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Abstract

The molecular mobility of a LC side-chain polymethacrylate (PM6) was carried out by dielectric spectroscopy and by thermally stimulated
discharge current (TSDC) methods. Six relaxation processes y,, 1, 8, B1, &, and 8 at successively increasing temperatures were observed in
PM-6. For each of them, a molecular interpretation was proposed. There is a good correlation between the peak temperature positions
obtained from the global TSDC spectrum at an equivalent frequency and those obtained from the dielectric method. The TSDC thermal
windowing experiments for PM-6 show the high ability to resolve the overlapping processes at low temperatures. Dielectric and TSDC
methods giving different details of the observed relaxation processes, allow us to create the overall picture of molecular mobility in the
system under investigation. These two methods revealing the differences and similarities of the obtained results could be considered as
complementary to each other. © 2002 Published by Elsevier Science Ltd.
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1. Introduction

In experimental studies of dielectric behaviour and mole-
cular mobility of polymers, one is often faced with the
problem of resolving two (and more) overlapping processes
of relaxation of dipolar polarization. This question is of
particular importance for resolving local processes when
the more intensive relaxation masks the weaker one. In
this case, one broad and non-symmetric peak is typically
observed in the frequency or temperature dependence of the
dielectric loss factor £” or of the dielectric loss tangent tg &
in the range of the overlapping processes [1-3].

In general, the activation energy value defined by the
temperature dependence of relaxation time is higher for
the process taking place at higher temperature. This means
that with decreasing frequency the difference between the
relaxation times of these two processes increases.

In addition to the classical dielectric spectroscopy (DS),
the method of thermally stimulated discharge currents
(TSDC) is also successfully used in the research of dipolar
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polarization in polymers. The possibility of comparison
between the results obtained by the TSDC method and by
the dielectric one, is based on the fact that the temperature
position of the depolarization current peak T, correlates
with that of &), or tg 8,, peaks observed at the equivalent
frequency f., which for a local process can be defined by the
formula [4,5]:

E.r
f‘e_ a

= — 1
2mRT?, M

where E, is the activation energy of the relaxation process, r
the heating rate (r = d7/df), R the gas constant, and T}, the
temperature of the discharge current maximum. It follows
from Eq. (1) that for E, = 10-60 kcal mol !, 7,, =320 K,
and r=4-7 °C min", the equivalent frequency is 10—
10™* Hz. This frequency is lower than that used in DS. It
leads to an enhancement of the resolution of different
relaxation processes, so that the separation of the peaks on
the TSDC curve is better than in the case of the dielectric
method.

The TSDC and DS are related techniques, because the
origin of the observed peaks is the same, namely, the mole-
cular mobility of polar kinetic units activated by the electric
field. These kinetic units during their orientation provide
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contribution to dielectric absorption or to depolarization
current. On the other hand, in contrast to DS, the TSDC
method is not isothermal. This is its disadvantage. There-
fore, it would be interesting to investigate the molecular
mobility in polymers by a combination of both TSDC and
DS methods and to elucidate the information provided by
each of them.

Depending on the way of polarization and thermal treat-
ment, three TSDC techniques can be selected: (1) the TSDC
global experiment, (2) the method of partial polarization,
and (3) the method of thermal window sampling [4-6].

In the first case, the sample is polarized at a polarization
temperature 7,, which is higher than T,. Then, in the
presence of the electric field, the sample is cooled down
to Ty (in practice Ty is the liquid nitrogen temperature).
The field is then removed, the sample is short-circuited
and the discharge current is measured and plotted with
increasing temperature at a constant rate (4—7 °C min~')
from 7 to the final temperature 7 = T,. As a result, the
TSDC global spectrum includes all dielectrically active
relaxation processes taking place in the interval from Tj
to 7.

The method of partial polarization is similar to the first
type, but polarization temperatures are selected on the low
temperature side of a peak. This means that during partial
polarization only one part of dipoles is polarized.

The method of thermal window sampling allows us to
reveal the fine structure of the observed processes. With
the aid of this technique, the polarization field is applied
only in a narrow temperature interval (window). Thus,
only a small segment of a global spectrum is polarized. In
this technique, the field is applied at T, (2—-5 min), then the
sample is cooled (at the presence of a field) down to Ty
Ty —T, = 2-15 °C), and then cooled further, now without
afield, down to Ty (T — T, = 10-20 °C), at which tempera-
ture the sample is short-circuited and the discharge current
is measured up to Ty (Tt = T, + 10-20 °C). Hence, in this
technique the relaxation process is presented by a set of
curves with different polarization temperatures.

