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Abstract

Molecular mobility of functionalized liquid crystalline (LC) copolymer (P1) containing mesogenic cyanobiphenyl groups and acrylic acid
fragments (28%) as well as LC ionomers P2 (Cu 2.5() and P3 (Cu 7() with copper ions were studied by dielectric spectroscopy (DS) and by
thermally stimulated depolarization current (TSDC) methods. For P1-P3, the frequency dependences of dielectric losses and temperature
dependences of depolarization current were obtained and four relaxation processes vy, B, o, and & were found. For each of them a molecular
mechanism was proposed. Moreover, for P1, P2, and P3, at high temperatures the TSDC global curves indicate the peak of depolarization
current, which has no analogue in the dielectric spectrum. For P1 this peak is a p-process of low intensity. For P2 and P3 ionomers the
intensity and temperature position of the high temperature peak increase as compared to those of P1. The mechanisms of the high
temperatures peak for the P2 and P3 systems containing copper ions were attributed to the free space charge polarization and to the dipole
polarization process of polymer chains included in ionic associates (multiplets). There is good correlation between the peak temperature

positions obtained from the global TSDC spectrum at equivalent frequency and those obtained from DS.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

At the end of 20th century the evolution of research in the
field of liquid crystalline (LC) polymers gave birth to
various metal-containing macromolecular compounds
capable of mesophase formation. The important reason for
studying such systems is due to the fact that the
incorporation of metal ions into ordered polymer matrix
opens a way to novel generations of functional materials
with a set of valuable properties: optical anisotropy,
orientation in external fields, magnetic activity and etc
[1-3]. In ion-containing LC polymers, the metal atoms play
the role of counterions which compensate for negative
charges of functional fragments bounded to polymer chains.

One of the important classes of metal-containing LC
polymers is presented by the so-called LC ionomers that
combine specific features of both LC polymers and
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amorphous ionomers [4—10]. This could be explained in
the following way. The anisodiametric mesogenic groups of
LC ionomers are able to form various LC phases: nematic,
cholesteric (chiral nematic), and smectic. At the same time
their charged groups are able to form ion aggregates
(multiplets, clusters) that act as the points of noncovalent
polymer chain crosslinking and provide specific mor-
phology and properties of the usual statistical ionomers
[11-14]. The main factors that control the phase behaviour
and structure of LC ionomers are the concentration of metal
ions, the polymer matrix structure, and the chemical nature
of metal ions and charged groups.

Metal-containing side-chain LC ionomers are usually
obtained on the basis of LC polymer with functional (for
example, acidic) groups and mesogenic side groups [7,9,
10]. It has already been shown that heavy (multi valent)
metal atoms are able to interact with LC polymer not only as
a result of simple electrostatic forces, but also through the
formation of different types of inter- and intra-molecular
complexes [15,16]. That is why it is very important to find
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out in what way such interactions influence the supramo-
lecular organization of LC polymer and the molecular
mobility of its elements.

Different modes of molecular mobility in polymers of
varied classes, including thermotropic side-chain liquid
crystalline polymers (SCLCPs), are being studied success-
fully by the classical method of dielectric spectroscopy (DS)
[17-19]. The decoding of a dielectric spectrum allows us to
identify the observed relaxation processes with the mobility
of certain kinetic units bearing a polar group. The method of
thermally stimulated depolarization currents (TSDC) is also
used to investigate the molecular mobility of polymers
[20-22].

The results obtained by TSDC and DS can be compared
with each other because the phenomena studied in both
methods are determined by the dynamic behavior of the
macromolecules. The peaks displayed on the el = o(f)
(DS) and I = ¢(T) (TSDC) plots are due to the orientational
mobility of kinetic units containing a polar group. The
temperature position of depolarization current peaks T,
formally corresponds to the temperature position of the
gl peaks observed at the equivalent frequency f. which is
determined as

f. = E,r/2QmRT?2), (1)

where E, is activation energy of the relaxation process, r the
heating rate, R the gas constant, T}, the temperature of the
depolarization current maximum. The equivalent frequency
values are in the range of 1072210 *Hz [23].

