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Thermally stimulated discharge or thermally stimulated polarization and depolarization
current is becoming a valuable technique in discerning transitions having a small
relaxation strength. Polymer liquid crystals (PLCs) are a group of such materials. This
article provides a review of the different experimental techniques associated with the
technique and their application to PLCs. Experimental results for thermotropic longitu-
dinal PLCs are presented.

Keywords: Thermally stimulated discharge; thermally stimulated polarization; relaxa-
tion strength; polymer liquid crystals; PLCs; thermotropic longitudinal PLCs

1. SCOPE

Thermally stimulated discharge (TSD) refers to the field induced
discharge current upon buildup (Thermally Stimulated polarization
Current—TSPC) and/or release (Thermally Stimulated Depolarization
Current—TSDC) of charges in a dielectric placed between two elec-
trodes. The polarization phenomenon is a consequence of the rotation
or migration of charges originating from and remaining within the
dielectric. This leads to surface charges which have the opposite
polarity to those of the polarizing electrode [1,2]. Application of the
technique of thermally stimulated discharge (TSD) to polymer liquid
crystals (PLCs) is driven by three points:

1. the higher mobility of PLCs as compared to other engineering
polymers implies longer relaxation times;
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2. TSD is a low frequency technique with the estimated experimental
frequency given by (1072 to 107*Hz)>!

E,r
f= 27RT?2, 1)

where E, is the activation energy, r is the heating rate, R is the ideal
gas constant and T, the temperature of the TSD peak maximum.
3. Dielectric techniques are very promising for investigating PLCs due
to their high electric susceptibilities. (see Chapter 3 in this volume)

Conventionally polymer characterization is done through calori-
metric, mechanical or dielectric means. To this end a comparison with
other techniques is provided in Section 3. Section 4 provides infor-
mation on instrumentation and experimental techniques. Analytical
techniques and theories of cooperative relaxations and the compensa-
tion law are provided in Section 5. Applications of TSD to resolve PLC
related issues are then presented (Sec. 6). It becomes apparent upon
review of literature in this area, that while the potential of this technique
is vast, it is still underutilized. To that end, applications to non-PLC
systems having potential use in PLCs are also included.

2. INTRODUCTION

Thermally stimulated discharge (TSD) measures the dielectric relaxa-
tion of materials through measurement of a field induced thermally
stimulated depolarization current (TSDC), also referred to as ionic
thermocurrent technique [2]. Under simultaneous application of elec-
tric field during a temperature ramp, the orientation of the dipoles
results in the formation of an electret. The first electrets were formed
by Eguchi [3, 4]. Based on Eq. (1) the effective frequency of operation
varies between 107> — 107> Hz making it especially suitable for
studying systems having long relaxation times.

The use of TSD is in no way limited to polymeric materials.
However, since dielectric relaxation is due to hindrance of the motions
of the permanent dipoles and free charges by frictional forces, applica-
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tion to polymers has been widespread. TSDC measurements have been
traced to Frei and Groetzinger [5] in a review by Vanderschueren and
Gasiot [6]. The technique was applied to a series of complex systems by
numerous researchers including Gross [7], Wikstroem [8], Gubkin and
Matsonashvili [9] and Murphy [10]. Relating these relaxations to
fundamental mechanisms of charge storage and release in nonmetallic
systems was initiated by Bucci and Fieschi [11]. One of the first
detailed investigations on its potential in polymers was initiated by van
Turnhout [2, 12]. As Vanderschueren [6] points out, this technique was
developed independently by several researchers. It is worthwhile to
clarify that TSD is also referred to as electret thermal analysis, thermal
current spectra, thermally stimulated depolarization and thermally
activated depolarization. Applications to amorphous and semi-
crystalline polymers have been reviewed by Bernes et al. [13]. The
sensitivity of TSD to small fractions of uncured material extends its
use to thermosetting systems. In addition, TSD is useful in establishing
differences based on tacticity and chemical structure 14, water absorp-
tion [15, 16, 17], interfaces in composites [18, 19] erc. It’s applicability
to a wide variety of parameters has been recently reviewed [28].

In another development measurement of the polarization current in
TSPC was used to evaluate relaxation behavior of dielectrics [20].
Vanderschuren points out that in the high temperature range, TSPC
spectra are usually less well resolved because the relaxational current
can be superimposed or masked by the conduction current [21]. Since
TSPC does not involve a heating stage prior to data collection, differ-
ences between TSPC and TSDC are useful in determining the effects of
physical aging, behavior of thermally unstable structures and for
revealing non-equilibrium intermediate relaxations.