In the present work, the molecular mobility of a LC side-
chain polymethacrylate (PM-6) is investigated. The chemi-
cal structure of PM-6 is given below:

-CH2-C(CHy)-
coo«cmg-coo@ -ooc@-ocsum

This polymer was obtained at Moscow University in Prof.
Shibaev’s laboratory. The synthesis of PM-6 has been
described in Ref. [7]. The values of the glass transition
temperature T, the transition temperature from smectic Sx
to smectic Su, and the clearing temperature T, for PM-6 are
44, 104, and 141 °C, respectively. For comparison, some
preliminary measurements obtained with PM-2, where the
tail group is —C,Hj instead of —C¢H;3 in PM-6 are also
shown.

The investigation of PM-6 molecular mobility was
carried out by DS and TSDC methods. The purpose of the
work is the identification of the various relaxation
processes, and also the comparison of the kinetic character-
istics of relaxation processes observed by both methods.

2. Experimental part
2.1. Dielectric technique

The frequency dependences of ¢’ and &” at frequencies
1072-10° Hz and temperatures 20—160 °C were measured
using a frequency response analyzer (FRA; Schlumberger
SI-1260) supplemented by a buffer amplifier of variable
gain (Chelsea Dielectric Interface) and an LCR meter (HP
4284A), combined with a TO-19 type thermostatic oven and
a SE-70 dielectric cell (ANDO). In addition, the temperature
dependences of tg 6 were obtained with the aid of a conduc-
tivity and capacitance bridge of the TR-9701 type in the
temperature range —170— + 150 °C and in the frequency
range 60—10° Hz. The samples for dielectric measurements
were sandwiched at 145 °C (in the isotropic state) between
brass electrodes; the diameter of the potential electrode was
20 mm. The sample thickness of 50 wm was maintained by
using 50 wm silica fibres.

2.2. TSDC technique

TSDC experiments were curried out with a TSC-RMA
(Thermhold) spectrometer on polymer pellets of 0.34 mm
thickness and 76 mm? surface. In this work, two types of
TSDC polarizing techniques were applied: the global
experiment (7, =50°C for 2min under a field of
300Vmm ™', T,=-160°C, T;=70°C, and r =
7°C min ") and the thermal windowing experiment (poling
windows 2 °C, temperature ranges from 7, — 10°C to
T, + 10 °C, difference between two successive polarization
temperatures 2 or 3 °C, r = 7 °C min_ ).

3. Results and discussion
3.1. Dielectric investigation

The temperature dependences of tg & for PM-6 show that
in the sub-glass state there are three relaxation processes
(Fig. 1).

In the general case, dielectric investigation in the sub-
glass state for a great number of thermotropic LC side-
chain polyacrylates (PA), polymethacrylates (PMA), and
polysiloxanes (PS) with different structures of the mesogens
and with different spacer lengths have revealed three local
relaxation processes, 3, v, and y,, at successively decreas-
ing temperatures [§—11].

Successive changes in the chemical structure of side-
chain LC polymers (SCLCPs) made it possible to relate
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Fig. 1. Temperature dependences of tg 6 for PM-6 at 0.1 (1), 1 (2), 10 (3)
and 100 kHz (4) and for PM-2 at 1 kHz (5).

the B process to the rotational mobility of the mesogen
about its long axis. It was shown that the log f,, = ¢(1/T)
plots in the range of the B process for a great number of
SCLCPs are located in a relatively narrow corridor [8]. This
means that the conditions of internal rotation of the meso-
gens in the glassy state depend neither on the spacer length
nor on the structure of the main chain and of the mesogen.
The activation energies for the 8 process range from 12 to
18 keal mol ™' [11-13].

The 7y, process, following the order of temperature and
having activation energies of 8—11 kcal mol~', could be
related to the mobility of the methylene spacer. In contrast
to the 3 relaxation, the relaxation times of the y; process for
PA-n and PMA-n (n is the number of methylene groups in
the spacer) SCLCPs decrease with the methylene spacer
length [9]. The difference in relaxation times between 3
and vy, processes decreases with the spacer length reduction.
Thus, for PMA-5 and PA-5 SCLCPs with cyanazobenzene
and phenynbenzoite mesogen groups, it was possible to
observe two overlapping relaxation processes [10]. How-
ever, the resolution of the 8 and vy, processes for SCLCPs
with n = 5 also depends on the relation of the intensities of
these processes. For example, it was shown for halogen-
containing PMA-5 SCLCPs that a weak v, process is
‘hidden’ by a much more intensive 3 process [12]. For
PA and PMA SCLCPs with n = 2-3, the 8 and vy, processes
merge and only one relaxation transition (B/y; process)
takes place [10].

The dielectric y, process with activation energies of
about 5-8 kcal mol ' reflects the molecular mobility of
the polar groups at the end of the mesogen [11-13].

