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ABSTRACT

A review of the thermoelectrometry techniques of electrical conductivity, dielectric con-
stant and others. These techniques are not widely employed in thermal analysis but they are
useful for certain specific applications. In many cases, the thermoelectrometry measurements
are several orders of magnitude more sensitive than DSC or TG. Frequently, these techniques
yield data that are of a more fundamental nature than other thermal analysis methods.

INTRODUCTION

According to the International Confederation for Thermal Analysis
(ICTA), the thermal analysis technique of thermoelectrometry is defined as
“a technique in which the electrical characteristics of a substance is mea-
sured as a function of temperature whilst the substance is subjected to a
controlled temperature programme” [1]. The most common measurements
are of resistance, conductance and capacitance. Thus, thermoelectrometry is
not one technique but a series of techniques each of which involves a specific
electrical parameter measurement.

Thermoelectrometry techniques are not widely employed in thermal anal-
ysis, in fact, they may be described as “neglected” techniques in comparison
with the widely used thermogravimetry (TG), differential thermal analysis
(DTA) and differential scanning calorimetry (DSC) techniques. Neverthe-
less, they are important for certain specific applications, many of which will
be discussed in this short review.

In a recent thermal analysis technique survey of Thermochimica Acta
(TCA) and Journal of Thermal Analysis (JTA), Wendlandt [2,3] found that
thermoelectrometry (electrical properties) accounted for 2.2% of all the
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techniques used in TCA and 1.4% of the techniques used in JTA. The time
period covered by this survey included Volumes 24-29 of TCA and Volumes
8-13 of JTA. This is quite small when compared to 22.0-29.1% for TG and
16.7-26.2% for DTA during the same time frame.

Thermoelectrometry has been briefly reviewed in recent book chapters
and articles. Book chapters include those by Wendlandt [4,5] and Warfield
[6], and articles by Chiu [30], Paulik and Paulik [7] and Wendlandt [8]. Since
most of the thermoelectrometry studies involve simultaneous methods with
other thermal analysis techniques, ref. 7 is especially useful.

The purpose of this review is to summarize briefly recent applications
(past 10-15 years) of thermoelectrometry and perhaps to stimulate applica-
tion of these techniques to other thermal analysis problems. Wendlandt [8]
has recently summarized the contributions of his laboratory to this area;
these applications will not be repeated here. The subject matter of this
review will be divided according to the principal electrical parameter mea-
sured, namely (a) conductance and resistance; (b) dielectric constant and
capacitance; and (c) miscellaneous.

ELECTRICAL CONDUCTANCE AND RESISTANCE

Adeosun and co-workers studied the electrical conductance and other
properties of molten lead dodecanoate and mixtures with lead acetate [9],
dodecanoic acid [10], metal dodecanoates [11], and lead(II) oxide [12]. Using
the specific conductance of lead dodecanoate mixtures, the curvature of
these curves were interpreted in terms of a simple dissociation theory
involving lead dodecanoate (PbA ,)

PbA, =2 Pb2*+2 A~

Assuming that the major charge carrier is Pb** and that it moves by a simple
activated process, the following expressions were obtained

AH_+AH/3
log k =log @ === =530

and

. AS
2.303R (AS~ R )
where AH*, AS*, AH and AS are the enthalpies and entropies of activa-
tion for movement of the Pb?* ion and the dissociation reaction, respec-
tively. Thus, plots of log k vs. 1/T should be linear with slopes of (AH,* +
AH /3)/2.303R. For the mixtures of PbA, with Pb(C,H;0,),, the values of
(AH* + AH/3) ranged between 47-50 kJ mol ™.