In the current work we have investigated molecular order
and mobility in the side-chain LC copolymer P1 and
copper(Il)-containing LC ionomers P2 and P3 for which the
chemical structures are shown below:
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The aims of this work are as follows: (1) to study the
molecular dynamics of the P1-P3 systems by DS and
TSDC methods, (2) to identify the molecular mechanism of
the observed processes, (3) to determine the influence of ion
aggregate (multiplets) formation on molecular mobility of
ionomer chains and side mesogenic groups.

2. Experimental part
In this work a functionalized LC polyacrylate P1 was

obtained by free-radical copolymerization of 4-(cyanobi-
phenyl-4'-yloxy)-butyl acrylate (CB) (72%) with acrylic

acid (AA) (28%) [24]. Then P1 (Cu = 0() was used as a
polymer for obtaining LC Cu-containing ionomers: P2
(Cu = 2,5%) and P3 (Cu = 7%) [15,16]. For this purpose, a
calculated amount of the freshly prepared solution of copper
acetylacetonate in ethyl alcohol was added to the P1
copolymer solution in THF. For the P1-P3 polymers the
phase and glass transition temperatures determined by DSC
and T, (temperatures of I, on the main global TSDC curves
in the range of 20—80 °C) are presented in the Table 1.

Dielectric measurements were performed with a three
terminal plane condenser and a capacitance apparatus a
DEA-2970. The samples were sandwiched between gold
electrodes at 70 °C (in the rubbery state). The diameter of
the potential electrode was 5 mm.

TSDC experiments were made on a TSC-RMA (Therm-
hold) spectrometer. The samples were polymer pellets of
0.34 mm thick and with a surface area of 76 mm?. The
global TSDC curves were obtained in the following
conditions: the sample was polarized by a dc electric field
(Up = 50-300 V/mm) at a polarization temperature (T, =
40-60 °C) and cooled down to the lowest temperature 7.
The field was then removed, the sample was connected to an
electrometer and heated at a constant rate r to the final
temperature 7y, and the depolarization current I was
recorded as a function of temperature 7.

3. Results and discussion
3.1. Low temperatures

The global curves for the P1-P3 samples at low
temperatures show that the temperature dependences of
depolarization current / = ¢(7T') have two overlapping peaks
(Fig. 1). The first of them, a pronounced peak, is located
near — 112 °C, whereas the second, a less intensive peak
observed as a shoulder, is located close to — 130 °C.

It is known that dielectric investigation in the sub-glass
state for a great number of SCLCPs revealed three local
relaxation processes, {3, y; and v,, at successively decreas-
ing temperatures [17—19,25-29]. Successive changes in the
chemical structures of side-chain LC polymers allow us to
relate the B, vy, and v, processes to the rotational mobility
of the mesogen about its long axis, to the mobility of the

Table 1

Phase behavior and temperature (in °C) of the depolarization current
maximum 7, of «, 8 and p-processes observed on global TSDC spectrum
for LC copolymer P1 and ionomers P2, P3

Sample Phase behavior (°C) Tne T Tonp Tgh
P1 G*52 SmA 108 N 1101 48 56 65 50
P2 G" 49 SmA 108 I 47 54 74

P3 G" 48 SmA 104 I 45 52 76 46

? Glass transition temperature obtaining by DSC data.
® Glass transition temperature obtaining by DS at 1 s.
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Fig. 1. Global TSDC spectrum for P1(1), P2(2), and P3(3) in the range of
the y; and B processes.

methylene spacers, and to the motion of terminal polar
groups of the mesogen, respectively.