It is reasonable to assume that the three sub-glass
processes in Fig. 1 are related to the 3, vy, and 7y, processes.
One can see that the y; process is revealed only at high

is s, isteeeee

1000/T,K

Fig. 2. Dependences of log f;, on inverse temperature in the ranges of the y,
(1), y1 2), B (3), B1 (4), a (5) & (6) processes for PM-6 obtained from the
tg & temperature dependences (O), from the £” frequency dependences (®)
and for PM-2 obtained from the tg & temperature dependence (A). + —
points obtained from the global TSDC curve at equivalent frequency of
1073 Hz. The inset shows the & x temperature dependence for the 3, (@)
and 8 (O) processes. Dashed lines correspond to the boundaries of the Sx
and S, phases and of the isotropic state.

frequencies beginning with 100 kHz. This could have two
reasons. (1) For PM-6 the spacer length is only five methyl-
ene groups. Therefore the difference in the temperature
positions of the y; and the B processes is very small. (2)
The vy, process is hidden by the more intensive 3 process.
For PM-2 it was possible to observe both the 8 and the 7y,
processes, because their intensities are close to each other
(Fig. 1, curve 5). The log f;, = ¢(1/T) dependences for the
Y2, Y1, and B processes, where f, is the tg 6 frequency
maximum, are presented in Fig. 2 by curves 1, 2, and 3,
respectively. The kinetic units providing the contribution to
dielectric absorption in the range of the B8 and the 7,
processes are similar for PM-6 and PM-2. In fact, the
log f;,n = @(1/T) dependences for both PM-6 and PM-2 in
the range of the 8 process correspond to curve 3 (Fig. 2).
One can then assume that the temperature—frequency
coordinates of the vy, process for PM-6, being very close
to those for PM-2, will correspond to curve 2, as in the case
of PM-2.

The difference between PM-6 and PM-2 in dielectric
behaviour could be expected only for the 7y, process,
because the tail kinetic unit providing the dielectric absorp-
tion in this region is much larger in the case of PM-6.
However, it was impossible to compare the molecular
mobility in the range of the y, process for the two polymers,
because in PM-2 the 7y, process is revealed only as a
shoulder on the low temperature side of the vy, process.

The values of the activation energies for the 3, vy, and y,
processes, obtained from the slopes of log f;,, = ¢(1/T) plots
in Fig. 2 are 15, 12 and 7 kcal mol ', respectively.

The temperature dependences of tg 6 above room
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Fig. 3. Temperature dependences of tg 6 for PM-6 at 0.1 (1), 1 (2), 10 (3)
and 100 kHz (4). Dashed lines correspond to the boundaries of the Sx and
Sa phases and of the isotropic state.

temperature show a weak relaxation process around room
temperature (which will be denoted as 3;) and two over-
lapping processes near the glass transition temperature
(Fig. 3).

Dielectric studies in SCLCPs show that near 7, two
cooperative relaxation transitions (« and & processes) are
observed [8,11,14—18], instead of one relaxation process
(a-transition) as in most other polymer classes. The succes-
sive change of chemical constitution was allowed to connect
the lower temperature relaxation (« process) to the seg-
mental motion, whereas the second relaxation (6 process)
may be related to the reorientation of the mesogenic groups.
Thus, one can assume that in the case of PM-6, the two
relaxation processes near T, are the o and & processes.

Fig. 3 shows that the a process is detected only as a
shoulder on the low temperature side of the well-defined
0 peak. The tg 6, temperature position for the & process
is well determined to within 0.5—-1 °C. For the B; and «
processes, the tg §,, temperature positions were determined
with accuracy not better than 3—7 °C. This leads to scatter-
ing of the points on curves 4 and 5 corresponding to the 3,
and «a processes (Fig. 2). The activation energies for the 3,
a, and 6 processes, obtained from the slope of curves 4, 5
and 6 in Fig. 2 are 24, 60 and 40 kcal mol ', respectively.

Although the & process is the highest temperature relaxa-
tion, its activation energy value is lower than that for the «
process. The same situation was observed for all thermo-
tropic SCLCPs [10,11,14-16,19]. This can be explained by
different molecular mechanisms of these processes. The a
process in SCLCPs is very similar to that in polymers of
other classes and reflects the segmental mobility of the
main chains. The temperature dependence of the relaxation
time for the « process could be described by the Vogel—
Tammann—Fulcher—Hesse (VTFH) equation [20]. (Only for
narrow frequency interval, as in the case of PM-6 in Fig. 2,
can the log f,, = @(1/T) dependence be approximated by a
linear curve.) As for the & process, it takes place only in
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Fig. 4. Frequency dependences of £” at: 40 (1), 50 (2), 60 (3), 70 (4), 80 (5),
90 (6), 100 (7), 110 (8), 120 (9), 130 (10), 140 (11), 153 °C (12). The inset
shows the same dependence at 110 °C (1), the o and & processes and the
conductivity term o calculated according to the HN function; the solid line
is the fit curve.

SCLCPs. The source of this process is the molecular motion
of the mesogen group with respect to their short axis. This
reorientation needs a large free volume. However, the 6
process takes place above T, in conditions of high molecular
mobility of the main chains. As a result, in contrast to the «
process, for the & process the log f;, = ¢(1/T) dependence
(in the limit of the LC state) can be usually approximated by
a linear curve, similar to local processes.