The dc electrical conductivity of a number of N(2-pyridyl)benzamide and

log Q =log(Ned/2V, )+
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N, N'-dibenzoyl-2,6-diaminopyridine metal complexes, as a function of tem-
perature (to 388 K) and y-radiation, was studied by Abou Sekkina et al. [13].
Linear log o vs. 1/T plots were obtained for all of the Cu(II) and Ni(II)
complexes, from which the activation energy, E,, and other parameters could
be calculated, using the expression

o = o, (e~ E+/2KT)

where ¢ is the specific conductivity, g, is a constant independent of tempera-
ture, k is the Boltzmann constant, and E, the activation energy (eV). The
behavior of a positive temperature coefficient of o indicates that semicon-
ducting behavior or promotion of electrons from the ground state to excited
states may occur. Carrier mobilities, p, of the different complexes were
found to be in the range 107 ¢-107° cm? V= ! s~! and found to increase with
an increase in temperature,

Simultaneous thermodilatometry—electrical conductivity measurements
have been employed to determine the sintering or coalescence of powdered
materials. An equation has been developed by Ramanan and Chaklader [14]
which relates electrical conductance to density changes of powder compacts
on sintering

A =CAo[(D/Dy) —1]e B/AT

where A is the conductance at sample density D, D, is the initial density, C
is a constant, A is the pre-exponential factor, E, is the activation energy, R
is the gas constant and T the temperature. The equation predicts that on
heating the powder compact, the conductance should increase rapidly after
initial contact between the particles has occurred. To follow both the change
in A and the shrinkage of the powder compact, simultaneous thermodilatom-
etry—electrical conductance measurements were employed [15-17]). This
simultaneous technique has been applied to vitreous materials such as glass,
an epoxy resin, iron, CuSO,-5 H,0, coal ash, and others. The 7, of a
vitreous material can be easily obtained using electrical resistance (R) data
plotted as a function of 1/7. The simultaneous dilatometric and electrical
resistance curves of CuSO,-5 H,O are given in Fig. 1 [17]). Using a
compacted sample (to 1500 bars) of the compound, it can be seen that the
first four water molecules are evolved in two distinct steps. In addition, the
removal of the fifth “water” of hydration appears clearly on the thermodi-
latometric curve (as it does on the TG and DTG curves) as well as the
electrical resistance curve. The fifth molecule is not present as water of
hydration but is thought to originate from OH groups in the crystal.
Perhaps the most commonly used simultaneous technique involving elec-
tric conductivity is that with DTA. Burmistrova and Fitzeva [18] used this
technique to study the reactions between alkaline earth metal oxides (CaO,
SrO, BaO) and selected Pb, Cu and Ni halides. Electrical conductivity is
useful in determining the appearance of a liquid phase at the moment of
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Fig. 1. Simultaneous thermodilatometric (L) and electrical resistance (R) curves of CuSQO,-5
H,0. DTG and TG curves are also shown [17].
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Fig. 2. DTA and electrical conductivity (K) curves for a mixture of BaO and CuBr [18].



93

interaction between the solids. The interaction between BaO and CuBr, as
shown in Fig. 2, is exothermic, as revealed by the DTA curve peak at 360°C.
This is also accompanied by an increase in electrical conductivity, forming a
small peak in the curve. On further heating, the curve returns to its base line
until the reaction product, BaBr,, begins to melt at 730°C, where it again
increases rapidly. The 360°C peak, which is due to the melting of the
Ba(OH),-BaO eutectic, also appeared in a reaction mixture of BaO and
PbBr,.

Simultaneous electrical conductivity-DTA was used by Romanov et al.
[19] to study the thermal behavior of a-oxyalkylphosphanates. It was found
that the thermal transformations of these compounds and their analogs are
preceded by the ionization of the hydroxy group near the a-carbon atom. On
the phosphonate—phosphate rearrangement of a-oxyalkylphosphonates con-
taining electrondonor substituents near the a-carbon atom, no prior decom-
position to the initial components takes place, and rearrangement proceeds
by an intramolecular tricenter mechanism.

Electrical conductivity was used in conjunction with other thermal analy-
sis techniques by Golunski et al. [20] to study the oxides of antimony. For
orthorhombic Sb,0, (valentinite), in N,, the first thermal effect to be
observed by electrical conductivity was a change in slope at about 225°C,
which was not observed by any other technique used. This decrease was
observed to be the loss of chemisorbed OH groups; the mass-loss being too
small to be observed by TG. For cubic Sb,0, (senarmontite), in N,, changes
occurred in the electrical conductivity curve at a temperature well below
those observed by DTA or TG. The slope of the electrical conductivity curve
increased above 230°C and further changes were observed at 350°C and
530°C, respectively.

