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ABSTRACT: Molecular dynamics of six side-chain liquid-crystalline polymethacrylates with phenylben-
zoate mesogenic groups having tail groups of different lengths was investigated by dielectric spectroscopy
(DS) and by thermally stimulated discharge current (TSDC) methods. In the temperature range from
room temperature to 160 °C, three processes of relaxation of dipole polarization, the 1, o, and 6 processes,
were revealed. These correspond, from low to high temperatures, to the mobility of ester groups adjoining
the backbone, to the segmental motion, and to the mesogenic group orientation about its short axis. For
a quantitative analysis, dielectric spectra were described by a superposition of one or of two Havriliak—
Negami functions and of a conductivity term. It was shown that the molecular mobility of the observed
relaxation processes does not depend on the mesogen tail length. The comparison of the DS and TSDC
data with each other gives good agreement between the temperature position of dielectric loss peaks at
the equivalent frequency of TSDC measurements and the temperature position of depolarization current
maximum. By using thermal windowing techniques, the activation parameters for the observed processes

were determined.

1. Introduction

The classical method of dielectric spectroscopy (DS)
makes it possible to investigate processes of relaxation
of dipole polarization in polymers and, in particular, in
side-chain liquid-crystalline polymers (SCLCPs), which
are not only of scientific but also of practical interest.
The decoding of a dielectric spectrum allows us to
identify the observed relaxation processes and to con-
nect them with the mobility of certain kinetic units
bearing a polar group. The possibility for decoding of
dielectric spectra is based on the systematic, consecutive
change in one element of the chemical structure of the
macromolecule and on the comparison with each other
of the dielectric behavior of systems with similar chemi-
cal structures.1—3

The method of thermally stimulated depolarization
currents (TSDC) is also successfully used in the research
of dipole polarization mechanisms in polymers. 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 relaxation processes displayed on
both the €' = ¢(f) (DS) and | = ¢(T) (TSDC) plots are
due to the orientation mobility of kinetic units contain-
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ing a polar group. The temperature position of depolar-
ization current peaks, T, formally corresponds to the
temperature position of tgo or € peaks observed at the
equivalent frequency f., which is in the range 1072—
104 Hz.*% Combination of DS and TSDS methods
allows us to extend the interval of frequencies of
measurements by TSDC and, in some cases, to resolve
relaxation processes partly overlapping at higher fre-
guencies.

In contrast to DS, the TSDC method is not isothermal,
which is, in many respects, a disadvantage. However,
using the thermal windowing technique, it is possible
to determine the kinetic activation parameters of the
observed relaxation processes at different temperatures.

In the present work a series of side-chain liquid-
crystalline polymethacrylates PMm were investigated
by TSDC and DS methods. Their general formula is as
follows:

— CHy— £(CHy—

COO0- (CH,)=CO —
(CHy) g °_©_°°c ©>_OcmH2m+1

Here m ranges from 1 to 6. The phase transitions
temperatures for PM1—PMS6, glass transition temper-
ature Ty determined by DSC, and T, (temperature of
the main global TSDC peak obtained from the | = ¢(T)
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Table 1. Temperature Transitions for PM1-PM6 Samples

sample phase transitions (°C) T (°C) TmP (°C)
PM1 N 108 I 40 45
PM2 Sa 127 N 1401 43 46
PM3 Sa 116 N 1201 45 39
PM4 Sx 80 Sa 137 N 139 | 40 41
PM5 Sx 92 SA 136 | 50 40
PM6 Sx 104 Sp 141 1 44 43

a Glass transition temperature obtained by DSC. ® Temperature
of depolarization current maximum on the global TSDC curve.

dependence) are presented in Table 1. The synthesis of
these polymers has been described in ref 6.

The particular objectives of this work are as follows:
(1) to study the molecular dynamics of the PM1—-PM6
series by DS and TSDS methods, (2) to identify the
observed processes of relaxation of dipole polarization,
and (3) to determine the influence of terminal methylene
mesogen sequence length on the kinetic characteristics
of the relaxation transitions.