In the range of the 3 process the relaxation times for
SCLCPs of different structures are very close to each other.
The activation energies for the B process range from 48 to
75 kJ/mol [17-19,25,27,29]. In the case of the vy, process,
the relaxation times for thermotropic LC side-chain PA-n-
CAB and PA-n-PhB polyacrylates and PMA-n-CAB and
PMA-n-PhB polymethacrylates (n is a number of methylene
groups in the spacer, CAB and PhB are cyanazobenzene and
phenynbenzoate side mesogen groups, respectively)
decrease with methylene spacer length [26—29]. Thus, for
PA-11-CAB and PMA-11-CAB, the difference in relaxation
times between the 3 and the vy, processes is about three
order of magnitude. For PMA-5-CAB, PMA-5-Phb, and
PA-5-CAB, it is still possible to observe two strongly
overlapping [3 and vy, processes which differ from each other
in relaxation time by not more than half an order [26—28]. In
the case of PA-3-CAB and PMA-3-CAB, the B and the vy,
processes merge, and only one relaxation process (3/v;)
takes place [27]. For the vy, process, activation energies are
in the range of 33-45kJ/mol. As for the most rapid
dielectric y, process, its activation energies are about 21—
33 kJ/mol [17-19,29,30].

To identify the molecular mechanisms of relaxation
processes observed on the global curves (Fig. 1), it is of
interesting to compare the TSDC and dielectric behavior of
SCLCPs with similar structures at the sub-glass state. Fig. 2
shows the —log 7= @(1/T) plots for PMA-5-CAB and
PMA-5-PhB in the ranges of the (3, vy, and y, processes,
curves 1, 2, and 3, respectively [25,27,28,30]. The B, v;, and
V2, processes are the local processes relaxation of dipole
polarization. Usually, the temperature dependences of
relaxation time for the local processes could be approximated
by a linear Arrhenius curve. Postulating that the equivalent
TSDC frequency is equal to 10~* Hz (log 7, = 2.2) [21,23],
the linear plots in Fig. 2 (curves 1-3) were extrapolated to
—log 7, = —2.2. The extrapolated temperatures for the vy,
and B processes obtained in this way are close to Ty,
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Fig. 2. Dependences of —log 7 on inverse temperature in the range of the o
(6,7) and — & (8,9) processes for P1 (6,8) and P3 (7,9) and in the range of the
sub-glass processes (1-5) for PM-5-CAB (curves 1, 2) [25,27], PM-5-PhB
(curves 1-3) [28,30], and for P1 with 38( AA (curves 4, 5) [31]; the points
at —log 7= —2.2 are the T,, values obtained from the global curves.

observed on the global TSDC curves. This means that the
peaks on the global curves in Fig. 1 are caused by the vy, and
the B processes. (For the v, process, the extrapolated
temperature equal to — 176 °C is outside of the experimental
range of the global curve).

Fig. 2 also shows the —log 7, = @(1/T) plots in the sub-
glass state for P1 with 38( of AA (curves 4, 5) [31]. One can
see that curve 4 is placed between curve 1 and 2
corresponding to the 3 and the vy, processes, respectively.
This means that only a single 3/, process is observed for
P1. This fact is not surprising because the spacer length for
P1 is small (it includes four methylene groups). In contrast
to the dielectric results, the global TSDC curves show that at
low temperatures it is possible to observe not a single 3/,
process but both the 3 and the vy, processes (Fig. 1). This is
due to the better resolution of TSDC curves in comparison
to DS ones.

As for the lowest temperature relaxation process for P1
(38% of AA), it could be attributed to the rotational mobility
of the terminal —OOH groups in the AA fragments because
relaxation times of this process (curve 5) coincides
satisfactorily with those for the vy, process (curve 3).

The comparison of curves 1-3 in Fig. 1 shows that in the
sub-glass state the TSDC spectrum for the P1 copolymer has
no principal difference with that for the P2 and P3 Cu-
containing ionomers. This means that formation of multiplet
structures does not influence the local relaxation processes
at low temperatures.