Due to the inherent problems of studying the thermal decomposition of
NH_VO, by TG and DTA, Trau [21] found that electrical conductivity could
be used to provide information relating to the changing concentration of
crystal lattice defects. The formation of these lattice defects is connected
with any formation process of a new solid phase. A decrease in the electrical
conductivity curve in the temperature range 20-50°C was ascribed to the
probable desorption of water vapor from the sample surface. Three maxima
were observed at 150, 190 and 230°C, respectively, which corresponded well
with the three stages of the thermal decomposition process of NH,VO,, as
determined by other thermal analysis techniques. These maxima can be
explained as a result of the decreasing number of lattice defects due to
diffusion and combination reactions. A curve peak at 290-370°C was related
to the recrystallization of V,0O; as well as to the possible oxidation of V,O,,
to V,0,. The above results show that this technique can be useful for
detecting and/or confirming the existence of intermediate products of the
thermal decomposition reaction.

This was also the case when Nandi et al. [22] used electrical conductivity
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and dielectric constant to study the deaquation reactions of single crystals of
NiSO,-6 H,O and NiSO,-7 H,0, as well as FeSO,-7 H,0 [23] and
CuSO, -5 H,0 [24]. The electrical conductivity curve of a NiSO,-6 H,O
crystal grown at 40°C contained four distinct peaks at temperature maxima
of 100, 142, 186 and 360°C. For NiSO, - 7 H,O crystals, melting and boiling
of the evolved water were also observed in the electrical conductivity curve.
One mole of water per mole of salt was evolved from the crystal and
dissolved part of the NiSQ,, creating Ni’* and SO? "~ ions in solution. These
ions caused an increase in conductivity which decreased as boiling began.
The number of charged particles, n, in the electrical conductivity curves of
these compounds could be determined experimentally by calculating the area
under the current vs. time curves and dividing by e, the charge on the
electron.

Sircar et al. [25] used electrical conductivity to study carbon filled polymer
compounds. Thermal transitions were observed by this technique that could
not be detected by any other thermal analysis technique and it could also be
used to predict the thermal stability of amorphous polymers. A modified
DuPont DSC cell was used for the electrical conductivity measurements.
Employing electrical conductivity techniques, Rajeshwar et al. [26] showed
that the Green River oil shales decompose by a two-step process in which
the rate determining step is (1) breakdown of an outershell polar bridge
structure (180-350°C) and (2) cleavage of an inner naphthenic structure also
involving polar groups (350-500°C). The observed trend in charge transfer
mechanisms in the decomposition behavior of thermally unstable materials
may be indicative of how thermal and electrical properties of all solid
materials in general are closely coupled.

The ac electrical conductivity of ammonium and alkali metal perchlorates
was studied by Rajeshwar et al. [27-29]. Plots of In(67T) vs. 1/T were made
for both heating and cooling cycles with results usually superimposable once
the samples were subjected to an annealing treatment. Activation energies
were obtained in the usual manner for the K, Cs and Rb salts. The electrical
conductivity of ammonium perchlorate is the subject of a major controversy
concerning the mechanism controlling charge transfer. One model is that of
proton transfer, the other is a defect model in which interstitial NH] ions
are believed to be the dominant charge carrying species. The results of the
above investigations are consistent with an extrinsic defect-controlled behav-
ior in the temperature range studied (ambient to 350°C). Identical charge
conduction mechanisms were present in all of the perchlorate salts studied.
Electrical conduction in the low temperature region is postulated to take
place via temperature activated jumps of interstitial cations ( E, = 0.55-0.78
eV). Anion vacancies, either free or bound to an impurity ion, contribute
appreciably to the conductivity at higher temperatures ( E, = 0.87-1.11 eV).