Both TSDC and TSPC results indicate the cumulative polarization
effects of the dielectric. To further isolate individual relaxations relat-
ed to the macroscopic relaxation, Lacabanne [22] and Chatain [23} pro-
posed amodified TSDC method termed thermal sampling or windowing
polarization. They attempted to experimentally deconvolute individual
relaxation contributions from the global relaxation spectra.

The first application of the TSD technique in PLCs was conducted by
Simon [24] for comb PLCs, in order to estimate the glass transition,
degree of mesogenic alignment and degree of stored polarization which
is related to their use in optical storage media and non-linear optics.
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Recognizing its potential in resolving the complicated chain dynamics
associated with PLCs due to the positional and orientational order,
Brostow et al., conducted one of the first detailed investigations into
the relaxational behavior of longitudinal PLCs [25]. Given the de-
bate surrounding the existence or non existence of the relaxation related
to the LC rich phase in PLC copolymers, their study resolved issues such
as choice of the polarization temperature, effect of increasing field
strength and annealing under an electric field for main chain PLCs.

3. COMPARISON OF TSD WITH CALORIMETRIC,
DILATOMETRIC, DYNAMIC MECHANICAL TECHNIQUES

Characterization of the relaxational behavior of PLCs has traversed
the spectrum of available techniques. TSD and dielectric spectroscopic
techniques are far more sensitive in resolving PLC transitions as com-
pared to calorimetric, dilatometric and dynamic mechanical techniques.
A comparison of the sensitivity of different techniques in resolving the
transitions of a PET/0.6PHB PLC are shown in Figure 1 [26]. Spatial
resolution of morphology through Wide Angle X-ray Scattering
(WAXS) and polarizing microscopy are commonly conducted. Inves-
tigations on the molecular mobility of the liquid crystalline state using
NMR have also been conducted [27]. Cao et al., studied PLCs using the
DSC and reported on the width of the mesophase transition that
extended to the melting point of the PLC [28]. Cassel and Riga applied a
thermal cycling of rapid quenching from the melt state to above the glass
transition followed by slow cooling within the glass transition regime. A
distinct second step was found to be more pronounced with every
subsequent thermal cycle. Regardless of the benefits of thermal cycling,
it becomes apparent from Figure 1a [26] that the temperature related to
the glass transition is for the most part obscured by its breadth is DSC
experiments. Sauer reports that this breadth is related to the degree of
order of the PLC [29, 30]. Dilatometric experiments based on the TMA
and the Gnomix P-V-T apparatus show dominance of only one
transition as shown in Figure 1b. However, in the TMA, the expansivity
is strongly related to the orientation of the LCs in the PLC. Dynamic
Mechanical Analysis done on a modified torsion braid internal friction
instrument has shown two transitions for some PLCs [31]. However, in
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FIGURE 1 Comparison of (a) Differential Scanning Calorimetry and (b) Thermo-
mechanical Analysis of a PET/0.6 PHB longitudinal PLC showing limited 7, resolution
of Individual components of the copolymer.

many copolymeric PLCs, an overlap of the transitions is often evident.
As shown in the paper by Schonhals and Carius in the same volume,
dielectric measurements do reveal two transitions. For the PET/0.6PHB
system for instance, dielectric measurements show similar 3, o, o
transitions. As can be seen however, the frequency required for
distinguishing these multiple transitions is very low. TSD therefore is
ideal in resolution of weak transitions in PLC materials.
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Probing the temperatures related to the order transitions has
required the use of multiple techniques [32]. Multiple techniques are
often vital in resolving the nature of the molecular/segmental motions
related to a particular transition. Damman ef al., for instance studied
the dodecylocxy substituted poly(p-phenylene terephthalate)s using
both Dielectric spectroscopy (DS) and DMA [33, 34]. Comparison of
different techniques indicates that while for engineering polymers the
use of dynamic mechanical and dielectric techniques extends the char-
acterization potential for relaxation determination, for PLC materials
TSD is more appropriate. The major difficulty using dielectric relaxa-
tion spectroscopy of PLCs is that the loss spectra are broad and highly
asymmetric with coalescence of the different bands and without clearly
resolvable features [6].

4. EXPERIMENTAL

Experimentally the sensitivity of the TSD varies inversely with thickness.
While most experiments using TSD have been conducted using solid
samples, liquid TSD is also possible. Liquid samples are placed in sample
“boats”. The holder acts as one electrode. In this case the sample size is
~1ml [35]. Most experimentation on polymers is based on the
equipment described by van Turnhout. Commercial systems are avail-
able, but in-house build systems are equally common. A typical appa-
ratus would consist of a sample holder that can be used for maintaining
an inert atmosphere, a heating unit that can heat at a low rates (< 4K/
min), a dc voltage source, a picoammeter, a thermocouple, and a
recording unit either an X— Y chart recorder or a computer connected to
the temperature and picoammeter through RS232 ports. Homocharging
is avoided by metallizing both sides of the sample.

