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Abstract

Temperature modulation has long been used in various aspects of thermal methods. Historically, the
principle areas of application have been the determination of kinetic parameters using variants of the
temperature jump method and the measurement of heat capacity by AC calorimetry. More recently
the introduction of temperature modulation in a variety of techniques has been used in combination
with deconvolution algorithms to separate sample responses that are dependent on rate of change of
temperature from those principally dependent on temperature. Finally, temperature modulation is
important in the new field of micro-thermal analysis.
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Introduction

The first question that must be addressed is what does modulation mean in the context
of temperature programming. Here we will use the definition that it means the peri-
odic perturbation of an underlying temperature program. The perturbation might be a
square wave, a sine wave or some more complex wave function, but it must repeat a
number of times during the course of the transition being studied. Modulations of this
kind have been in use for some time in the study of kinetics and this is the first cate-
gory of applications that will be considered here. AC calorimetry is based on measur-
ing the amplitude of temperature variations caused by periodic heating of a sample ei-
ther by exposure to light or electrical heating. This technique has been in use for over
two decades and is the subject of the second category of applications. The third cate-
gory deals with a collection of techniques where a response is elicited from a sample
by using (usually) a rising temperature programme combined with a modulation. The
data from the sample response is then analysed using a deconvolution algorithm de-
signed to separate out that part of the response that is a direct function of heating rate
from any other response that is occurring (and will usually be a direct function of
temperature). The most widely used technique of this type is modulated temperature
differential scanning calorimetry (MTDSC) where the heat capacity component,
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which scales directly with heating rate, can be separated from other processes that are
occurring. The final category will consider the uses of temperature modulation in the
new field of micro-thermal analysis.

Kinetic studies

The temperature jump method was used in classical kinetic studies [2] before being
applied in what we would recognise today as ‘thermal analysis’ [8]. In its simplest
form the temperature is suddenly increased and the reaction rate immediately before
and immediately after are measured. The analysis is based on the Arrhenius equation
viz:

do/d=fla)4e *RT (1)

where O — the ‘extent’ of the reaction, 7 — time, f{0) — some function of extent of reac-
tion, 4 — the pre-exponential constant, £ — the activation energy, R — the gas constant,
T — absolute temperature.

In Fig. 1 the temperature jump experiment is illustrated. Using the quantities de-
fined in that figure, assuming negligible change in o over the interval of the jump and
given

dM/dt O da/dt 2)
where M — mass manipulation yields;
E=RIn[(dM/dt))(AM/dt)1(T-T))/ T\ T, 3)

These jumps can be imposed in a continuous cycle thus enabling many values of
E to be determined over the course of the reaction.

An alternative to the temperature jump method is the rate jump [6]. This is illus-
trated in Fig. 2. It relies on a control system that regulates the rate of mass loss rather
than programming the temperature as a function of time. The rate of mass loss is cy-
cled between a high and a low rate until the reaction is complete. Details of the tech-
niques used to achieve this type of regulation can be found in [1, 4, 5, 13, 16, 19, 20,
39]. Although the controlled parameter is rate of mass loss, as this jumps from one
value to another, a temperature jump is also achieved in each case. The method of cal-
culation of the activation energy is exactly the same as for the temperature jump ex-
periment and successive cycles again mean that values for the activation energy can
be calculated as a function of extent of reaction [12]. The advantages of using the rate
jump method compared to the temperature jump approach and have been discussed in
a recent review [40]. Notwithstanding this, both methods are essentially an applica-
tion of the same principle.

More recently a sinusoidal modulation has been used [33]. The amplitude of the
modulations in temperature and dM/d¢ are determined using a Fourier transform and
the activation energy is calculated as follows:

E=(<T*>+U"In((<dM/de>—V)/(<dM/de>+V))2U 4)
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Fig. 1 The temperature jump experiment used with thermogravimetry

where <> designated the average over one or more cycles of the modulation, U — half
the amplitude of the temperature modulation, /' — half the amplitude of the dM/d¢
modulation.