2. Experimental Part

Dielectric measurements were carried out by a Schlum-
berger FRA 1260 frequency response analyzer with a variable
range buffer amplifier. A two-terminal plate capacitor (Novo-
control) was used in combination with an Ando type TO-19
thermostatic oven. The temperature dependence of tgd was
obtained with the aid of a conductivity and capacitance bridge
of the TR-9701 type. The samples 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 um was maintained by using 50 um silica fibers.

TSDC experiments were carried out with a TSC-RMA
(Thermhold) spectrometer on polymer pellets 0.34 mm thick
and with a surface area of 76 mm?2. Two types of TSDC
polarizing techniques were applied. (1) In the global experi-
ments the sample was polarized by a dc electric field at a
polarization temperature Ty, and it was then cooled to T with
the field still applied. The field was then removed, the sample
was connected to an electrometer and heated at a constant
rate r to a final temperature Ty, and the discharge current |
was recorded as a function of temperature T. The experimental
conditions were as follows: T, =50 °C for 2 min under a field
of Up, = 300 V/Imm, To = —160 °C, T =70 °C, and r = 7 °C/
min. (2) In the thermal windowing experiments the polarizing
field was applied only in a narrow temperature interval
(window). The conditions in a series of thermal windowing
experiments were as follows: poling windows 2 °C, tem-
perature ranges from T, — 10 °C to T, + 20 °C, r = 7 °C/min,
U, = 300 V/mm.

3. Results and Discussion

3.1. Overall Behavior. For the PM1—PMG6 series the
dependence of dielectric permittivity €' and of loss factor
€' on frequency was obtained in the frequency range
1072—-10°% Hz and in the temperatures range from room
temperature to +160 °C. The temperature range in-
cluded the glassy, the liquid-crystalline, and the isotro-
pic states (Table 1). The shape of these dependences is
similar for all PM1—-PM6 samples and indicates that
in the studied frequency and temperature intervals one
or two overlapping relaxation processes exist. As an
example, Figure 1 shows the €' = ¢(f) plots for PM5 at
several temperatures. One can see that for the first
relaxation process observed in the LC smectic phase Sx
(Table 1) the dielectric loss factor intensity, ', is about
0.01—0.1. At the transition from the smectic Sx to the
smectic S phase, the dielectric losses increase sharply.
In the Sa state two overlapping processes of dipole
polarization are detected. For these processes the €',
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Figure 1. Frequency dependences of dielectric loss factor €'
for PM5 at 30 (1), 50 (2), 70 (3), 85 (4), 87 (5), 92 (6), 95 (7),
105 (8), 115 (9), 125 (10), 135 (11), 145 (12), and 150 °C (13).
The inset shows the temperature dependence of maximum loss
factor €'y, where dashed lines correspond to the boundaries of
the Sx and Sa phases and of the isotropic state.
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Figure 2. Temperature dependences of tgo for PM6 at 0.1
kHz (O) and for PM1 at 100 kHz (H). The temperature
positions of the f1, a, and 6 processes are shown by arrows.

values are 1 order of magnitude higher than those for
the first process. In the isotropic state, at temperatures
higher than the isotropic transition, Tis, one symmetric
dielectric process is observed.

The temperature dependence of €', shows a sharp
change at 92 and 136 °C connected with the Sx/Sa and
the Tis transitions, respectively (inset in Figure 1).
Hence, the temperature dependence of the intensity of
dielectric absorption can serve as an illustration of
phase changes in polymers.

The temperature dependence of tgo for PM1 and PM6
also indicates that in the investigated temperature
range at least three relaxation processes occur (Figure
2). They will be further designated as the 51, a, and, ¢
processes in the order of increasing temperature.

Besides dielectric study, the temperature dependences
of depolarization current | = ¢(T) for the PM1-PM6
samples were obtained (Figure 3). This figure shows
that two depolarization current peaks are observed for
each sample. The first of them is located close to —10
°C, whereas the second, much more intensive global
peak is observed at temperatures close to the glass
transition temperature determined by DSC (Table 1).
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Figure 3. Global TSDC spectrum for PM1 (1), PM2 (2), PM3
(3), PM4 (4), PM5 (5), and PM6 (6).