4.1. Global TSDC Spectra

The essential experimental steps associated with determining the
global TSDC spectra are (Fig. 2)

e Heat the polymer to T},; T}, is higher than the glass transition.
o Apply the electric field, Ey, at 1 = to; free charges drift towards the
electrodes during this time.
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FIGURE 2 Schematic of global TSDC.

e Maintain at 7' = T, for time #; — fg,

e Cool from I'=T,to T=T,.

o At T = T, switch electric field off; the material is now a thermoelec-
tret, the.

o After time #, — ¢, (the thermoelectret is kept shorted to remove stray
charges).

The material is heated up to a temperature range where the origins of
the polarization relax, the image charges are released from their
electrodes and flow towards each other via the external circuit. This
current is the output measured. In this technique one broad spectra per
polarization voltage is obtained. Interaction between different modes of
relaxation therefore contribute to broadening of the peaks which need to
be individually resolved in information on individual relaxations is
known from other techniques. The reorientation occurring at the
temperature is dependent on the relaxation time and can be primary (due
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FIGURE 3 Global TSDC spectra of 2 PET/0.6 PHB showing individual T,’s of the
PET rich phase (60°C) and the PHB rich phase (100°C).

to the relaxation of 10 or more repeat units) or secondary (due to the
molecular motion of a single repeat unit). A linear relationship between
current and field strength is indicative of ohmic behavior. When diffu-
sion of charges takes place, a negative current is often evident.

For a true global spectra, the condition is T,,>> Ty, i.e., and above
the upper end of a T, peak obtained from either the loss spectra of the
DMA or the slope change in the DSC thermogram. Partial global
spectra are useful when relaxations are close to one another. In that
case T}, is taken into the range of T. This is followed by two heats, a
discharge at 7 max-5°C and a second heat to Ti., + 50°C [36,37].
Figure 3 shows the global relaxation of a PET/0.6PHB liquid crystal-
line copolymer. Two transitions corresponding to the PET phase
(60°C) and PHB phase (100°C) are evident.

Problems encountered in this technique are that the charged species
containing some mobility diffuse during the TSD experiment either
towards each other through the dielectric or away from the dielectric
into the electrode materials, annihilating their charging effects.

4.2. TSDC Window Polarization

Addressing the fact the most polymer relaxations are a cumulative
effect of many individual relaxations, Lacabanne [3] and Chatain [4]
introduced the technique called “windowing polarization” to study
relaxation phenomena. The relaxation time-temperature relationship
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associated with each window is used to isolate elementary Debye type
relaxations of the molecules over the entire relaxation spectrum.
Physically, the existence of multiple relaxations can be explained by
several mechanisms, including dipole —dipole interactions, variations
in size and shape of the rotating dipolar entities, anisotropy of the
internal field in which the dipoles reorient (internal rotation, bending
and twisting in polymers etc.) [6]. This technique is a further
development of Bucci ef al.’s, attempt to isolate overlapping relaxa-
tions [38]. To isolate the transitions for a material having two peak
temperatures Tp,; and Ty, they polarized the material at 7,,; such that
Ty < Tp1 < T, to allow the dipoles associated with Ty, to be
polarized but those associated with Ty, to be undisturbed. The TSDC
curve would then show only the relaxation associated with T,,,. The
relaxation associated with Ty, could be isolated by polarizing the
material at T, such that Ty, < T},; and removing the field at T such
that Ty < Ty < Ty [6]

A schematic of this technique is shown in Figure 4 and application
to a PLC copolymer is shown in Figure 5 [26].

e Sample is polarized at Ty, for time ¢, (¢, is varied to orient different
fractions of the dipoles).

e Sample is quenched to temperature Ty (7T, — Ty=5-10K).

o Polarizing field is switched off and T, maintained for time t4
(depolarization of dipoles that are mobile at or below T3 occurs
leaving only dipoles oriented that have mobility in the temperature
window of T}, — Ty).

e Sample is quenched to T, < Ty.

o Sample heated to temperature 7 > T, at programmed rate allowing
relaxations related to temperature window T}, — Ty to relax.

By doing this at several temperature, a set of individual depolariza-
tion curves for each polarization temperature are obtained that are
subsets of that obtained by the global TSC spectra. Elementary modes
can be isolated and materials relaxation map constructed using win-
dow polarization to separate out mixed peaks having small separations
has proved useful to also separate the effect of the electret discharge
from the glass transition [39].

