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Abstract

Thermogravimetry is a useful, convenient method for the study of polymer degradation. Several approaches have been
developed for the extraction of kinetic parameters from thermogravimetric data. Various variable temperature techniques permit
a rapid, almost effortless, estimation of the activation energy of any well-defined process. However, the values generated are
subject to greater uncertainty than those obtained using an isothermal method in which rate constants at several temperatures are
determined and used to construct a temperature dependence plot from which the activation energy may be extracted. Although
the isothermal method is the more time-consuming it provides more reliable results than can be obtained using dynamic

methods. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Under appropriately forcing conditions many poly-
meric materials undergo thermal decomposition [1].
In some cases this may occur by a single, well-under-
stood process. The unzipping, by reformation of
monomer, of poly(methyl methacrylate) or the degra-
dative dehydrochlorination of vinylidene chloride
copolymers provide examples of this kind of decom-
position. However, most polymers undergo decom-
position by processes that are much more complex and
may involve several degradation processes occurring
simultaneously. Polymer degradation is often studied
by thermogravimetry (TG/TGA) or TG coupled with
some method for determining the structure/identity of
evolved gaseous products [2]. Popular methods
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include TG/mass spectrometry (TG/MS), TG/gas
chromatography/MS (TG/GC/MS), and TG/Fourier
transform infrared spectroscopy (TG/FTIR). While
these are powerful techniques and often are capable
of providing considerable insight they are seldom
sufficient to permit complete characterization of the
degradation processes occurring as the polymer
decomposes. Such understanding is sought to permit
the projection of more suitable production/processing
conditions, predictions of structural modifications
which may extend use range, predictions of suitable
flame retardant methodology, meaningful estimations
of expected lifetime under a variety of conditions, etc.

Kinetic parameters obtained from thermogravi-
metric measurements are often used for lifetime pro-
jections. These may include rate constants at several
temperatures. More commonly they include an esti-
mation of the enthalpy of activation, AH* or even more
commonly the Arrhenius activation energy, E,. These
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may have some sound basis when a single, well-
defined process is being characterized. However,
values for such parameters are often generated and
reported for complex decompositions involving sev-
eral degradation reactions each of which occurs with a
unique activation enthalpy. Such values may have
some limited utility in lifetime prediction but, in the
main, are of little value. Most reliably, the enthalpy of
activation for any single process may be obtained from
the slope of a plot of In(k/T) versus 1/T, where k is the
rate constant at a particular Kelvin temperature, 7.
The slope of this plot is —AH*/R, where R is the gas
constant, 1.9872 cal/mol° or equivalent. This proce-
dure requires that rate constants be obtained at several
temperatures. Because this is tedious and time-con-
suming, a number of variable temperature techniques
for determining activation energies have been devel-
oped [3-13]. While these methods afford convenience
and speed in generating activation values, the relia-
bility and utility of the values obtained are often less
than satisfactory.

2. Results and discussion

Many solid phase reactions including polymer degra-
dation occur with the formation of volatile fragments.
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As a consequence TG represents a convenient and
popular method for studying these processes [2]. A
limitation, of course, is that the sample mass-loss
profile must adequately reflect degradation by a
unique, well-understood process. When this is not
the case, it is impossible to obtain values for kinetic
parameters which have any fundamental meaning.

Because of their importance in the barrier plastic
packaging industry the degradation of vinylidene
chloride polymers has been extensively studied [14—
17]. The commercial prominence of these polymers is
a consequence of low permeability of oxygen and
flavor/aroma constituents such that food quality is
maintained in packaging prepared from these materi-
als [18-20]. These polymers are generally free of the
defect sites characteristic of similar vinyl polymers,
i.e. they are regular head-to-tail, unbranched and
highly crystalline polymers [21]. However, when sub-
jected to thermal stress, these polymers undergo
degradative dehydrochlorination. This thermal dehy-
drochlorination is a typical radical chain process with
distinct initiation, propagation and termination phases
[2,21].

Initiation of degradation is promoted by the pre-
sence of any of a variety of agents capable of introdu-
cing random double bonds into the polymer mainchain
[21]. Unsaturation in these polymers appears to be a
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Scheme 1. Mode of degradation of vinylidene chloride polymers.
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Fig. 1. Hydrogen chloride evolution for the thermal degradation of a typical vinylidene chloride polymer.

principal defect structure (allylic dichloromethylene
units) responsible for degradation [21,22]. Thermal
homolysis of an allylic carbon—chlorine bond gener-
ates a tight carbon chlorine radical pair. The chlorine

atom most generally abstracts an adjacent hydrogen
atom to extend the unsaturation by one unit, to regen-
erate an allylic dichloromethylene group, and to propa-
gate the dehydrochlorination reaction. This is outlined
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Fig. 2. Thermogram for the degradation of a typical vinylidene chloride polymer.
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Fig. 3. Degradation of a typical vinylidene chloride polymer at 180 °C.

in Scheme 1. The consequence of sequential dehydro-
chlorination is the formation of conjugated polyene
sequences of sufficient size to absorb in the visible
portion of the electromagnetic spectrum. This leads to
the development of color which may be aesthetically
unpleasing in an item of packaging. For this reason
degradation during processing must be controlled.
Effective stabilization strategies depend on a detailed
understanding of the degradation mechanism.