Only in the case of PM4 the shape of the global peak
shows clearly the overlapping of two processes.

To determine the kinetic characteristics of the ob-
served relaxation processes, the frequency dependence
of €' was described by one or by a sum of two empirical
Havriliak—Negami (HN) functions:”:8

[€¥(@) — €] = Ae[1 + (iwr,) 1" 1)

where w = 2xf, 7, is a relaxation time, tm = Yo7fm,
where fy, is a characteristic relaxation rate, €. is the
dielectric high-frequency permittivity, Ae is the dielec-
tric relaxation strength, representing the effective dipole
moment of the reorienting unit, and o and g are fit
parameters to describe the broadening and the asym-
metry, respectively, of the relaxation time distribution.
The contribution to €' provided by the dc conductivity
is also taken into account by the following term:®

é' = ol(e,2f ) 2)

where o (the specific conductivity of the sample) and S
< 1 are fit parameters, f is the frequency of the ac
electric field, and ¢ is the vacuum permittivity.

As an example of the analysis, Figure 4 shows the €'
= ¢(f) dependence for PM5 at 95 °C given as a sum of
contributions of the o and ¢ processes and of conductiv-
ity, which were calculated in accordance to eqs 1 and 2,
respectively.

The temperature dependences of the relaxation time
for the 1, o, and o processes obtained from the HN
equation are presented in Figure 5 by curves 1, 2, and
3, respectively.

3.2. The f1 Process. Figure 5 shows that in the range
of the 31 process the relaxation times for PM1—-PM®6 are
practically identical. In the temperature range studied,
the dependence of relaxation time on temperature can
be described by the Arrhenius equation:

E
(M) = 7o exp(R—;) ©)

where the activation energy E, is independent of tem-
perature, 7o is a high-temperature limited relaxation
time, and R is the gas constant 8.314 J/(K mol). E; and
7o calculated according to eq 3 take values 18—20 kcal/
mol and 10716—-10718 s, respectively, for the various
PM1—PM6. Dielectric processes with relaxation times
and activation energies almost coinciding with those
observed in the present work have also been detected
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Figure 4. Frequency dependence of €' for PM5 at 95 °C. The
hollow circles are the experimental points. The solid line is
the best fit given by the superposition of a conductivity term
o (dashed line), calculated according to eq 2, and of contribu-
tions due to the o and 6 processes (dotted lines), calculated
according to the HN function. The dashed—dotted line is the
contribution due to dipole relaxation (fit curve without the
conductivity term). The fitting parameters are as follows: o
=7 x 10710 1/(Q cm), S = 0.93; for the o process: Ae = 0.82,
o=041,38=0.8,tm = 7.9 x 1075 s; for the 6 process: Ae =
1.01,0=08,=11tm=6.1x 107*s.
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Figure 5. Dependence of —log tm on inverse temperature in
the range of the 3, (1), a (2), and ¢ (3) processes for PM1 (O,
W), PM2 (O, ®), PM3 (A, A), PM4 (v, ¥), PM5 (¢, 4), and PM6
(+, *); dashed line 4 corresponds to the 3 process in PMA-1,
PMA-2, and PMA-3.13 The inset shows the log fn = ¢(1/T)
dependence for PM5 in the range of the 1, a, and J processes.

in polymethacrylates with various structures, including
side-chain LC polymethacrylates.10-12