3.2. High temperatures

Near T,, the dielectric data for thermotropic SCLCPs
show two overlapping cooperative processes, the o and the
o processes [17-19,30—35]. According to the theory [17,18,
34], the dipole correlation function can be expressed in
terms of four dipole contributions (00, 01, 11, and 10
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modes). The frequencies of these modes are related to the
nature of the motion and they could be ranked as:

Joo <Jfor = fi1 = fo

The & process located at higher temperatures (low
frequencies) corresponds to one of these modes (the 00
mode) and reflects the mesogen group reorientation about its
short axis (relaxation of longitudinal component of dipole
moment of mesogen ). The a process is associated with
the main-chain motion and with reorientation about the long
axis of mesogen (relaxation of transverse component of
dipole moment of mesogen w,). The a process could be
considered as a mixture of 01, 10, and 11 modes which
occur at similar frequencies. This multiplicity of motions is
possibly responsible for the broad relaxation times distri-
bution for the a process. In practice, for SCLCPs it is
impossible to divide into separate modes the dielectric
dependences in the range of the a process.

The reason for the appearance of the & process in
thermotropic side-chain polymers follows from the
peculiarity of the chemical constitution of this class of
polymers. The fact is that mesogenic groups in SCLCPs are
bonded to the macromolecule only at one end, and the
flexible spacers provide the motion of mesogens, which is
rather independent of the main chains motion.

3.2.1. Dielectric relaxation results

For P1 and P3, the frequency dependences of loss factor
&l were obtained in the frequency and temperature ranges
107'-10° Hz and + 20— + 95 °C, respectively. The tem-
perature range included the glassy and the liquid-crystalline
states. The shape of these dependences is similar for P1 and
P3 samples. As an example, Fig. 3 shows the el = o(f) plots
for P3 at several temperatures. One can see that the observed
process of relaxation of dipole polarization is rather broad.
According to the above considerations, this process could be
presented as a superposition of two overlapping relaxation
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Fig. 3. Frequency dependences of dielectric loss factor &l for P3 at: 40 (1),
45(2),50(3),55 (4), 60 (5), 65 (6), 70 (7), 75 (8), 80 (9), 85 (10), and 90 °C
(11).

processes which will be designated as the o, and the &
processes in the order of increasing temperature.

To determine the kinetic parameters of the observed
relaxation processes, the frequency dependences of el were
described by a sum of two empirical Havriliak—Negami
(HN) functions and the conductivity contribution [36,37]:

2
=202 Zlm[ e ] @)
g o 5 (1 4+ QTHN, )™ )Px

The first term in Eq. (2) is caused by translation diffusion of
mobile charge carriers, where g is the vacuum permittivity,
o, is the dc conductivity, s =1, a is a factor having
the dimensionality [a] = [Hz) !, o= 27f, and f is the
frequency of the ac electric field. The index k refers to the o
or to the d process; A¢ is the dielectric relaxation strength,
and o and [ are fit parameters describing the broadening
and the asymmetry of relaxation time distribution,
respectively.

As an example, Fig. 4 shows for P1(a) and P3(b) the
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Fig. 4. Frequency dependence of &ll for P1(a) and P3(b) at 65 °C. The open
circles are the experimental points. The solid line is the best fit given by the
superposition of a conductivity term o (dashed line) and contributions due
to the o and & processes (dotted lines) calculated according to Eq. (2). The
dashed-dotted line is the contribution due to dipole relaxation (fit curve
without the conductivity term). The fitting parameters for P1 are: o=
105X 1071 1/Qcem, s=0.73, Ag, = 1.15, a, =0.37, B, =0.33,
log 7, = —3.42; Ags =3.13, a5 = 0.8, Bs = 0.69, log 75 = —1.14 and
forP3are: 0 = 5.1 X 10" 1/Q cm, s = 0.87, Ag, = 0.78, a, = 0.4, B, =
0.20, log 7, = —4.34; Aes = 3.83, a5 = 0.68, B; = 1, log 75 = —2.21.
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el = o(f) dependences at 65 °C presented as a super-
position of the o and the & processes and the conductivity
term, which were calculated in accordance to Eq. (2). For P1
and P3, the temperature dependences of relaxation time
calculated from Eq. (2) in the range of the « and the &
processes are shown in Fig. 2 (curves 6—9). Apart from the
fact that the o and & processes are very close to each other
their separation in accordance to Eq. (2) gives rather reliable
results in the relaxation time values. The error does not
exceed the symbols size in Fig. 2.