A profile for the evolution of hydrogen chloride
accompanying the degradation of a typical vinylidene
chloride polymer is displayed in Fig. 1. This reaction
is ideally suited for study by TG since the only process
occurring at modest temperatures (120-200 °C) is the
loss of hydrogen chloride, i.e. no other volatile pro-
ducts are formed at these temperatures [2]. Therefore,
the rate of change of sample mass accurately reflects
the rate of degradation. A thermogram for degradation
of a typical vinylidene chloride polymer as a function
of temperature is shown in Fig. 2. As can be seen
degradation becomes prominent as the temperature

approaches 200 °C and occurs smoothly to reflect
the loss of hydrogen chloride from each vinylidene
chloride mer unit in the polymer. The thermogram
for isothermal degradation of the same polymer at
180 °C is displayed in Fig. 3. Both the initiation and
propagation phases of the degradation are apparent in
this plot. These regions are even more obvious in a plot
of In((wao — wo)/(Wee — Wy)) versus time, where w,,
is the weight of the sample at infinite time (7..) taken
as that weight that remains after 37.62% of the initial
vinylidene chloride component weight (corresponding
to the complete loss of 1 mol of hydrogen chloride per
vinylidene chloride unit in the polymer) has been lost;
wo the weight at time zero (#y), i.e. the time at which
the first data point was recorded and w; is the weight at
any time ¢, during the run. This is illustrated in Fig. 4.
Rate constants for both initiation (k;) and propagation
(kp) may be obtained from the appropriate linear
portions of this plot. This is illustrated in Figs. 5
and 6 in which portions of the data presented in
Fig. 4 are replotted. It might be noted that an excellent
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Fig. 4. Thermal degradation of a typical vinylene chloride polymer at 180 °C.
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Fig. 5.

Initiation rate constant (k;) for the thermal degradation of typical vinylidene chloride polymer at 180 °C.
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Fig. 6. Propagation rate constant (k;,) for the thermal degradation of a typical vinylidene chloride polymer at 180 °C.

least squares fit is obtained in both cases. In practice,
data for multiple runs are plotted and the average
reported as the rate constant [2,14-16,21,22]. This
permits a ready assessment of the uncertainty in the
value for the rate constant. Reproducibility is typically
excellent. Determination of rate constants at several
temperatures (e.g. 170, 180, 190 and 200 °C) provides
the data needed for the construction of a plot of In(k/T)
versus 1/T (where k is the rate constant and 7 is the
corresponding Kelvin temperature) and the extraction
of the enthalpy of activation (AHY [16]. Values for an
activation energy may also be obtained by a variety of
variable temperature techniques [13]. For this parti-
cular reaction which is well-defined, uncomplicated
by competing processes and for which reaction vari-
ables can be carefully controlled, the variable tem-
perature approaches yield good approximations
of the value obtained as described above. However,
even for this very well-defined process the values
obtained using the variable temperature procedures
are never as reflective of the true activation energy
as those obtained from isothermal determinations
of rate constants at several temperatures. These
observations have recently been directly confirmed
[23]. The stability of a vinylidene chloride copolymer
used for coating poly(propylene) was assessed using
both dynamic and isothermal thermogravimetric
techniques.

In particular, activation energy values for propaga-
tion of the degradation reaction obtained from the two

approaches were compared. Using the isothermal
method rate constants (k,) were obtained at 190,
200, 210 and 220 °C and used to construct the corre-
sponding temperature dependence plot from which
an activation energy of 28.2 kcal/mol was extracted.
Variable temperature techniques provided an average
value for the activation energy of approximately
29.6 kcal/mol. The value obtained using variable tem-
perature methods was 1.5 kcal/mol larger than that
obtained using the isothermal method and contained
much larger uncertainty. It was concluded that, ‘““the
isothermal method resulted in data plots showing
significantly less scatter than those produced from
dynamic data and although it is the more time-con-
suming technique it represents the more reliable
approach”.

3. Conclusions

The degradation of vinylidene chloride polymers
represents an ideal reaction for study using thermo-
gravimetric techniques. Degradation corresponds to
a single, well-defined process—the elimination of
hydrogen chloride—such that mass loss as a function
of time provides a direct reflection of the rate of
degradation. Because this process is so well-behaved,
it provides a good vehicle for an evaluation of the
relative merits of various approaches to the extraction
of kinetic parameters from thermogravimetric data.
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It has been demonstrated that the isothermal method
which involves the determination of rate constants at
several temperatures and the construction of a plot of
In(k/T) versus 1/T for the extraction of the activa-
tion energy is clearly superior to any of several vari-
able temperature approaches for obtaining the same
quantity.
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