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Abstract

A new evaluation method for modulated temperature-DSC measurements based on linear
response theory is presented. This yields a complex heat capacity with a real part (storage heat
capacity) and an imaginary part (loss heat capacity). This approach makes irreversible (time
dependent) thermal events amenable to quantitative and theoretically founded discussion.

This is shown by theoretical analysis and demonstrated experimentally using the glass
transition as an example.
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List of symbols

A pre-exponential factor of the Arrhenius law

ar slope of the function f

B activation constant of the Arrhenius law

b, temperature-independent part of the function f

C(2) time-dependent heat capacity

C complex heat capacity (Fourier transformational C(t))
|C| modulus of C

o storage heat capacity (real part of C)

c” loss heat capacity (imaginary part of C)

Cc* conjugate complex heat capacity

C, (static) heat capacity of the sample (at constant pressure)
Cy time-dependent heat capacity measured at the scanning rate 3,
C, heat capacity at high frequencies (w — c0)
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time-dependent function, which describes the kinetic component of the
measured signal

time-dependent function, which describes the thermodynamic compo-
nent of the measured signal

enthalpy

imaginary unit

sample mass

heat

specific heat of reaction

g at constant pressure and temperature

temperature

temperature amplitude

starting temperature

time

period of sinusoidal signal

Greek symbols
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linear part of the heat flow of reaction

temperature change

scanning rate

rate of reaction

v at constant pressure and temperature

relaxation time

heat flow rate

amplitude of sinusoidal heat flow rate

deconvoluted heat flow rate; underlying heat flow rate
“non-reversing” component of heat flow rate

reaction heat flow rate

“reversing” component of heat flow rate

phase shift between heat flow and temperature
auto-correlation function; retardation function

cyclic frequency

cyclic frequency of the measurement

cyclic frequency of the measured thermal glass transition at the cooling
rate 8,

1. Introduction

In handbooks of calorimetry, calorimeters are classified according to their mode of
operation. Isothermal, isoperibol, adiabatic and several scanning calorimeters are
distinguished [1]. Along with these “classical” methods of calorimetry, so-called AC
calorimetry has been used since the sixties [2]. In this method, the reaction of the
sample to a sinusoidal temperature change is measured. Along with measurements at
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a constant average temperature the periodic temperature change can also be super-
imposed on a slower linear temperature scan [3]. There are devices described in the
literature which function as differential AC-calorimeters [4].

AC-calorimeters are often successfully used in the low temperature range (up to
room temperature) [ 5]. Twin calorimeters are very seldom described.

In an AC-calorimeter the reaction of the sample to a dynamic signal is recorded. In
addition to measuring heat capacity [6] and phase transformation [7], relaxation
processes have been investigated [8,9, 10].

Application of the principle of sinusoidal temperature change in a conventional DSC
was commercialized some time ago as “Modulated DSC” [11] or “Oscillating DSC”
[12]. In these calorimeters, a sinusoidal temperature change is superimposed on the
linear scanning program. We suggest calling this measuring method “Modulated
Temperature-DSC” (MT-DSC).

With the construction of such calorimeters, the application of this measuring
principle for many different materials within a wide temperature range is possible. As
aresult one can get more information (especially from time-dependent thermal events)
than by conventional DSC. However, a problem exists with the current commercial
MT-DSC in the evaluation and interpretation of the measured curves.

Typically, the temperature difference A T between sample and reference is measured.
Using a calibration algorithm, the heat flow into the sample ®(t) is calculated from A T.
The calibration procedure is not easy and will be presented elsewhere [13]. If the
calibration of the calorimeter is made, ®(t) is assumed to be the true heat flow rate into
the sample. This measured (oscillating) heat flow is separated into two parts, the
“deconvoluted” heat flow @,  and the “reversing component” @ .. The difference
between these two is the so-called “non-reversing component” ®___; @, should thus
correspond to the conventional DSC signal; and @, contains information from
processes which are able to follow the alternating heating and cooling. Other processes
are reflected in ®__ [11].

As a result of our analysis, another method for evaluating MT-DSC measurements
will be suggested and discussed using glass transition as an example.

2. Theoretical fundamentals
2.1. Description of time-dependent linear phenomena

2.1.1. Linear response and heat flow

If a physical system is in equilibrium, then it can be described by time-independent
potential functions. Material properties are then described by time-indepen-
dent parameters (such as dielectric constant, compressibility modulus, and heat
capacity). In this case the conventional DSC measurement curves may be described
by equilibrium thermodynamics excluding the effects of smearing due to thermal
conduction.

However, many thermal events are linked to time-dependent entropy changes, e.g
crystallization and melting of polymers, chemical reactions, biological processes, glass
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transition, etc. In conventional DSC a dependence of the measurement curves on the
scanning rate may be observed in these cases.

If a thermal event is time dependent, then we can describe this phenomenon with
a time-dependent heat capacity C(t). C(w) can be obtained from Fourier transforma-
tion of C(r).

If the disturbances of the system during the measurement are sufficiently small-scale,
and the system is close to a local equilibrium, description by means of the linear
response theory is possible [14]. This is the simplest theory with which to describe
time-dependent phenomena. The glass transition process is a typical example of such
a phenomenon [15].