Asreviewed by Ibar et al. [40], window polarization and the resultant
RMA allows small relaxation differences between a slowly cooled and
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maps.

a quenched plastic, effect of residual stresseds, orientation, degree of
cooling, chemical composition and percentage cross-linking to be
detected. Analysis of RMA curves is aimed at correlating the simple
relaxation modes with the thermokinetic and thermodynamic param-
eters of the material [41 — 44]. Alternative means of obtaining the T, are
by plotting the enthalpy or entropy v/s the polarization temperature and
noting the temperature at which the enthalpy is maximum,

Jonscher provided an alternative means for interpreting the individu-
al Debye relaxations similar to that used in deconvolution of dielectric
loss spectrum [45]. He noted that the TSD peaks in a non Debye
dielectric are broader than the corresponding Debye peaks. In
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conventional TSD analysis this would imply a distribution of activa-
tion energies. Secondly the activation energy from the slope of the
TSD peak would consistently be lower than that obtained from
measuring shifts inducted by different heating rates or by peak shifts in
dielectric loss spectra for changing frequency.

4.3. TSPC

Figure 6 shows a schematic of the TSPC experiment with application
to a PLC copolymer in Figure 7 [26]. As can be seen only the transition
corresponding to the PET phase is evident. Higher temperatures
resulted in negative currents. If an unpolarized state is first fixed at low
temperature by cooling the sample under short circuit conditions and
an electrical field is then applied during subsequent definite heating,
the thermally stimulated transition from neutrality to a polarized state
can be followed by registering the charging current as a function of
temperatures. If dipolar or ionic processes are involved, these show
similar peaks as in global TSDC [6,46]. Further a higher current in

— -~ - Fieldon
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F- _____________
u
|
{
i
I
pi tpt
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history
Dipoles are randomly Field off )
ariented Main chain polymers immobilized
Field on p dipoles and induced charges
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FIGURE 6 Schematic of TSPC.
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FIGURE 7 TSPC of a PET/0.6 PHB longitudinal PLC.

TSPC; compared to TSDC was related to the formation of ionic space
charge during polarization at high temperatures in TSDC [47]. One
problem associated with the technique is the danger of obtaining
internal conduction or injection currents [6, 48 — 50].

5. ANALYSIS OF TSD

Global TSDC plots are analyzed based on the total relaxed charge, Q,
due to the overall depolarization process is calculated from the area
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bound by the TSD peak and the abscissa [S1] where 4 is the electrode
area and r, the heating rate. Since Q/4 is the total polarization P there
is a linear relation between the relaxed charge and E,. Plots of current
density/electric field v/s temperature depict conductivity.

Ty
Q=é/T i(T)dt (2)

r

[

Assuming that the relaxation is follows either the Debye (rotational
friction) or Frohlich (2 site barrier) model and that the relaxation
times for polarization and depolarization are equal, the decay of the
polarization is given by:

P(1) = P, exp ({) (3)

where 7 is the dipolar relaxation time; P, is the equilibrium or steady
state polarization given by

SNapZE
P, = ‘W (4)
where s is the geometrical factor associated with the dipole orientation
(for rotating dipoles s = 1/3); N, is the concentration of dipoles; w,,
is the electrical moment; k is Boltzmann’s constant and E, is the direct-
ing electrical field operating on the dipoles.
The depolarization current density is given by:

i) =~ 20 _ PO (5

-
Since experiments are run under constant rate mode, these equations
are modified to include the heating rate. Thus the time is now ex-
pressed in terms of the initial temperature, T; and heating rate, r as

(T-T))

t =

(6)
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By assuming a single relaxation time, the relaxation time for the
dipoles is obtained through an Arrhenius equation:

(1) = nexp () )

For a single relaxation time relaxation, 7, is expressed through the

Eyring equation as
h S
w=gron-(2)) ®)

where S is the activation entropy. Note that this 7, differs from the
Arrhenius pre-factor which is temperature independent.

Lacabanne et al., examined the broad mechanical relaxation of the
glass transition in polyolefins. For the relaxation and retardation modes
observed around the glass transition temperature, (¢} obeys they
determined a compensation law [52~ 59] expressed as:

wewlf) o

where 7, and T, are the compensation time and temperature respec-
tively. When applied to window polarized experimental results, this
implies that the individual relaxations obtained from each window can
be coupled to their compensation behavior. A plot of In (T') vs /T
results in an intercept having a value = In(r,) — (E/kT.) and a slope of
(E/k). Extrapolation of individual In 7 vs 1/T plots for each thermal
sampling step (or polarization window) produces a single point termed
the compensation point. At this compensation temperature, all the
discrete processes that constitute the broad relaxation near the glass
transition have the same relaxation time.