To determine the molecular mechanism responsible
for the 1 process in the PM1—-PM6 systems, the
dielectric behavior in the series of polymethacrylates
(PMA-n) and of polyacrylates (PA-n) will be considered.
It is known that in PMA-n and PA-n the orientation of
the single polar ester group adjoining the main chain
is realized in two steps. As a result, two relaxation
processes related to the mobility of ester groups, the
local 3 process in the glassy state and the cooperative
a relaxation, are revealed.113-15 In the first numbers
of PMA-n and PA-n series, the temperature of the o
transition and, correspondingly, the T4 values decrease
with increasing n due to internal plastification.’® The
same effect was observed for the local g process in PA-
n. As for the j process, in the first numbers of PMA-n,
for PMMA (n = 1), PEMA (n = 2), and PPMA (n = 3),
the temperature dependences of relaxation times are
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described by a single curve (Figure 5, curve 41113), This
means that for the first normal homologues of PMA-n
the relaxation times and their activation energies for
the B process are almost independent of side chain
length. At the same time one can see that the temper-
ature—frequency coordinates of the ; process for PM1—
PMB6 (curve 1 in Figure 5) are very close to curve 4. This
provides the basis for connecting the (1 process in the
PM1—-PM6 series with the mobility of esters groups
adjoining the main chain.

The experimentally observed coincidence of relaxation
times in the first normal homologues of PMA-n and in
the SCLCPs seems unexpected and requires additional
discussion. It was shown that in the PMA-n series, at
least in the first homologues, the steric factor predomi-
nates because the o-methyl groups in polymethacrylates
provide spatial limitations to ester group rotation.® In
PMA-n the ester group rotation, providing the contribu-
tion to the g process, becomes possible only near the o
transition, since it requires local displacement of the
bonds adjoining the main chain.

In the range of radio frequencies, beginning from
PBMA (n = 4) and for PMA-n with n up to 8—9 (not yet
crystallized), the a process (shifting to lower tempera-
tures with increasing of side chain length) merges with
the 5 process. For these systems, only one of relaxation
process takes place.'1> However, in PBMA it is possible
to observe separately the o and 3 processes if the glass
transition temperature and, consequently, the o transi-
tion temperature are increased. Thus, in ref 16 the
process was observed in PBMA for which the increase
in T4 was achieved by using high hydrostatic pressure
(higher than 1000 bar). In the same way, in random
copolymers of butyl methacrylate with styrene it was
also possible to observe the  process caused by ester
group orientation.”® This fact was explained by two
effects. First, the 8 process moves to lower temperatures
due to decreasing number of a-methyl groups. Second,
the introduction of styrene into the macromolecule
increases the Ty of the copolymer since the Ty of
polystyrene is 50—60 °C higher than that of PBMA. In
PBMA the a and f relaxation processes were also
observed separately at low frequencies (1072—10° Hz),
whereas in the range of radio frequencies these two
processes were extracted by analysis by means of the
HN equation.1®

In crystallized side-chain or side-chain LC polymers,
the Kinetic rigidity of the main chain increases owing
to side-chain interactions. The segmental motion be-
comes hindered, and Ty increases. Accordingly, in such
systems the a transition is displaced to higher temper-
atures, thus allowing us to observe the relaxation
transition caused by the mobility of ester groups adjoin-
ing the main chain. The almost complete coincidence of
relaxation times and activation energies of the f;
process in PM1—PM6 and those of the 3 process in the
first homologues of PMA-n results from the similarity
of kinetic elements and from the orientation mechanism
corresponding to the movement of ester groups adjoining
the backbone.

Additional information on the j; process is obtained
by the TSDC method. It is reasonable to assume that
the first peak near —10 °C on the I = ¢(T) dependence
in Figure 3 could be also related to the 3; process. For
comparing the DS and TSDC data in the range of the
pB1 process, the log f, = @(1/T) dependence for this
process was extrapolated to the equivalent frequency
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of 1073 Hz. The linear extrapolation to 1073 Hz (inset
in Figure 5) gives a lower temperature value (—32 °C)
than that actually obtained from the TSDC curve. This
fact can be explained by the following considerations.
For PM1—PMB6 series, the E; and —log 7o values in the
range of the ; process in the Arrhenius equation are
higher than those usually observed for local relaxation
processes. For the latter processes, the E; and 7o values
are within the limits of 6—12 kcal/mol and 10-11-10"1%3
s, respectively. The linear extrapolation of the log f, =
@(1/T) dependences over a wide temperature and fre-
guency ranges is actually valid only for local processes.
In the case of PM1—PMB6, linear extrapolation of the
log fn = @(1/T) dependence (by more than 4 decades)
for the 1 process is probably not quite correct. It is
possible to assume that in the case of the 1 process
the movement of ester groups in side-chain LC poly-
methacrylates exhibits some cooperativity, which results
in a certain curvature of the log f,, = @(1/T) dependence
at low frequencies.