Khilla and Hanna [40] measured the electrical conductivity of CrO, from
20 to 182°C. The conductivity decreased with temperature, which may have
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been due to the presence of OH™ groups adsorbed on the compound. The
activation energy was calculated to be 4.32 eV, which may represent the
value for the gap width of CrO,.

DIELECTRIC CONSTANT

Chiu [30] has described a dielectric apparatus which was used in conjunc-
tion with the DuPont 900 thermal analyzer console. This apparatus was used
to study the thermal decomposition of selected polymers such as poly(ethyl-
eneterephthalate), poly(vinyl fluoride), poly(vinylidene fluoride), and others.
The dielectric constant curves of a group of fluorocarbon polymers are
shown in Fig. 3. As given in the figure, the more polar polymers such as
poly(vinylidine fluoride) (PVDF) and poly(vinyl fluoride) (PVF) show char-
acteristic dielectric loss peaks which are distinguishable from the relatively
featureless and low-loss curves of the other polymers. For PVF, the low
temperature process is due to a glass transition while the higher temperature
peak is due to a dc conduction mechanism.

Bristoti et al. [31,32] used dielectric constant measurements, as well as
other thermal analysis techniques, to study the thermal decomposition of
various inorganic compounds. The DTA and dielectric constant curves for
NaNO, both consist of a single peak. In the DTA curve, a narrow endother-
mic peak centered at 165°C was observed, due to an order—disorder crystal-
line transition. The dielectric constant curve showed a well defined Debye
relaxation behavior for this compound. This relaxation is generally accepted
to be due to a diffusion process of the nitrogen ions along the crystal b-axis.
It was found that the dielectric constant curve for the dehydration of
CuSO, -5 H,0O was similar to the TG curve rather than the DTA curve of
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Fig. 3. Dielectric constant curves of various polymers [30].
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this compound. The dielectric constant curve for this compound did not
show any significant Debye relaxation behavior and changed little during the
dehydration reactions.

The dielectric constant curve vs. temperature was also investigated for
K ,[Fe(CN),]-3 H,O by Bristoti et al. [32] in the temperature range from
— 80 to 150°C. Four peaks were observed in the curve from —80 to —-25°C,
due to the presence of the water of hydration. A single peak with a
maximum at 105°C was due to a para-electric order—disorder transition. It is
in this temperature region that the dehydration reaction

K, [Fe(CN),] - 3 H,O(s) = K, [Fe{CN)4], + 3 H,0(g)

takes place.

A novel automated technique for monitoring the frequency and tempera-
ture dependence of the ac electrical properties of materials, called Dynamic
Diclectric Analysis (DDA), was described by Rajeshwar et al. [33,34].
Extensive use was made of this apparatus to study the thermal properties of
KClO, [33], Green River oil shales [35,36] and oil sands [37]. The weak
dependence of ¢’ and ¢” on shale organic content at frequencies in the range
of 50 Hz to 1 MHz effectively rules out the application of dielectric
techniques as an assay tool [35]. The transparent behavior of oil shale
minerals to electromagnetic radiation in the microwave frequency could,
however, facilitate possible determination of organic content at these fre-
quencies. For oil sands [37], the ¢’ values showed an anomalous increase at
temperatures above 200°C and reached a maximum at temperatures in the
range 350-450°C. This increase is attributed to polarization effects arising
from the thermal decomposition of oil sand bitumen. The dielectric loss
tangent (tan 8) showed a temperature dependence similar in nature to that of
¢’. This increase in tan 8§ is due to the increased conductivity arising from the
creation of mobile charges from thermal fragmentation of the oil sand
bitumen. This anomalous increase is superimposed upon the usual exponen-
tial temperature dependence of the dc electrical conductivity. Dipolar relaxa-
tion effects were observed in tan § (or ¢”) at temperatures above 150°C.
These relaxation effects arise from orientation of dipolar charges created by
the thermal decomposition reaction.