The compensation law can be examined in conjunction with two
empirical equations relating the activation volume to the activation
entropy and activation enthalpy [60-62].

_ 58

Qy

V*

V*=KBE (11)
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where «, is the isobaric volumetric expansivity and [ is the isothermal
compressibility and K’ is a constant commonly taken as equal to 4.
Since the intercept is in essence an “activation entropy’ and the slope
is the activation enthalpy one obtains a relationship between the activa-
tion entropy and enthalpy by equating these two equations.

S=Ka,E (12)

This relationship has been shown to hold for several polymers for
relaxational processes related to their glass transition [63]. The Gibbs
function is therefore expressed as:

o, V* 1
=3 (K—'aTT) ()

Hoffman interpreted TSD spectra by introducing variable mobility
of dipoles based on molecular architecture [64] using Egs. (6) and (7)
he studied a series of n-paraffins and determined that

H =Hey + 1 He (14)

S = Seq + 1'Ses (15)

where eg = end group contributions and ¢s = elementary contribution
of constitutive segments and #' is the number of segments/molecular
chain.

The compensation temperature was therefore obtained from

Hy, = T Ses (16)

Crine derived a thermodynamic model for the compensation law and
its physical significance [65, 66]. He returns to the rate theory of Eyring
[67] and postulates that the reason that the plots of entropy v/s
enthalpy obtained from applying the compensation law to individual
windows, is due to the reaction free energy. The compensation
temperature is interpreted in terms of the Gibbs function being zero or
T.= 1/K’ «,. Determination of K’ is obtained using the Gruneisen
constant (a measure of the anharmonicity of vibrations in a solid
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relation thermal and mechanical properties) defined as

a,V*

=5c;

(17)

Further using the conclusions of Warfield [68] that only the portion of
C, related to interchain vibrations and Sharma’s [69-71] relation
using the Rao acoustical parameters, Crine determined that the X’
value could be given by:

K' 224 (2e,1)"" +2/3(e,T) (18)

Equations (6) and (7) must now be rewritten as

T’thTexp [k(;“] (19)
r=groe () e () (20

substituting the entropy K'« relation one gets

gki [(I—Kav)} 1)

Activation energy is now obtained from the slope of log (+T) v/s 1/T.
Plotting the enthalpy v/s the entropy it becomes apparent that the
intercept is not equal to zero contrary to the prediction of Eq. (11) [26].
Compensation relations for zero entropy are now determined by the
non-zero enthalpy intercept denoted as H* (barrier height for the
reverse reaction in the Eyring activated rate formulation). To obtain
the compensation coordinates. Crine’s relation is:

T—Ehfexp(f;)exp [%(%—K’av)] (22)

*

h
To = 1/K a; 70 22 kTexp(kT) (23)

The temperature dependence of the parameters is related to the
nonlinearity in Arrhenius plots. One issue that limits application of
this compensation law is the lack of universitality in its occurrence.
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Moura Ramos et al., conducted a detailed investigation on the values
of the compensation parameters for 960 polymers [72]. Their results
further call into question reliance on the relationship between molec-
ular structure and the compensation point.

Whereas, the technique of window polarization has improved the
utility of the TSD technique [73], by providing a means to deconvolute
Debye relaxation processes from non-Debye relaxation, Aldana used
the computerized technique of Direct Signal Analysis based on the
theory of Cost [74].

For the high temperature data, the extrapolation is to low
temperature and the higher frequency, while for low «wmperature data
the extrapolation is to higher temperature and low frequency. Ibar terms
this change as the “Z structure”. At temperatures lower than the glass
transition this restructuring has been attributed to restructuring of the
mode of cooperativity in the rotation relaxations as the tem- perature is
raised or lowered across the T,. At very low temperatures, the isolated
structures give non cooperative behavior preventing extrapolation [75].
The difference, T,— Ty, is significant to determine the order in the glassy
state. A higher internal stress state is reflected by greater T.— T, values.
Ibar postulates that the coordinates of the compensation point
transcribe the coupling characteristics between different modes of
relaxation observed in individual activated processes. Further, Ibar
assumed that “entropy increases with increasing disorder”, therefore the
difference is related to a term Ibar defines as “Degree of Disorder™; See
more on this subject in Subsection 6.5. Mano et al. [39] interpreted the
lack of extrapolation of the lower temperature polarization in infer a 3
relaxation process. They also argue that the compensation effect is a
consequence of the coupling between the different relaxation modes at
the glass transition. Sauer et al. [76] developed an interpretive scheme
(extending Ibar’s analysis) to provide a physical relationship between
the cooperative and uncooperative motions. When the relaxation
motions are localized and uncooperative, the activation energy rep-
resents the energy barrier for local motion of an isolated structural unit
in the polymer molecule (S and H vary linearly with T'). As Tapproaches
T, from the glassy state, at 7 near to T, the motions are more complex,
the free volume is not large enough to accommodate all the potential
motions at that temperature. The configurational entropy term becomes
dominant producing a consequent change in the activation energy. By
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comparing the activation energies at each depolarization window, the
temperature related to the maximum activation energy was designated
as T by Sauer et al. [76].