The fact that the f3; process for the PM1—-PMG6 series
is described by a single curve shows that, first, the
molecular mobility of this process does not depend on
the methylene sequence length on the mesogen tail.
Second, the independence of the motion of the ester
group adjoining the backbone from the other lateral
chain part is provided by the flexible spacer consisting
of five methylene groups.

3.3. The o and d Processes. Near Tg, the dielectric
dependences for SCLCPs show two cooperative pro-
cesses, the o and o processes.®1220-24 The a process is
related to segmental mobility and to contribution due
to mesogen group reorientation about its long axis. The
0 process, located at higher temperatures, reflects
mesogen group reorientation about the short axis.

Taking into account the above considerations, the two
overlapping relaxation processes near Ty observed for
PM1—-PM6 on the €' = ¢(f) and tgd = ¢(T) plots in
Figures 1 and 2, respectively, can also be assigned to
the o and ¢ processes. The coexistence of these processes
in side-chain LC PM1—-PM6 polymers indicates that
mesogen groups and main chains, separated by a
flexible methylene group spacer, move independently
from each other. For PM1—-PM®6 the less intensive o
process is shown as a shoulder on the well-determined
0 peak (Figures 1 and 2). Hence, the parameters of the
o process are usually determined with a greater ac-
curacy than those of the o process.

The relaxation times of the oe and 6 processes for the
PM1—PMS6 series are shown in Figure 5 by curves 2 and
3, respectively. It can be seen that the relaxation times
for the PM1—PMB6 series in the range of the a transition
are rather close to each other and are in a “corridor”
between curves 2' and 2", corresponding to PM6 and
PMD5, respectively. This is due to the fact that the
difference between the Ty values of these polymers is
small.

In the range of the § process, the relaxation time
values are grouped for the PM1—PMG6 series near curves
3’ and 3", corresponding to the liquid-crystalline and
to the isotropic state, respectively. (Only for PM2 the
relaxation times of the 6 process in the LC state slightly
deviate from curve 3'.)

For the o transition, in a wide temperature range,
the log tm = @(1/T) dependence for SCLCPs, just as for
polymers of other classes, cannot be described by the
Arrhenius equation with one relaxation time. As usual,
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the cooperative forms of molecular motion, in particular
the o transition, are well described by the empirical
Vogel—Tamman—Fulcher—Hesse (VTFH) equation:25

fo=A exp(— = ?T ) 4)
0,

where A, B, and Ty are temperature-independent em-
pirical parameters. A is a high-temperature limited
relaxation rate, B is the activation parameter, and Ty,
called the Vogel temperature or the ideal glass transi-
tion temperature, is usually by a few tens of degrees
below Tg.

The temperature dependences of relaxation times for
PM5 and PM6 in the range of the a process (Figure 5,
curves 2" and 2') were fitted by the VTFH equation. The
fit parameters for PM5 are A = 10 Hz, B = 1397 K,
and Ty = 243 K, whereas those for PM6 are A = 1012
Hz, B = 897 K, and To = 256 K. To determine the Ty
from dielectric data, the VTFH dependence in the range
of the a process should be extrapolated to the equivalent
frequency f. = 1073 Hz. For PM5 the extrapolated T,
value (inset in Figure 5) is 50 °C. This corresponds to
the glass transition temperature, determined by DSC,
and exceeds by 10 °C the peak temperature T, on the
global TSDC curve (Table 1). The T4 for PM6, obtained
by extrapolation of curve 2' to the equivalent frequency,
is 42 °C. This value is close to Ty determined by DSC
and to T, obtained from the TSDC global curve (Table
1).