As for the molecular mechanisms of the 3, process, there
are indications that a similar transition was observed only
for SCLCPs with the methacrylate main chain [21,22]. It is
likely that the origin of the 3 process is the motion of a
kinetic unit including the spacer and the ester group adjoin-
ing the main chain. In acrylate SCLCPs, the molecular pack-
ing near the main chain is more compact than that in
methacrylate polymers, due to the absence of the a-methyl
group. That is why in the acrylate systems the motion of the
spacer does not include the ester group. It would be useful
for the final interpretation of this process to compare the
dielectric behaviour of PM-6 with that of PA-6. This will
be performed in the future. The intensity of the dielectric
absorption of the 3 process is low, and the beginning of the
segmental mobility hides this process. This is the reason
why the B, process was not observed in all SCLCPs with
methacrylate main chain.

For PM-6, the ¢” frequency dependences above room
temperature were also measured (Fig. 4). These depen-
dences are less pronounced than the temperature depen-
dences of tg & in Fig. 3 due to the &' increase with
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Table 1

Havriliak—Negami fit parameters (Ae, «, and B) at different temperatures
for the B, a, and 8 processes obtained from the &” = ¢(f) dependences in
Fig. 4

Relaxation process T (°C) Age a B log fi
B, process 40 0.82 0.55 0.1 2.36
50 0.84 0.59 0.1 3.21
60 0.82 0.57 0.1 3.53
70 0.82 0.61 0.1 391
80 0.78 0.62 0.12 442
 process 115 0.55 0.95 0.83 5.32
120 0.52 0.98 0.92 5.45
125 0.48 0.98 1 5.58
130 0.41 0.99 1 5.92
135 0.40 0.98 0.98 6.01
& process 115 1.48 1 0.23 3.59
120 1.55 1 0.25 3.83
125 1.6 0.96 0.21 3.95
130 1.6 0.97 0.21 4.17
135 1.7 0.98 0.27 4.39
138 1.72 0.98 0.29 5.17
140 1.75 0.92 0.20 5.28
145 2.15 0.91 0.21 5.47
153 2.2 0.91 0.21 5.61

increasing temperature. Comparing the data in Fig. 3, one
can assume that the weak peaks of &” at low temperatures
(40-80 °C) in Fig. 4 are related to the 8, process, whereas
the much more intensive peaks from 110 to 153 °C can be
attributed to the two overlapping a and & processes. In the
85-105 °C range, it was impossible to resolve the weak
relaxation process, because it appears only as a shoulder
on a high conductivity tail.

The frequency dependences of &” in Fig. 4 were
described by the Havriliak—Negami (HN) empirical expres-
sion [23,24]:

[£"(w) — eullley — €] = [1 + (iwm)' 1P 2)

where the parameters « and B [0 < (1 — ), (1 — @)B = 1]
define the symmetrical and asymmetrical broadening of the
loss peak, respectively, 7, is the relaxation time, and
fn=1/277, is the characteristic frequency at which &”
passes through the maximum. For the description of the
experimental data it was necessary to separate the imaginary
and the real parts of Eq. (2) as follows:

() — 80 = r P?(5y — £5)cos BO (3a)
" -2 . A
g(w)=r " (g — &x)sin B+ —w (3b)
€0
where

r= [1 + (w1 “ sin a('rr/2)]2+[(w70)17“ cos a('rr/2)]2
(3¢)

and

(3d)

0 = arct (an'o)l_“ cos a(7/2)
8 T+ (wm)* sin a(72)

The second term in Eq. (3b) for &” is the conductivity
term, where A is a constant, s = 1, and &, is the vacuum
permittivity [25].

The &” frequency dependences in Fig. 4 for the S8,
process and in the range of the & and & processes were
described as one HN process and a conductivity term, or
as a sum of two HN processes and a conductivity term,
respectively. The HN fit parameters can be seen in Table 1.

Deconvolution of the a and & processes and the conduc-
tivity term at 110 °C is presented as an inset in Fig. 4. The
temperature—frequency coordinates of the B;, o and &
processes obtained from the &” frequency dependences in
Fig. 4 coincide satisfactorily with curves 4, 5 and 6 in Fig. 2,
which were obtained from the tg § temperature depen-
dences in Fig. 3.

If the 6 process takes place both in the LC and in the
isotropic state, the log f,, = ¢(1/T) dependences have two
peculiarities [19,26]. First, the activation energies in the LC
state are higher than those in the isotropic state. Second,
near Ty, a jump-like decrease (3—8 times) in relaxation
time was observed. In the case of PM-6, the logf,, =
@(1/T) dependence for the & relaxation (curve 6, Fig. 2)
includes the transition from the S, state to the isotropic
state. At this transition, there is a jump of about seven
times in the relaxation time, and the activation energy
changes from 40 in the LC state to 33 kcalmol™' in
the isotropic state. This difference is due to the fact that
the interaction between mesogens in the LC state exceeds
that in the isotropic state. The inset in Fig. 2 shows also that
a dramatic change in the intensity of the dielectric absorp-
tion &” ., takes place near the temperatures corresponding
to (Sx/Sa) and (Sa/isotropic state) transitions. This plot is a
good indication of the phase transitions.