The dielectric constant vs. temperature curves of trans-stilbene and N-ben-
zylideneaniline were determined by Kwatra et al. [38]. As shown by the curve
for the latter compound in Fig. 4, the steep curvature of the curve just before
melting is indicative of a pre-melting phenomenon involving a solid—solid
transition while the behavior in the supercooled region indicates the occur-
rence of a pre-freezing transition in the liquid state. Such a phenomenon is
not uncommon, particularly in molecules with a strong dipolar character,
with groups involving torsional oscillations or rotational movements.

The dielectric constant at 1 MHz showed an anomaly near the phase
transition point for K,S0, [39]. A gradual increase of the dielectric constant
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Fig. 4. Dielectric constant of N-benzylideneaniline. O, Heating; a, cooling [38).

at 1 kHz for this compound was observed from: 158 to 600°C; at 600°C, the
dielectric constant was 469. The temperature dependence of the dielectric
constant at 1 MHz above and below 587°C revealed a Curie law behavior.

MISCELLANEOUS ELECTRICAL TECHNIQUES

A current—voltage technique was developed by Rajeshwar [41] to study oil
shales. When an electric field is applied to a solid substance, the current
flowing through it is time-dependent. Two types of polarization mechanisms
have been used to explain this time-dependency, i.e. linear polarization and
non-linear polarization. A convenient method of distinguishing between
these is to examine the InJ_ vs. In V plots (where J_ is current density and V'
is the voltage). Linear polarization will result in curves with a slope of +1
whereas non-linear polarization will give linear In J_ vs. In V plots of slope
> 1. The oil shales reveal a complex behavior involving both linear and
non-linear polarization effects.

A typical current density vs. voltage curve for a Colorado oil shale is given
in Fig. 5. An increase in temperature enhanced the non-linearity in the curve
while an increase in the shale organic content (or oil yield) tended to
enhance the non-linearity of the current-voltage behavior. This was mani-
fested by the shift in the threshold voltage to lower values with increasing oil
yield at a given temperature.
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A new simultaneous thermal analysis technique was reported by Weber
and Vogel [42], which consisted of DSC or DTA combined with thermally
stimulated discharge (TSD). For copolymers of methyl methacrylate, the
molecular origin of the TSD-current at the low temperature side of the T,
was related to the disorientation of small polar segments of the comonorner
in the main chain of the polymer. The TSD-current of the a,-relaxation
(T ~ 80°C) increased with increasing comonomer content. The TSD;-peak at
T>T, could be attributed to trapped space charges which regain their
freedom of motion. This simultaneous technique is recommended for the
investigation of the relationship between the dipolarization of dipoles, carrier
transport, trapping of real charges and thermal transitions of polymers.

Pillai et al. [43] studied the current vs. temperature curves that were
obtained when certain polymers, in contact with two dissimilar metal elec-
trodes, were heated to moderate temperatures. The magnitude of this current
was proportional to the metal electrode work function, the liberated ions
that reacted with the metal electrodes electrochemically, and the resistance of
the cell. A plot of current vs. temperature for cellulose, using Cu-Al
electrodes, contained only a single peak in the 50-130°C temperature range.
This peak was attributed to the water which was desorbed during the
thermal degradation reaction. A second increase in the current above 150°C
was attributed to water dehydrated from equatorial hydroxy groups in the
cellulosic units. Similar current—temperature curves were obtained on
poly(vinyl alcohol) and NiSQ, - 6 H,O.

Wendlandt [44] has developed a similar technique but plotted the EMF
generated by the reaction with the dissimilar electrodes vs. temperature.
Since this was potentially a new general thermal analysis technique, he
proposed the name thermovoltaic detection (TVD) for it. The technique was
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applied to polymers, organic and inorganic materials, coal, clays and so on
[45] and amino acids [46] by Wendlandt and co-workers.

MacKenzie [47,48] has developed a method for the TG study of solids in
the presence of applied electrical fields. Electric fields of the order of ~ 10°
V m~! lower the initial decomposition temperature for the dehydroxyiation
of kaolinite by 60°C in some cases. The activation energy for the process is
reduced by 3-12 kcal mol~'. Rate constants for the material are increased
by electrolysis but this effect falls off at higher temperature as the normal
processes begin to predominate.
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