Unfortunately, it was not reliably possible to deter-
mine the temperature—frequency coordinates of the a
process for all systems investigated here. However, it
is evident that the mesogen tail length influences
weakly the main chain mobility.

In the isotropic state, the temperature dependence of
relaxation time in the range of the 6 process for the
PM1—PMB6 series (Figure 5, curve 3") can be described
by the Arrhenius eq 3 with E, equal to 34 kcal/mol.

The temperature dependence of relaxation time for
the ¢ process occurring in the LC state can be described
by the Arrhenius?%2627 or the VTFH equation.?® In the
case of PM5, the log f, = @(1/T) dependence for the ¢
process taking place in the LC state was described by
the VTFH equation with fit parameters A = 10! Hz, B
= 1207 K, and Ty = 231 K. The transition temperature
of the 6 process determined by extrapolation of the fit
curve to the equivalent frequency 1072 Hz is 44 °C (inset
in Figure 5), i.e., lower than that for the o process.

In side-chain LC polymers, including PM1—PM6
studied here, the 6 process observed on the temperature
dependences of tgo and of €' usually takes place in the
viscous—elastic state at temperatures 5—20 °C higher
than the a process.320724.26 This fact is not surprising
since 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. The
inset in Figure 5 shows that the log f,, = @(1/T)
dependences for the o and 6 processes intersect near ©
~ 1s. Itis apparent that the extrapolation of the log fm,
= @(1/T) dependence in the range of the 6 process to
times lower than 1 s has no physical sense because this
would mean that the 6 process precedes the o process
on the temperature scale and takes place in the glassy
state. This fact requires more experimental data, and
we plan to consider this phenomenon in the future.
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Figure 6. Set of elementary windowing curves for PM5
obtained at the poling temperatures: —35 (1), —31 (2), —27
(3), —23 (4), —17 (5), —13 (6), —9 (7), =5 (8), —1 (9), 3 (10), 7
(11), 11 (12), 15 (13), 19 (14), 23 (15), 27 (16), 31 (17), 35 (18),
39 (19), 43 (20), and 47 °C (21).

Figure 5 also shows that for the PM1—PM6 series the
relaxation times in the range of the ¢ process are
independent of mesogen tail length. This independence
means that the 6 process for the polymers studied here
is eventually determined by the longitudinal component
of the dipole moment of the mesogen, and the contribu-
tion to the dielectric spectrum coming from the reori-
entation of the ether group adjoining the mesogen is
negligible.

It should be mentioned that for the PM1—PM®6 series
the discontinuity in the temperature dependence of
relaxation time for the 6 process (transition from curve
3' to curve 3" in Figure 5) takes place at temperatures
close to the isotropization temperature, Tis. The jump
in relaxation times at Tjs transition for PM1—PM6 is
5—7 times. Similar results were obtained in refs 12, 20,
26, and 27. The increase in mesogen mobility at the
transition from the mesophase to the isotropic state is
a clear indication of the order disappearance and of the
decrease in intermolecular interactions.2®

3.4. Thermal Windowing TSDC Experiments.
The thermal windowing TSDC experiments allow us to
activate a narrow segment of the global spectrum on
the temperature dependence of depolarization current.
This gives us the opportunity to present a wide relax-
ation spectrum as a sequence of elementary components
with one relaxation time and to calculate the kinetic
characteristics of relaxation processes. In some cases,
the thermal windowing experiments makes it possible
also to separate overlapping processes.29-3%

In the present work thermal windowing TSDC ex-
periments were performed for the PM1—PM6 polymers.
Figure 6 shows, as an example, the series of elementary
components for PM5. One can see that at 16—20 °C
there is a transition from a relaxation process of low
intensity to the main global peak. According to the above
considerations, the first relaxation area, at tempera-
tures lower than 16—20 °C, could be attributed to the
1 process. As for the main peak at high temperatures,
one can observe at 45 °C the transition from the a to
the 6 process. (Unfortunately, because of the high
conductivity level, the method of thermal windowing
experiments was limited to polarization temperatures
not exceeding 45—55 °C.)