3.2. TSDC experiments

The global TSDC spectrum for PM-6 (Fig. 5) shows that
in the temperature range from —160 to +70 °C, there are
several regions where the depolarization current passes
through a maximum: —132, —110, —10, and +43 °C.
Postulating that the equivalent frequency of TSDC data
is equal to 107° Hz, the temperature positions of these
peaks obtained from the TSDC global spectrum are
presented in Fig. 2. Then the curves 2, 3 and 4 (Fig. 2)
corresponding to the 7y, B, and 3 sub-glass processes
were extrapolated to 107 Hz. This extrapolation shows
that the extrapolated temperature positions of the vy, B,
and B, processes at 10> Hz are very close to the tempera-
ture positions of the peaks on the global TSDC curve at
—132, —110, and —10, respectively. The 7y, process has
no analogue on the global curve, because the extrapolation
of curve 1 in Fig. 2 to 107> Hz gives —176°C. This
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Fig. 5. Global TSDC spectrum for PM-6.

temperature is out of the global spectrum range. The main
peak on the global curve correlates usually to the « relaxa-
tion process. One can see that curve 5 (Fig. 2), correspond-
ing to the a relaxation, extrapolated to 107 Hz is rather
close to 43 °C corresponding to that of the main peak.
(However, in this case the linear extrapolation to low
frequencies is not correct, because the temperature depen-
dence of relaxation time for the « transition obeys the
VTFH equation.) Thus, the results of the overall comparison
show that dielectric and TSDC methods are in fairly good
agreement.

The thermal windowing TSDC experiments were per-
formed to reveal the details of the processes observed on
the global spectrum. These experiments make it possible to
activate the narrow fractions or segments of the global peak
and to decompose the broad relaxation spectrum into its
elementary components with a single relaxation time. The
temperature intervals of 7}, in the windowing experiments
were chosen to cover the region of the 8 and vy, processes
(—150 to —80 °C) and the region of the 8, and « processes
(—31 to +45°C). A series of TSDC thermal windowing
experiments are shown in Fig. 6.

In the range of the 8 and vy, processes, the TSDC thermal
windowing experiments show that the elementary peaks are
rather symmetrical and the shapes of the peaks do not
change noticeably in this temperature range (Fig. 6).

In the range of high temperatures, the elementary
windowing curves in the temperature interval from —23
to +9°C (T, = —31- +5°C) can be ascribed to the 8,
process (Fig. 6). As for the main TSDC peak, Fig. 6
shows that in the result of the windowing experiments, it
was decomposed into two processes. Bearing in mind the
dielectric results described in Section 3.1, the first of
these processes in the interval from +15 to +39 (7, =
+8- +31°C) is the a process, whereas the second one in
the interval from +43 to +56 °C (T, = +33-+45°C) is
connected with the beginning of the d process. (Results of
experiments at polarization temperatures higher than

" 11.0x10™2
8.0x10™" 1
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6.0x10™" 1
8
79 B 13 ©
= . o 6.0x10 g
E=1 5 21 3
E40x10™9 4 >
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Temperature( C)

Fig. 6. Set of elementary windowing curves obtained at the poling tempera-
tures —150 (1), —144 (2), —138 (3), —132 (4), —126 (5), —120 (6), —114
(7), —108 (8), —102 (9), —96 (10), —31 (11), —25 (12), —19 (13), —13
(14), =7 (15), —1 (16), 5 (17), 11 (18), 17 (19), 23 (20), 29 (21), 35 (22),
41°C (23).

+45 °C could not be obtained owing to increasing conduc-
tivity contribution.)

For calculating the activation parameters from the
windowing experiments, it has been assumed that every
elementary cleaning curve could be described by a curve
with a single relaxation time, with the temperature depen-
dence given by Ref. [27]:

rJ(T)

T
J J(T)dT

To

T N(T) = )

where r is the constant heating rate and 7} is the minimum
temperature of the elementary curve. Eq. (4) shows that
integration of the elementary TSDC windowing curves
allows us to obtain the temperature dependence of relaxa-
tion time. The integrated curves obtained from the curves in
Fig. 6 are given in Fig. 7.