Critics of the compensation law have attribute the phenomenon
to be the result of statistical propagation of error [77] rather than
a material property. Tetsseydre and Lacabanne [78] therefore use
statistical analysis to determine the validity of T,. The compensation
temperature is related to the measure temperature via its harmonic
mean as

Tim = (Tyt) (24)

for 95% confidence in 7,

Te =T +tn-20975v V(Te) (25)

e - acm)
S (N-2)3(s - A

(26)

where N = number of H, 7, pairs (number of windows); 7 is the
statistical dispersion limit, ¥ is the variance of the estimated T, G} is
the estimated value of G at T.. H and S are given by

H* = H; — kT, 27
§* = —k In(7o:) + KT (28)

The claim to that at that point the single relaxation time is fulfilled,
is further questioned by Read [79]. He postulates that the linear
relationship between the activation enthalpy and activation entropy is
a consequence of structural change toward equilibrium with increasing
temperature.

Interpretation of global TSD spectra is impeded by the formation
of space charge induced relaxations. The space charge peaks are
associated with stored charges between crystalline domains in semi-
crystalline material an due to water or other absorbed impurities in
amorphous materials [2]. Determination on whether a relaxation is a
space charge effect or a liquid-liquid transition (7) are made by
annealing the material in the vicinity of the T}, [80]. A decrease in the
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height of the peaks after extended vacuum drying are other indicators
of space charges. The debate over the origins of the multiple peaks
occurring in the PLCs is not new. From a big picture standpoint, this
debate centers on the existence or non existence of the T, peak. This
must be separated from the PLC materials considered for instance the
PET/xPHB copolymers. In this case the assignment of the individual
peaks to phases dominated by the non-PLC matrix and the PLC phase
are understandable. It is interesting to note than in earlier works on
TSD of polystyrene, Lacabanne noted that the occurrence of multiple
peaks by internal friction measurements on the torsion braid analyzer
coincided with that of the TSD. Lacabanne et al. [81] studied the TSD
of anionic PS. Through comparison of TSD and torsion braid analysis
they concluded the existence of an actual T} transition.

Differences in experimental technique and data analysis can lead to
contradictory results. Thus in the global TSD spectra shown in Fig-
ure 3, two transitions for the PET/0.6PHB copolymer are evident.
Analysis of the window polarized data for the same copolymer shows
only one enthalpy or entropy peak (Figs. 8a, b and ¢). This dis-

120 -
= 100 ~
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Q
< 60 -
>
a
w 40
£
5 20

0 s T T 1
0 50 100 150

(a) Tmax (degrees C)

FIGURE S8 Analysis of windows polarization spectra shown in Figure 5. (a) enthalpy—
polarization temperature (b) entropy — polarization temperature and (c) enthalpy—
entropy relationships,
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crepancy has resulted in assigning the 100°C transition temperature
to the space charge effect rather than a polymer transition. One way
to distinguish between a space charge transition and a polymer transi-
tion is to measure the peak current corresponding to different field
strengths. The results are shown in Figure 9a and b. As can be seen the
linear dependence in Figure 9b indicates the ohmic and real nature of
the transition temperature.
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FIGURE 9 (a) Influence of charging field strength on the peak temperatures and
currents for the PET/0.6 PHB (b) with the current maxima — temperature relationship
showing ohmic behavior.

6. APPLICATIONS OF TSD

6.1. Blends: Relaxations and Phase Diagrams

Plasticization of the peaks is shown by a decreasing peak with increasing
plasticizer concentration PVC + NBR blends were studied to determine
miscibility. The effect of the dipole-dipole interactions resulted in a
decreasing compensation temperature with increasing nitrile content.
TSD was useful in determining the level of molecular mixing. The
existence of a strict proportionality between iy, and field strength
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implies uniform dipolar polarization. i,y is also linear with butadiene
content implying micro-brownian motions of chain segments involving
rotation of cis and trans vinyl butadiene isomers [82]. Application of
the compensation law to blends of PVC with chlorinated PE was used
to prove incompatibility due to large differences in 7 [83].