In thermotropic side-chains polymers the features of the
a process corresponded to cooperative segmental motion of
the main chains are similar to those observed in amorphous
and semicrystalline conventional polymers: high activation
energy, broad relaxation time distribution, close coinci-
dence of 7, obtained by DSC and by dielectric methods, and
the temperature dependence of relaxation time. These
dependences (the —log 7, = @(1/T) plots) for SCLCPs,
just as for polymers of other classes, in the range of the o
transition in a wide temperature range are well described by
the empirical Vogel-Tammann—Fulcher—Hesse (VTFH)
equation [17,18,30,37,38]:

B
T — To)’ ©)

fn=A exp(—

where A, B, and T, are the temperature-independent
empirical parameters. A is a high-temperature limited
relaxation rate, B is the activation parameter, and 7y, called
the Vogel temperature or the ideal glass transition
temperature, is usually a few tens of degrees below T,.

The temperature dependences of relaxation times for P1
and P3 in the range of the a process were fitted by Eq. (3).
The fit parameters for P1 are: log A = 10.45, B =381 K,
and T, = 284 K, whereas those for P3 are: log A = 10.1,
B=282K, and T, = 288 K.

To determine the T, from dielectric data, the VTFH
dependence in the range of the a process should be extrapolated
to 1s or to 10°s, ie. to logf, =0 or logf, = —3
(—log 7, = 0.8 or —log 7, = —2.2). For P1 and P3, the
extrapolation of curves 6 and 8 in Fig. 2 gives the T, values
equal to 50 (at 1 s) or 41 °C (at 10° s) and 46 (at 1 s) or 38 °C
(at 10%s), respectively. The T, values obtained from
dielectric data at relaxation time 1s are lower by 2°C
than those determined by DSC (Table 1). This difference
between T, values obtained by the two methods is within the
experimental error.

The question is why the glass transition temperature for
P1 is higher than that for the metal-containing ionomers P2
and P3? The following explanation could be suggested. The
macromolecule of copolymer P1 consists of the CB and AA
fragments. Due to the hydrogen bonds, the main chains of
polyacrylic acid (PAA) become very rigid, therefore it does
not pass into the rubbery state. Hence, it is impossible to
determine directly the T, of PAA. Using different methods,
the glass transition temperatures of PAA (estimated by
extrapolation) were obtained in the range of 80-166 °C

[39]. The T, of homopolymer CB is 43 °C [24]. For the P1
copolymer the presence of rigid AA fragments (28%) in the
polymer main chain increases 7, to 52 °C. For the P2 and P3
ionomers, the incorporation of Cu ions (2.5 or 7%) into the
copolymer P1 destroys the hydrogen bonds. This leads to
some decrease of the T, values for P2 and P3 in comparison
to P1.

The temperature dependence of relaxation time for the &
process occurring in the LC state can be described by the
Arrhenius [33,35,40] or by the VTFH dependence [30,41].
In the present work the —log 7= ¢(1/T") dependences were
described for P1 and P3 by Eq. (3) with the fit parameters:
logA =164, B=1892K, T, = 213K and logA = 13.4,
B=1162K, T,=232K, respectively. The transition
temperatures of the 8 process for P1 and P3 determined
by the extrapolation of the VTFH fit curves are 61 (at 1 s) or
41°C (at 10°s) and 53 (at 1s) or 35°C (at 10°s),
respectively.

The extrapolated temperatures for the & process at
relaxation time 1 s are higher than those for the « process by
about 10°C. At relaxation time 10°s the temperatures
transitions for the o and the & processes are close to each
other. This fact can be explained by the following
consideration. In side-chain LC polymers, the & process
(in el = ¢(T) dependences in the range of radio frequences)
is usually observed in the rubbery state at temperature 5—
30 °C higher than that of the « process [17-19,30,31,33,35,
40,41]. This follows from the fact that the reorientation of
mesogens about the short axis requires a large free volume
and takes place only in conditions of segmental mobility of
the backbone, when the modes associated to the mesogenic
group motion are activated. It was shown that the activation
energy values for the o process are 20—50% higher than
those for the & process [30,31,33-38,40-42]. Hence, with
decreasing frequency these processes become closer to each
other, and the situation when the 3 process will formally
precede the o process could be achieved.