In the case of Arrhenius (5) or Eyring (6) models, the
temperature dependences of relaxation time are expressed
by the following equations:

E.
HT) = T(,(T)exp(k—;) 5)
h AG
A7) = ﬁexp(ﬁ) ©)
AG = AH — T, AS %)

where 7 is a pre-exponential factor, E, the activation
energy, AG the Gibbs free energy, AH the enthalpy, AS
the entropy, and T}, is the temperature of maximum intensity
of the elementary peak. The linear part of the integrated
curves in Fig. 7 in the interval from (7, —2°C) to
(T, +2°C) was chosen for calculating E,, 7y, AG, AH,
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Fig. 7. Arrhenius plots obtained by integration of the elementary window-
ing curves in Fig. 6 at the poling temperatures —150 (1), —144 (2), —138
(3), —132 (4), —126 (5), —120 (6), —114 (7), —108 (8), —102 (9), —96
(10), =31 (11), =25 (12), =19 (13), —13 (14), =7 (15), =1 (16),5 (17), 11
(18), 17 (19), 23 (20), 29 (21), 35 (22), 41 °C (23).

and AS for every T,. The results of calculations are
presented in Table 2.

For a great number of polymer systems the thermal
windowing experiments show that there is a linear depen-
dence between AG of different elementary windowing
curves and T},

AG = oT,, ®)

with « equal to 67 cal K~' mol ™' [28,29]. Fig. 8 shows the
AG = ¢(T,,) dependence obtained from the thermal
windowing experiments for PM-6. As it was to be expected,
our experimental points are on the dashed line correspond-
ing to the slope equal to 67 cal K~ mol . Fig. 8 illustrates
well that the Gibbs free energy depends only on temperature
and is independent of the polymer structure. Moreover, this
dependence is valid for all relaxation mechanisms including
cooperative processes near the « transition and local
processes (8 and ) in the glassy state.

Taking into account Egs. (7) and (8), the entropy factor
can be written as

AS = AHIT, — )

Eq. (9) indicates that there is a linear relationship between
AS and AH/T,, with the slope equal to 1 and with the inter-
cept equal to . The AS = ¢(AH/T,,) dependence for PM-6
(inset in Fig. 8) shows that for all relaxation processes the
experimental points fall on one curve, in agreement with Eq.
(9). This means that the AS and AH values are mutually
connected. The AS = ¢(AH/T,,) and AG = ¢(T},) relation-
ships can be considered as calibration curves, because it is
sufficient to know only one parameter in order to determine
the other one.

Fig. 9 presents dependences AG, E,, and 7 versus 7, (AS
and AH plots, repeating those of E, are not shown). The
AG = @(T,) dependence is linear, as in the case of the

Table 2

Polarization temperature 7, (°C), temperature of maximum intensity of
elementary curve T}, (°C), enthalpy AH (kcal mol "), entropy AS (cal K™' -
mol ), free Gibbs energy AG (kcal mol Y, pre-exponential factor 7 (s),
and activation energy E, (kcal mol ') calculated from elementary window-
ing experiments

T, T AH AS AG log 7 E,

-150 —145 762 —383 8.09 —120 7.83
—144 —139 8.16 —3.06 856 —12.3 8.48
—138 —133 8.62 —259 897 —123 8.85
—132 —126 9.05 —2.49 9.40 —12.4 9.31
—126 -120 9.86 0.305 9.82 —13.2 10.3
—123 =117 104 2.78 10.0 —13.5 10.7
-120 —115 11.0 4.96 10.2 —14.2 114
—117 —112 11.5 6.93 10.4 —14.5 11.8
—114 —109 12.0 8.42 10.6 —14.8 12.2
—111 —106 12.7 11.3 10.8 —15.4 13.0
—108 -103 13.0 12.0 11.0 —15.6 13.3
—105 -99.0 13.6 14.0 11.3 —16.1 13.9
-102 -96.0 14.3 16.4 11.5 —16.6 14.6
—-99 —94.0 14.9 18.6 11.7 —17.0 15.2
-96 -90.0 15.7 21.7 11.9 —-17.7 16.0
-93 —87.0 16.2 22.7 12.1 —18.0 16.5
-31 -23.1 26.6 43.1 16.6 -229 27.0
—-28 —20.8 27.9 453 16.8 —23.0 28.3
=25 -17.8 28.4 45.8 17.0 —23.2 28.8
—22 —14.9 28.8 46.4 17.2 —23.3 29.3
-19 —-12.0 30.0 49.1 174 -239 30.3
—16 -9.18 30.6 50.5 17.6 —24.2 31.0
-13 —6.70 31.9 54.4 17.7 -25.1 32.3
-10 —3.41 333 58.2 18.0 —25.8 337
-7 —0.544 35.6 65.3 18.2 —27.6 36.2
—4 2.18 373 70.3 184 —28.6 37.8
-1 4.74 394 75.6 18.5 —-29.9 39.8