6.2. Comb Thermotropic PLCs

Simon [24] determined the relaxations of comb PLCs and of blends of
a comb PLC with a highly dipolar dye. Since the dielectric behavior of
the polymer is determined by the charge distribution and by the
statistical thermal motion of the polar groups, the chemical structure
strongly affects the strength of the relaxation. Thus polymers having
polar groups on their main chain or in side groups have high dielectric
permittivity [84]. He [24] utilized the technique to interpret the
persistent orientational ordering of the polymer at T > T,. Following
his work, a few other investigators have also examined side chain LCs
with TSD [85 - 88].

Mano ez al. [89] studied thermotropic liquid crystalline polymers
having side-chain mesogenic groups of acrylate, methacrylate and
siloxane backbones. In previous dielectric studies two relaxations in
these systems had been determined using calorimetry. The low frequency
relaxation had a narrow peak similar to relaxations involving rotations
about the short molecular axis in low molecular mass liquid crystals.

This feature is not endemic to all side chain PLCs as Mano et al. {90]
and Kohler [91] found. For a sPLC they found that the /., increased
with increasing field strength (E,) for low field strengths but for higher
values of field strength, iy.c decreased with increasing E,. This
behavior was ascribed to the detrapping of ionic impurities and/or
homocharges at higher voltages, with the consequence that the motion
of charges through the sample would make dipolar orientation a
function of the field due to motion of space charges.

The greater sensitivity of the TSD over DSC is evidenced by Mano
et al., work on poly n-hexyl isocyanate sPLCs [89, 90]. Contrary to the
single relaxation depicted by DSC, the TSD spectra detected three
regions where the peaks scaled linearly with field strength. It was
therefore possible to separate relaxations of the main chains from the
mesogenic side groups. In their studies of a SPLC having published T,
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of —7°C and a smectic C-isotropic transition (Ty.is,) at 77°C, they
found additional peaks at 8 and 31°C. Plots of iy, v/s E, were straight
lines for all three transitions indicating the dipolar nature of the
corresponding relaxation processes. Since relaxations due to space
charge motions are weakly dependent on E, and susceptible to electret
formation, intensity of peaks is sensitive to the presence of strong
dipoles of the cyano group and related to the motions of the mesogenic
group around the main chain or higher mobility of the side chain and
molecular volume.

TSD has also been successful in showing the anisotropic nature of
dipoles in sPLCs [88]. The multiple peaks evident in side chain PLCs
have been ascribed to the motions involving the longitudinal and
transverse dipole moments of the mesogenic side group. In experi-
ments with side chain PLCs, the sensitivity of TSD over DSC was
again apparent, with more transitions between T, and T, detected.
All peaks scaled linearly with field strength, indicating dipole
relaxations rather than space charge induced peaks.

The height of the TSD spectra is proportionate to the mobility of
the relaxation strength. As Ronach and Testard [92] explain, low
temperature relaxations arise from low-amplitude motions which occur
around the available free volume cause the relaxations to be char-
acterized by low intensity discharges, by small activation enthalpies and
by negligible activation entropies. The breadth is related to the spacer
length especially for the side chain PLCs arises from the increased num-
ber of possible conformations due to increased methylene groups and
leads to reorientation of the side chain group. The breadth of the re-
laxation for smaller spacers (n = 3, 4) is smaller than for n = 10.

6.3. Thermotropic Longitudinal PLCs

In one of the early investigations of TSD, Brostow er al. [25] found
that for a PET/0.6 PHB, two peaks were found: one at 65°C and the
other at 101°C, referred to as o« and o' peaks respectively. Their results
were supported by dielectric studies done on the same systems by
Gedde et al. [93]. Since the o relaxation of PET is =269°C, the «
transition was interpreted to be related to the PET phase. The o’ peak
was interpreted to be related to the onset of crystallization of PET
which takes place at 100°C. Keeping the field strength constant, it was
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found that changing T, from 50 to 140°C resulted in a proportionate
increase of the a peak till T, =90°C; the height of the ' peak
remained unchanged. Thus implying a dielectric relaxation maximum
at 90°C. Keeping the T, = 90°C, the effect of the field strength was
studied. It was found that the effect of increasing E, had the same
effect as changing 7}, with one exception, the o peak was present for all
E,’s. Polarizing at T, < Tj; resulted in moving the a transition to
80°C. As the value of T}, was taken to temperatures greater than o/, the
o transition peak was ameliorated due to an increase in cold crys-
tallization at higher temperatures. Sauer conducted tests on a variety
of PLC systems and established the effects of matrix morphology in
relationship to PLC architecture [30].

Shinn et al., determined the block structure for copolymers made
for polyethylene terephthalate-p-acetoxybenzoic dacid made from low
and high molecular weight PET using TSD. Traditional block copoly-
merization equations were related to the TSD spectra through the use
of Egs. (7) and (8). The equations were weighted based on mole per-
cent of feed material. It was found that block copolymers formed
from lower molecular weight PET had greater blockiness in compari-
son to copolymer containing the higher molecular weight PET.