Again values for the activation energy can be calculated as a function of extent
of reaction.

All three methods are variations on the same theme and can be used to determine
reliable values for activation energies provided they are used with care. In this con-
text the problems discussed by Reading et al. [14]. With regard to the influence of
product gas pressure influencing apparent activation energy should be noted. The
worst combination of circumstances is low temperature and high product gas pres-
sure and this may occur in these experiments because the high product gas pressure
associated with the fast reaction rate may still be present during the slower rate when
the temperature is stepped down. This might lead to erroneous results. If this problem
can be avoided then temperature modulation is a valuable tool for determining activa-
tion energies especially in complex systems.

AC calorimetry

AC calorimetry has been used since 1962 [3]. A useful review of AC calorimetry has
been provided by Hata [9]. In this technique one side of a sample is heated by either
incident light or by an electric heater while temperature changes are measured on the
other side. Sawtooth or sinusoidal modulations are used and the amplitudes of the
temperature changes are measured using a lock-in amplifier. With appropriate cali-
bration, these can then be related to heat capacity. A phase signal can generally also
be measured in this type of experiment which then leads to the possibility of calculat-
ing a complex heat capacity with an in phase (real) and out of phase (imaginary) com-
ponent.

This type of experiment is useful for measuring changes in heat capacity as a
function of temperature. It has found applications for measuring with high precision
transitions such as three dimension magnetic phase transitions, two-dimensional
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Fig. 2 The rate jump method used with thermogravimetry

antiferromagnetic phase transition or gel to liquid transitions in liposomes. However,
this type of measurement is insensitive to the heat flows that arise as a consequence of
chemical reactions, crystallization events, loss of volatile material etc. and can usu-
ally not be used to measure quantitatively latent heats for first order transitions

A differential AC calorimeter has been constructed [10]. In principle a differen-
tial configuration might enable both the heat capacity and heat flows for chemical re-
actions etc. to be measured simultaneously. However, the design and use of the calo-
rimeter described by Dixon ef al. did not achieve this. It functioned simply as an AC
calorimeter and provided only heat capacity as a function of temperature.

A power compensation DSC has been used with a modulated isothermal temper-
ature program to measure a complex heat capacity [7] (in fact it was only ever used to
make one measurement). In normal use a DSC, of course, has the potential to mea-
sure heat flows associated with chemical reactions and similar processes. However,
the demodulation system coupled to the DSC in this experiment measured only the
amplitude and phase of the response to the temperature modulation and, therefore,
only determined complex heat capacity. Consequently this device must also be classi-
fied as an AC calorimeter.

Modulated temperature programs used with deconvolution procedures

Reading used a modulated rising temperature program with a DSC and collected the
complete heat flow signal which comprises the modulated component plus a quantita-
tive measure of all processes that gave rise to a heat flow into or out of the sample
during the experiment. This was combined with a deconvolution process designed to
exploit the modulation to separate different types of contribution to the total heat flow
[17,18,21,23-25,28-32, 35, 36, 38] by separating the response of the sample into a
response to the underlying temperature ramp and its response to the modulation.

During a conventional scanning calorimetry experiment, when a chemical reac-
tion starts, there are two contributions to the heat flow: a heat flow contribution from
the heat capacity that depends on heating rate=C d7/dt; a heat flow contribution from
the chemical reaction that depends on temperature=Pfia)4e ™", where P — a con-
stant of proportionality between reaction rate and heat flow.
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Thus for a conventional DSC experiment we can write:
dQ/de=C,dT/dr+Pfia)de F*T (5)

Adding a temperature modulation:
T=Ty+Pt=Bsin(wx)

where 7, — initial temperature, [3 — underlying heating rate, B — amplitude of the tempera-
ture modulation, w — the angular frequency of the modulation, d7/d=p+Bwcos(wx).
Introducing the modulation to Eq. 5:

dQ/dt=CpB+<Pf(0()Ae"E/ RT> .. the average or underlying response (6a)
+CpBweos(wr)+Csin(wx)... the response to the modulation (6b)

where C — the amplitude of modulation of the heat flow due to the chemical reaction
caused by the temperature modulation