2 8.47 40.5 78.8 18.8 -30.3 40.8

5 9.19 41.7 82.6 18.9 -31.1 419

8 15.2 38.9 69.4 19.3 —28.4 39.3

11 19.8 39.3 69.1 19.7 —28.3 39.8

13 22.3 373 60.7 19.9 —26.5 37.7

15 22.5 37.8 62.2 19.8 —26.6 38.0

17 26.0 375 60.0 20.1 —26.3 38.0

19 25.6 37.7 60.5 20.0 —26.5 38.2

21 28.4 37.6 59.1 20.2 —26.1 38.1
23 30.9 38.1 59.8 20.4 —26.3 38.6
25 33.0 38.5 60.1 20.6 —26.3 38.9
27 353 39.0 60.9 20.8 —26.5 39.5
29 38.1 39.8 62.2 21.0 —26.8 40.3
31 39.3 40.1 62.5 21.1 —26.9 40.6
33 42.6 42.0 67.3 21.4 —-27.9 42.4

35 45.2 43.5 70.8 21.7 —28.7 43.9

37 46.2 434 70.1 21.7 —28.5 43.8

39 49.0 449 72.9 21.9 —29.2 45.2

41 50.8 44.9 724 22.0 —29.1 453
43 53.2 455 73.0 222 —29.2 45.8
45 56.2 45.6 73.6 22.4 -29.5 459

AG = ¢(T,,) dependence, because for PM-6 a linear rela-
tionship exists between T}, and T}, (Table 2).

At low temperatures, curves 2 and 3 for E, and 7, show
a change of slope (a knee) at a temperature of about
—125 °C. This change should be related to the transition
from the vy, to the B process. For the vy, process, the 7
and E, values, equal to 107"?s and 8—10 kcal mol ™" are
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Fig. 8. Gibbs free energy AG versus temperature of maximum intensity of
elementary peak 7, dashed line corresponds to the slope equal to
67 cal K~' mol ™" The inset shows the activation entropy AS versus AH/
T, dashed line corresponds to the slope equal to 1.

typical of local relaxation processes. Fig. 9 also shows that
AG and E, values are similar to each other for the 7,
process. This means that the T,AS term in Eq. (7) is equal
to zero for the vy, process. In the range of the 8 process, 7
changes with temperature from 107" to 10™'®s and E,
increases up to 17 kcal mol ~'. This is connected with the
molecular mechanism of the  process, because the re-
orientation of the mesogen about its long axis requires
a rather great free volume. For the 8 process the differ-
ence between the E, and AG values increases with T,, and
the entropy factor (although it is small, not more than
3 kecal mol ") has some importance. The activation energy
values obtained from the elementary windowing curves for
the y, and 3 processes are in good agreement with those
obtained by the dielectric method.

At high temperatures the dependences of E, and 7 versus
T, (Fig. 9, curves 2 and 3) are much more complicated than
those for the low temperature relaxation processes. Similar
dependences were observed for LC polymers in Refs.
[6,28]. Fig. 9 shows that the plots of E, and 7 versus T,
in the region from —31 to +5 °C correspond to the 3,
process. The temperature regions of the a and & processes
are difficult to separate. This could be explained by the
following considerations. Although during window experi-
ments only a small part of the global spectrum is polarized,
the transitions from the B, to the « and from the « to the &
processes cover some temperature intervals. Within this
intermediate interval, two processes coexist. Consequently,
it is impossible to isolate elementary windowing curves with
a single relaxation time. This leads to the scattering points at
intermediate temperature ranges. This is probably the reason
for the absence of a pronounced transition from the « to &
process in Fig. 9.
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Fig. 9. Gibbs free energy AG (1), activation energy E, (2), and pre-
exponential factor 7, (3) versus polarization temperature T},

3.3. Compensation law

It has been observed that for many thermally stimulated
experiments associated with the glass transition the ele-
mentary relaxation curves isolated in the complex relaxation
mode obey the so-called compensation law [28—32]. Com-
pensation behaviour in polymers is typically observed when
E,, AH, AS, and log 7, values increase concomitantly when
the temperature increases. The compensation behaviour has
been observed in a large variety of polymeric materials. The
compensation point is usually defined by two phenomeno-
logical parameters: the compensation temperature, 7, and
the compensation relaxation time, 7.

In the framework of the Arrhenius model, the compensa-
tion law is expressed as a linear relationship between the
logarithm of the pre-exponential factor of the Arrhenius
equation and the apparent activation energy [29,33].
Compensation parameters can be determined from the
expression

Ty = 7. exp(—E,/RT,) (10)

The substitution of Eq. (10) into the Arrhenius equation 7=
7o exp(E,/RT) gives the following expression:

HT) = 7. exp[(E,(/T — UT,)/R] (11)

According to Eq. (11), the slope of the In(7y) = ¢(E,/R)
dependence determines the reciprocal compensation tem-
perature (—1/T;), and the intercept determines In 7.. The
dependence In(7y) = @(E,/R) for PM-6 in the range of the
glass transition (Fig. 10, curve 1) gives the compensation
parameters T, = 328 K and 7, = 7.6 X 107*s.