In using TSD for main chain polymer liquid crystals, the different
states of order require cautious use of the compensation plots. Collins
and Long[19] studied films of the commercial Vectra (Hoechst Celanese)
material. He found a large degree of cooperativity above the T, (when
defined as the temperature related to the peak in enthalpy- T, plot).

6.4. Annealing and Physical Aging Effects

The use of the TSD technique in aging studies has been described by
Struik [94, 95]. Brostow et al. [25] investigated the effect of the sequence
in TSC experimentation. By keeping T}, = 90°C (previously determined
to be the temperature at which the maximum current was produced
for the relaxation). As the time at the polarization temperature was
increased (in the absence of the polarizing field), i, decreased.

Crine applied his compensation law formulation to the problem of
dielectric aging of polyethylene. He found that the free energy of PE
thermally aged above its melting point varied linearly with antioxidant
contents. Physical aging of PMMA was interpreted using a series of



11: 02 19 January 2011

Downl oaded At:

302 N. A. D’SOUZA

annealing experiments where Tonpeal <€ T and T, = Toppear for
varying times. Depolarization currents were measured in both the T,
and the g regions. It was found that as annealing time increase the i,
decreased for both the relaxations.

6.5. Electro, Optical and Ferroelectric Applications

Given that ferroelectrics have switchable polarization at the Curie
temperature, the TSD technique is showing great promise as
ferroelectric polymers develop [96]. Extensive use of TSD in ferro-
electric materials has been conducted [97,98]. A correlation between
Curie temperatures and compensation temperatures lent credence to
the concept of using compensation law with TSD data. TSD has
shown complementary information to impedance spectroscopy for
sodium silicate glass [99]. Dye doping of poly (vinyl butyrate) has been
analyzed by TSD. Low dye concentrations resulted in lower Ty,
higher inax and higher activation energies, due to formation of charge
transfer complexes [100]. Annealing effects on the pyroelectric coeffi-
cient were determined using TSD by Teyssedre et al. [101].

The relaxation behavior of polymers has become even more
pertinent in the case of optical device technologies [102]. Doping
PMMA with aniline derivatives causes relaxation behavior analogous
to plasticization: decreased transition temperatures with increasing
doping level. With increasing doping level, more dopants disorient in a
manner controlled by doping level. Separation based on whether the
interaction is of a “dipole—dipole’ nature is made based on its energy
value (0.2¢eV).

A combination of photocurrent and TSC [103] was used on epoxy
films to elucidate the mechanical stress effects. Under mechanical
stress, the photocurrent for a positive bias on the illuminated electrode
was larger than under negative bias. TSD behavior in the absence of
luminescence also showed similar trends.

6.6. Orientation Effects

Combination of DSC and TSD has been effectively used by Bernes
et al. [104] to study the orientation effects in a PET homopolymer. It
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was possible to isolate the cause of the exotherm observed in the
unoriented PET in the constant heating cycle as being related to the
amorphous phase with delocalized cooperative movements. Upon
uniaxial orientation the amorphous phase becomes more ordered.
Lindner [105] postulated that these “‘ordered” amorphous quantities
had short range nematic order. Biaxial orientation transforms these
“ordered” amorphous regions into crystalline domains. These
conclusions could be based on the DSC experiments alone. However
comparing TSDs of the PET having T}, = Ty, the sub T, relaxation at
60°C could then be traced as originating solely from the amorphous
region. This orientation effect on the relaxation can also be attributed
to a minimization of defects. In condensed systems the overall
response of the material to the application of an external field is also
determined by the local inhomogenities in the structure. Lacabanne
et al. [106] report the effects of molecular orientation on PET amor-
phous and biaxially oriented film and found no change in 7. However
the width of the distribution in amorphous PET is greater than the
width in biaxially oriented PET. For PEEK, Mourgues-Martin ez. al.
[107] report that the crystallinity changes did not affect the 7. — T, as
would be expected from Ibars “Degree of Disorder” approach. How-
ever as the crystallinity increased, the relaxation distribution function
decreased. For polycarbonate changes between a quenched and
annealed sample, Bernes et al. [108] found that two relaxation modes
develop upon annealing. The variance in the distribution function and
the formation of two relaxation modes upon annealing has been
attributed to the “constrained amorphous phase” [109] and the “rigid
amorphous phase” [110]. The effect of biaxially oriented film is most
strongly evidenced through differences in the TSPC and TSDC for the
film [111], due to the absence of the preliminary heating stage.
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