For the PI, P2, and P3 copolymers, in 20-90 °C
temperature range, in addition to dielectric dependences,
the temperature dependences of depolarization current / =
@(T) were also obtained (Fig. 5(a)—(c), respectively). These
figures show that near T, two depolarization current peaks
are observed.

The peaks on the global TSDC curves could be caused by
several reasons: relaxation of dipole polarization, ionic
vacancy migration, drift of electrons or holes, and excess
charge injection from electrodes [43]. For decoding the
TSDC spectrum, it is important to make a distinction
between dipole relaxation and free charge processes.
Several procedures for understanding the nature of the
observed peaks have been proposed [21,44]. The simplest
way is to obtain a series of global curves with different
polarizing electric fields U,,. If the intensity of depolariz-
ation current I, shows a linear dependence on Up, this fact is
often considered as an indication of the dipolar nature of the
corresponding relaxation mechanisms. For the P1-P3
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Fig. 5. Global TSDC spectrum in the range of the «, 3, and p processes for
Pl(a) at T, = 50 °C and U, = 50(1), 100(2), and 200(3) V/mm, for P2(b) at
T, = 60 °C and U, = 50(1) and 100(2) V/mm, and for P3(c) at T}, = 60 °C
and U, = 50(1), 100(2), and 300(3) V/mm.

systems studied here, the I, = ¢(U,) dependences are
linear for both peaks near T, (Fig. 6). This means that these
peaks are caused by dipole polarization.

For the P1, P2, and P3 samples, the temperatures of the
first peak on the global TSDC curve in Fig. 5 are observed at
48, 47 and 45 °C, respectively. These temperatures (as in the
case of the dielectric method) are lower by several degrees
than the glass transition temperatures determined by DSC
(Table 1). One can suppose that the first peak could be
ascribed to the o process.

The second peak on the global curves is located at 56, 54,

10
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00{ 2 a— a1
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0,0 . T T
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Fig. 6. Dependences of I, on U, for P1(1,2), P2(3,4), and P3(5,6) in the
range of the a (1,3,5) and & (2,4,6) processes; insert shows the same
dependences for the high temperature TSDC peak for P1(1), P2(2), and
P3(3).

and 52 °C for P1, P2, and P3, respectively (Fig. 5). One can
suppose that the second I, peak in Fig. 5, which is higher
than the first peak by 7-8 °C, could be attributed to the &
peak. The same difference between the temperature
positions of the o and & processes was observed in dielectric
measurements (Fig. 2). At the same time, as shown above,
this difference diminishes with relaxation time increasing
and achieves the negative values at relaxation times 10° s.
In the range of the & process, the approximation of the
—log 7, = @(1/T), plots to very low frequences by VTHF
equation is probably not quite valid. This fact requires
additional experimental data to be obtained for the model
systems. We plan to consider this phenomenon in future.
Fig. 5 also show that the o depolarization peak is more
prominent than the 8 peak. The opposite situation was
observed for dielectric measurements when the o process is
observed as a shoulder on the well pronounced 8 relaxation
(Fig. 4). Besides this fact, there is another indication of the
qualitative difference between the results obtained by
dielectric and TSDC methods. Thus, near Ty, for SCLCPs
with very different structures of mesogens and the main
chains, the dielectric data show only two processes. In
contrast to dielectric data, near T,, the TSDC global
spectrum for thermotropic side-chain polysiloxanes with
phenylbenzoate mesogens having both w, and w; com-
ponents of the dipole moment of mesogen showed three
peaks [20,21]. It was suggested that the first peak is related
to the glass transition, the second one to the relaxation of
w1 , and the third one to the relaxation of w; of the mesogen
dipole moment. In the case of polysiloxanes with cyanobi-
phenyl mesogens having only the w; component of the
mesogen dipole moment, near T, only two peaks in the
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I = @(T) dependence were observed [45,46]. These peaks
were attributed to the main chain motion and to the
reorientation of mesogen about of its short axis, i.e. to the &
process. The copolymers studied here have cyanobiphenyl
mesogenic side groups. As a result, only the 8 process above
T, was observed on the global curves (Fig. 5).