In the frame of Eyring’s theory of activated states, the
compensation law can be described in terms of the activa-
tion enthalpy—entropy relation AH; = T, AS; + AH,,, where
the variations in the activation enthalpy are compensated for
by variations in the activation entropy. If the AH and AS
values increase, there is a linear relationship between AS
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Fig. 10. Logarithm of the pre-exponential factor In 7, versus activation
energy E,/R for the a (1), B (1), and & (2) processes. The inset shows
the same dependence in the range of the vy, and 8 processes.

and AH [28,31]:

h

AS;, =k 1n( KT )

AH,
T.

12)

According to Eq. (12), the compensation temperature can be
determined from the slope of the AS = ¢(AH) dependence.
The compensation temperature for PM-6 determined from
the AS = ¢(AH) dependence in the range of the « process
(Fig. 11, curve 1) is equal to 331 K. The compensation
parameters obtained for the Arrhenius and Eyring models
are close to each other within experimental errors.

The glass transition temperature for PM-6 determined by
DSC is 44 °C (317 K). This means that the compensation
temperature exceeds 7, by 11-14 K. The difference AT =
T, — T, is usually 5-30 K [30-32,34]. There have been
attempts to connect this difference to the stiffness of the
polymeric chain. However, detailed comparison of the AT
with T, values have not revealed a clear relation between T
and T, [30].

Figs. 10 and 11 show that there are two groups of points
which are out of the compensation lines related to the glass
transition relaxation (curves 1). One group of points (devia-
tions from curves 1 at low E,, AH, and AS values) is related
to the B, process, whereas the second one (curves 2) is
related to the 6 process. For the latter process, the compen-
sation dependence can also be well approximated by a linear
curve and formally the compensation parameters could be
calculated from these curves.

The compensation behaviour in polymer systems is often
considered as indicative of cooperative segmental molecu-
lar movement or some other cooperative transitions due to a
sharp increase of activation parameters near T,. However, if
there is an increase of some activation parameter with
temperature, the local relaxation processes can also reveal
the features of compensation behaviour [30,35]. In the case
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Fig. 11. Activation enthalpy AH versus activation entropy AS for the « (1),
B (1), and 8 (2) processes.

of PM-6, the dependence of E,/R versus In 7 (inset in Fig.
10) is approximated well by a straight line with T, equal to
275 K. It is not simple to relate this temperature to a
temperature characteristic for the specific system under
investigation [35].

Until now there is no commonly accepted concept of
compensation behaviour but rather a wide spectrum of
opinions about this question. One of them is that the
compensation law is simply a result of mathematical
manipulation and has, therefore, no physical meaning
[29]. On the other hand, there have been attempts to relate
the compensation parameters to the polymeric properties,
for example, to the coefficient of thermal expansion [36]
and to T, [30,37], or to explain the compensation behaviour
as an information transfer between the two activation para-
meters by means of some kind of thermal mechanism [38].
In the latter case, the compensation behaviour is determined
by the elements moving with different energy barriers and
coupled to a thermal bath with the same coupling function
[39]. On the basis of these considerations, the coupling
model has also been employed to understand the compensa-
tion phenomenon [40]. In spite of different approaches and
opinions about the compensation behaviour in polymer
systems, the compensation parameters are often used to
describe the results of thermal windowing experiments.

4. Conclusions

The dielectric and TSDC techniques were used to study
the molecular mobility of a side-chain LC polymethacrylate
PM-6. Six relaxations vy», v, B, B1, @, and 6 at successively
increasing temperatures were observed in PM-6. For every
process, a molecular mechanism was proposed. There is a
good correlation in the temperature peak positions obtained
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from the global TSDC spectrum at the equivalent frequency
and in those obtained from the dielectric method. The TSDC
thermal windowing experiments showed the high ability to
resolve the overlapping processes. For example, in the case
of PM-6, the v, and B processes in dielectric studies were
recorded as a broad loss peak, whereas by means of TSDC
thermal windowing experiments it was possible to separate
these two processes.

For the @ and & processes, a different relation of their
intensities was observed by the two methods. Thus, in the
TSDC experiments the « relaxation is revealed as the main
peak, and the & process of lower intensity can be observed
only as a result of thermal windowing experiments. In the
dielectric method the inverse situation was observed, since
the o process appeared as a shoulder on a much more inten-
sive & process. This difference may be related to the differ-
ent natures of the two methods, as the dielectric method is a
dynamic one whereas TSDC is static, with the depolariza-
tion step (response) being separated from the polarization
step (stimulus). Hence, the use of both methods, each of
them stressing different aspects and giving different details
of the observed relaxation processes, makes it possible to
create the overall picture of molecular mobility in the
system under investigation. In this sense, the two methods
could be considered as complementary to each other. This
work revealed the differences and similarities of the results
obtained by these two methods.
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