In the calculation of the activation parameters it was
assumed that each elementary component could be
described by a curve with one relaxation time. The
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Figure 7. Arrhenius plots for PM5 obtained by integration
of the elementary windowing curves in Figure 6.

temperature dependence of relaxation time could be
described by the following expression3®

rJ(T)

ey =
o0 fTTOJ(T)dT

(5)

where r is the heating rate and Ty is the low-tempera-
ture limit on the elementary curve. The integration of
eq 5 allows us to pass from the temperature dependence
of depolarization current to the temperature dependence
of relaxation time for each elementary component.

Figure 7 shows the log 7 = ¢(1/T) dependences for PM-
5, where each elementary curve corresponds to its own
polarization temperature Tp. It may be assumed that
the temperature dependence of relaxation time obey to
the Arrhenius (3) or to the Eyring (6) equation:

_h . [AG
(M) =% exp(kT) ©6)
where
AG =AH — T_AS (7)

For PM1—-PM®6 the values of 7o and E,, from eq 3, and
AG (Gibbs energy), AH (enthalpy), and AS (entropy),
from eq 6, were determined for each elementary com-
ponent. Then, the dependences of E,, 709, AG, AH, and
AS on the maximum temperature T, of the elementary
peaks were plotted. These dependences are of common
character for all PM1—-PM6 systems. As an example,
the dependences of 7o, AG, AH, and AS on T, are shown
in Figure 8 for PM4 (E,, repeating of AH is not shown).
It is clear that these dependences are divided into three
parts having two breaks at 30 and 45 °C. The similar
dependences were obtained for some thermotropic side-
chain polymers.3231 The portions of these dependences
were related to the segmental mobility and to the oc and
o relaxation.

The highest values of activation parameters are
usually observed at Ty, close to Ty. This is valid for PM1,
PM2, and PM3 (inset in Figure 8) for which the highest
values of AH were observed at 40—45 °C close to the Ty
values observed by DSC (Table 1). (For PM3 the changes
in AH, as well as in other activation parameters, at the
break points are small.) At the same time, for the PM4—
PM6 polymers with longer mesogen tails, the highest
values of E,, 70, AH, and AS were observed at temper-
atures 10—15 °C below Ty determined by DSC.

For many polymers, the results obtained by means
of thermal windowing experiments show that, over a
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Figure 8. Gibbs free energy AG (2), enthalpy AH (O), entropy
AS (O), and preexponential factor log 7, (W) on polarization
temperature T, for PM4. The inset shows the activation
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Figure 9. Gibbs free energy AG on T, for PM1 (O), PM2 (O),
PM3 (a), PM4 (v), PM5 (¢), and PM6(+); the dashed line
corresponds to the slope equal to 67 cal mol™* K™%, The inset
shows the activation entropy AS vs AH/T, PM1 (O), PM2 (O),
PM3 (a), PM4 (v), PM5 (0), and PM6 (+); the dashed line
corresponds to the slope equal to 1.

wide temperature range covering both local and coop-
erative processes, there is a linear dependence between
AG and the temperature of maximum on the elementary
curve,303l je,

AG = aT,, (8

where a is 67 cal K™1 mol~1. The dependences AG =
aTm are given for PM1—-PM6 in Figure 9. It is seen that
these dependences lie on a straight line corresponding
to a slope of 67 cal K1 mol~1 (dashed line in Figure 9).
It follows from egs 7 and 8 that

AS=(AHIT,) —a 9
Equation 9 means that there is a linear dependence

between AS and AH/T,. As expected, the AS = ¢(AH/
Tm) dependences for PM1—PM®6 are on a dashed line
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Figure 10. Logarithm of the preexponential factor In 7o on
activation energy E./R for PM1 (O), PM2 (O), PM3 (»), PM4
(v), PM5 (), and PM6 (+). The inset shows the same
dependence for PM4 in the ranges of the o(l) and 6(2)
processes.

with slope equal to 1 and interception point equal to
—a (inset in Figure 9). The data in Figure 9 show that
the free Gibbs energy depends only on temperature
and does not depend on the structure, and the AS and
AH values are interrelated. This means that the AS =
@(AH/Ty) and the AG = ¢(Tn) dependences can be
considered to be calibration curves, since it is sufficient
to know one parameter in order to determine the other
one.