One can see that for the P1, P2, and P3 systems, on the
global TSDC curve there is a third high temperature peak in
addition to the a and & peaks (Fig. 5). This process has no
analogues on dielectric and DSC dependences. For usual
amorphous and semicrystalline polymers, the highest
temperature peak on the global curves, generally called
the p-peak, is usually related to the motion of excess free
charges limited in space by drift and diffusion.

For the P1 copolymer this peak occurs at 65 °C and has
negative values of I, equal to —8.5 X 10~ '* A (Fig. 5(a)).
Its intensity and 7,, values are independent of polarization
voltage in the range of 50—200 V (insert in Fig. 6, curve 1).
The features of this peak for P1 indicate that it is the typical
p-peak caused by free space charge polarization and by
injection of charges from the electrodes [43,47—-49].

One can see that for the P2 and P3 Cu-containing
ionomers the depolarization current values for the third
peak on the global curve decrease abruptly passing
through zero and at 80 °C achieve negative values equal
to —1x107"TA (Fig. 5(b) and (c)). This situation is
typical for the p-peak caused by free space charge
polarization.

On the other hand, for the Cu-containing ionomers, the
incorporation of copper ions changes the character of the
high temperature peak which has certain new specific
features in comparison with those for P1. First, in the case of
the P2 and P3 ionomers, the highest temperature peak
appears at 74—77 °C (Fig. 5(b) and (c)), i.e. about 10 °C
higher than that for P1. Second, the intensity of this peak for
P2 and P3 increases in comparison with the /;, values for P1
and achieves the values in 2—5 times higher than that of the
o and the d processes. Third, the most important thing is that
the intensity of the high temperature TSDC peak increases
with U,,. For the P3 ionomer studied here the I, values at
U, =50, 100, and 300V are equal to 8.7x107'7,
2.5X% 107“, and 1.1 X107 A, respectively (insert in
Fig. 6, curve 3). For the P2 ionomer, the I, values of the
high temperature peak also increase with U, (insert in Fig. 6,
curve 2). As written above, the intensity increasing of the
TSDC peak with the U, values could be related with a
dipolar contribution in the highest temperature peak for the
Cu-containing ionomers.

It is evident that the peak on the global TSDC plots
following the 3 process is related to the presence of ionic
multiplet structures in P2 and P3. In a similar manner, in
Ref. [50] it has been suggested that for segmented
polyurethane ionomers the highest temperature peak on
the global TSDC curve reflects the properties of ionic
aggregates (multiplets). At the same time, the space charge
polarization and injection of charges from the electrodes

may also contribute to the considered peak. It is most likely
that for the investigated here LC ionomers the highest peak
on the global TSDC curves includes both dipole origin and
free charge components.

4. Conclusions

This work is the first attempt to study side-chain LC
ionomers by TSDC and DS methods. For the ionogenic and
nonionogenic systems studied here, it was shown that the
local B and <y, and the cooperative o and & processes have
no essential distinctions in dielectric and TSDC behaviour.
However, an important distinction is observed for the
highest temperature peak on the global TSDC curve. This
peak for the Cu-containing ionomers testifies the features of
the p-peak and of the dipole polarization process caused by
presence of ionic multiplet structures. To understand the
molecular mechanisms of the observed peaks, we must have
more extensive experimental results. In future we plan to
perform the combined TSDC and DS investigation of LC
ionomers containing ions of different charges and concen-
trations. Dielectric and TSDC methods giving different
details of the observed relaxation processes, allow us to
present the overall picture of molecular mobility in the
systems under investigation. These two methods revealing
the differences and similarities of the results could be
considered as complementary to each other.
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