4. Conclusions

1. Experimental data obtained by means of optical
spectrometry have shown that, during the gradual
increase of the voltage applied to the LILC – violo-
gen samples, viologen molecules undergo two stages of
reduction with the formation of blue-colored radical
cations and colorless biradicals, respectively, followed
by the stage of the formation of red-colored dimers
after a further increase of the voltage.

2. The application of the quantum theory of molec-
ular crystals to the viologen dimerization process in-
dicates that, according to the observed shift of the
absorption band of a dimeric form of viologen to-
ward the violet spectral region relative to the ab-
sorption band of radical cations, the dimerization
can occur only between two parallel molecules. This
corresponds to the dimerization due to the inter-
action between fully reduced and initial viologen
molecules.

3. These facts together clearly define that, in a ly-
otropic liquid crystalline medium and in other water-
containing viscous media, the formation of dimers
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involves the interaction between viologen molecules
that undergone the two-electron reduction and initial
viologen molecules.
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МЕХАНIЗМ ДИМЕРИЗАЦIЇ ВIОЛОГЕНIВ
У РIДКОКРИСТАЛIЧНОМУ СЕРЕДОВИЩI

Р е з ю м е

У данiй роботi наведено аналiз експериментальних даних з
електрооптичних властивостей вiологенiв, унесених у рiд-
кокристалiчне середовище в ролi домiшок. Цi данi разом
iз теоретичними мiркуваннями дозволили визначити ме-
ханiзм, який приводить по подвiйної змiни забарвлення у
зразках рiдкий кристал–вiологен, викликаної прикладан-
ням зростаючої напруги. Зокрема, було доведено, що перша
змiна забарвлення вiдбувається завдяки одноелектронному
вiдновленню молекул вiологенiв, а друга змiна забарвлення
спричинена димеризацiєю мiж молекулами вiологенiв, якi
були повнiстю вiдновленi пiд дiєю прикладеної напруги, та
вихiдними молекулами вiологенiв.
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