Under most circumstances, when applied to polymer transitions, C is small
enough to be neglected thus the response to the modulation is dominated by the heat
capacity of the sample. This then provides a simple route to separating out the two
different contributions as follows:

<dQ/de>=C,B+<Pfla)de "> (7)

where <dQ/dr> can be calculated simply by averaging the modulated heat flow over
one or more periods (as this suppresses the modulation). This provides the signal a
conventional (unmodulated) DSC experiment would have provided.
A Fourier transform is used to determine: 4, — the amplitude of the modulation
of the heat flow; 4, — the amplitude of the modulation to the heating rate
Assuming C=0

Aur/Anr=C, ®)
Thus C, can be determined from the modulation. From this:
<dQ/de>—BC,=<Pfla)de **"> 9)
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Fig. 3 MTDSC result for an epoxy cure showing the glass transition occurring under-
neath the cure exotherm
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Thus we are able to separate out the two different types of contribution to the heat
flow, the heat capacity contribution, =BC,, usually called the reversing signal, and the
chemical reaction, =Pf{a)4e “*", usually called the non-reversing signal. This is illus-
trated in Fig. 3 which shows how a glass transition (a change in heat capacity) can be sep-
arated from a cure exotherm.

It is not necessary to assume, as we have above, that C=0 and the measured phase
lag between d77/d¢ and dQ/dt can be used to calculate this quantity and provide a more ac-
curate estimate of C,. In this, and other respects, the above is a simplified explanation of
this technique which provides many advantages over conventional DSC. The reader is
invited to read the literature for a more detailed account [15, 18, 28, 31, 32, 36, 38].

A procedure exactly analogous to that described above has also been applied to
thermomechncial measurements to separate coefficient of thermal expansion, which
also follows d77/dz, from irreversible processes like shrinkage or creep [37]. A tem-
perature modulation has been used to separate pyroelectric effects, which are propor-
tional to d77/dt, from other dielectric effects [11]. This technique focused on the am-
plitude and phase of the modulation, rather than, as described above, separating the
underlying signal from the response to the modulation as its starting point. Neverthe-
less, it can be seen that the basic concept of using modulation to separate different
types of response has wide applications.

Temperature modulation in micro-thermal analysis

Micro-thermal analysis is a new technique in which the passive probe in an atomic
force microscope (AFM) is replaced by a small resistive heater at the tip [22, 26, 27,
34, 40, 42—-45]. This resistance can serve not only to heat the tip but also to measure
temperature. Local thermal analysis is possible by placing the tip on a selected area
and ramping the temperature using a modulated temperature program. By using a ref-
erence probe a form of power compensation differential calorimetry is possible. This
then provides the micro equivalent of an MTDSC experiment. Imaging is also possi-
ble using temperature modulation. The tip is rastered over the surface while a con-
stant amplitude sinusoidal temperature modulation is maintained and the electric
power required to do this is measured. This provides an image which, amongst other
variables, is based on thermal diffusivity. The depth penetrated by the thermal wave
is determined by the frequency of the modulation, thus it is possible to ‘look’ into the
sample to different depths. The possibility exists of combining images at different
frequencies to form a tomographic three-dimensional image of its structure.
Another consequence of modulating the temperature of the tip is that local ex-
pansion occurs. As the height of the tip is monitored by a light lever, this expansion
can be detected and an image based on thermal expansion can be constructed [45].

Overview

In the past, and increasingly in the future, modulating temperature programs can pro-
vide very valuable additional information. All techniques can benefit from this but
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only measurements made on small samples can follow the temperature modulation
thus the future for modulated temperature experiments lies with small samples. This
is one more reason why the emergence of micro-thermal measurements is important.
The future of modulated temperature thermal methods looks challenging but interest-
ing and full of potential.
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