3.5. Compensation Law. It was shown that for
thermal windowing experiments a series of elementary
curves in the glass transition temperature range obey
the so-called compensation law.30-34 This law is valid
when the activation parameters increase with temper-
ature. The compensation law is characterized by two
phenomenological parameters: compensation temper-
ature T, and compensation relaxation time ..

Within the framework of the Arrhenius model, the
compensation law is expressed by a linear dependence
of the preexponential factor on the activation energy.3?-37

7, = 7, eXp(—E,/RT,) (10)

It follows from eq 10 that the slope and the intersection
of the In(zp) = ¢(E4/R) dependence determine the values
of (—1/T;) and In 7., respectively. Figure 10 presents the
In(z0) = @(E4/R) dependences for PM1—-PMB6. It is shown
that these dependences lie down virtually on one
straight line. This means that the compensation pa-
rameters for the PM1—PM®6 series are close to each
other. The compensation parameters determined from
the In(to) = @(E4/R) dependence for PM4 (curve 1, inset
in Figure 10) are T, = 335 K (—1/T, = —0.00298) and 7,
=95 x 10* s (In . = —6.7). The glass transition
temperature determined by DSC is equal to 40 °C (313
K) for PM4; i.e., it is by 22 °C lower than T.. For various
polymers, the differences between the compensation
temperature and the glass transition temperature, AT
=T, — Ty, are usually 5—30 K.3273538 The compensation
parameter values for the Arrhenius and the Eyring
models are generally close to each other, and they differ
within the experimental error.

Figure 10 shows also that, in addition to the straight
line 1 describing the compensation behavior of the
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PM1—-PM®6 polymers, there is a group of points that do
not fall on this straight line. For all these polymers, the
straight line 2 can be plotted. As an example, this line
is shown for PM4 in the inset in Figure 10. Curve 2 on
the In(ro) = ¢(E4/R) dependences is observed only for
thermotropic side-chain polymers33 and could be related
to the 6 process, which occurs only in SCLCPs and is
absent in polymers of other classes. It is necessary to
note that calculation of activation parameters from
thermal windowing experiments has formal character.

Until now, there is no common understanding of the
physical sense of the compensation behavior in poly-
mers. There are some approaches making it possible to
relate this phenomenon to the chemical structure of
polymers33 and to the thermal expansion coefficient3®
or to explain the compensation behavior by means of
the coupling model.*° Despite great differences in the
approaches (including the opinion that the compensa-
tion parameters have no physical sense®?), they are
widely used for describing the results of investigation
of polymers by the TSDC method.

4. Conclusions

A number of side-chain LC polymethacrylates with
various lengths of the tail mesogen group were inves-
tigated by DS and TSDC methods. In the temperature
range from room temperature to 160 °C, three processes
of relaxation of dipole polarization, the $1, a, and ¢
processes, were revealed. Molecular mechanisms of the
B, a, and ¢ processes are related to the mobility of ester
groups adjoining the backbone, to the segmental motion,
and to the mesogen group orientation about its short
axis, respectively. It was shown that the molecular
mobility of the observed relaxation processes does not
depend on the mesogen tail length. This means that the
kinetic units responsible for the appearance of the S,
o, and O processes do not include the methylene
sequence on the mesogen end. The comparison of the
DS and TSDC data with each other gives good agree-
ment between the temperature position of dielectric loss
peaks at the equivalent frequency of TSDC measure-
ments and the temperature position of depolarization
current maximum. By using thermal windowing tech-
niques, the activation parameters for the observed
processes were determined.
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