If we change an intensive variable of a system, e.g. the temperature, and we measure
an extensive variable, e.g. the enthalpy H, the relevant material property of the sample
is described by the auto-correlation or retardation function (), which characterizes
molecular fluctuations. The connection of these quantities is given by the convolution
product

t
JH(t)= Yt—t)oT()ydr (N
This approach to describing time-dependent processes is well known from mechanical
and dielectric relaxation investigations [16,17] and has been used in AC calorimetry
evaluation as well [18].
From Eq. (1), the definition of a frequency-dependent complex heat capacity follows

[19]
Clw)= J ) Yt e de 2
(4]

with
Cw)=Cw)+iC"(w) 3)
where i is the imaginary unit.
In the following calculations we use the Fourier transformation method to solve the

convolution product. For practical reasons, it is advantageous to introduce the
conjugated complex heat capacity as the Fourier transformed -function

C*(w):‘(wlj/(t)e""‘"dt 4)
0

with
C*(w) = C'(w) —iC"(w) (%)

This definition of C shows the connection of the heat capacity with time-dependent
molecular movements. The real part of the heat capacity C’ describes molecular
motions, and corresponds to C, in the case of equilibrium. The imaginary part C” is
linked to dissipation (entropy production [20]). As can be seen, the retardation
function /(t) corresponds to the time-dependent heat capacity C(t).
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In DSC measurements, the heat flow rate

_(d9\ _dH
°=(&r), -5 X

is the measured quantity.
By inserting Eq. (6)into Eq. (1), one obtains the following for the measurement signal

o) = j Wt — 1) B(e)de (7
0
with
dT
p=; ®)

In the case of a time-independent thermal event, we get from Egs. (8) and (4)
O(1)=C, (1) 9
This equation is well known in classical DSC.
2.1.2. The case of quasi-isothermal conditions
Quasi-isothermal conditions mean that the temperature is altered in a sinusoidal

fashion with a frequency w, and a sufficiently small amplitude T, about a constant
temperature T,

T(t)= Ty + T,sin(wyt) (10)
For the temperature change f, it follows that

B(t) = wy T, cos(wgyt) (11)
Insertion of Eq. (11) into Eq. (7) yields

®(t)=w0Taftw(t—t’)cos(wot’)dt’ (12)
0
After Fourier transformation and insertion of Eq. (4), we obtain from Eq. (12)

O(t) = 0o T, [C'(wg) cos(myt) + C"(wg) sin(wgt) ] (13)
or

D(1) = o T, | Clwg)| cos(wy t — @) (14)
with

ICl=./C?+C" (15)
and

C'=|C|cos ¢ (16a)
C"=|C|sin¢g (16b)
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If we define @, as the heat flow amplitude of Eq. (14), one obtains the modulus of the
complex heat capacity

q)a (wO )

C =
|C(wy)l T, @,

(17
From this value, and the phase shift ¢ between the heat flow signal and the temperature
change, the real and imaginary parts of the heat capacity can be calculated. In general
the two components are dependent on the measurement frequency w,,.

Without any thermal event, the static heat capacity C, may be determined with the
aid of Eq. (17). This method is discussed in Refs. [21,22].

2.1.3. The case of an underlying linear scan
If a sinusoidal change is superimposed on a DSC scan at constant heating rate f,, the
following is valid

T(@)=Ty + Byt + T,sin(w,t) (18)
B(t) = Bo + @, T, cos(wyt) (19)

According to Eq.(7), the measured heat flow is composed of the superposition of
a non-oscillating component on an oscillating one. To determine the phase shift ¢ and
the amplitude @, with sufficient accuracy, it is necessary to regard the non-oscillating
component as constant during at least one period of the oscillating component. For this
reason, thermal events that evolve sufficiently slowly and a low scanning rate are
required.

In other words, §, is sufficiently small if

—« 1K (20)

Under this condition, one obtains by insertion of Eq. (19) into Eq. (7)
O(T(t)) = Cy(T)Bo + o T,IC(T, wy)|cos(wot — ) (21)

In the case of time-dependent phenomena, C, corresponds to the apparent heat
capacity which, in a conventional DSC measurement, is determined at a heating rate
Bo(Cy is different from the thermal event static heat capacity C, at equilibrium). For
a glass transition, the conventional heating rate §, can be associated with a certain
average frequency w;. Such an effect is observed in the dependence of the glass
transition temperature T, on the cooling rate [23]. Thus, the following is valid

Cp(T) ~ | C(T, wy)| (22)
The scanning rate for the case considered here is sufficiently small if
Wy KW, (23)

Until now it was assumed that the system is in equilibrium. If Eq. (23) is valid, then
this condition is fulfilled, at least approximately.

If a pure relaxation process is investigated, we obtain all of the information (the
complex heat capacity) from the oscillating component of the heat flow.
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In other words, if the experiment is done at a sufficient small underlying scanning
rate and an equally small temperature amplitude, then the measured curve is a super-
position of two independent signals, an underlying heat flow @, (like the conventional
DSC signal) and an oscillating heat flow. If the amplitude and phase shift of the
oscillating component of heat flow are measured, then the complex heat capacity can be
calculated. In the case of time-dependent processes, the heat capacity from the
underlying signal C,; and that from the oscillating signal | C(w, )| are indeed different.
Only in the case of measurements without any thermal event are C; and |C(w,)|
identical.

Another evaluation method is publised by Reading and coworkers [11,24-26]. In
this method the oscillating heat flow is separated into a “reversing” and “non-
reversing” component. A comparison of this evaluation method with Eq. (21) shows
that the “reversing” component is connected to the modulus of the heat capacity
|C(wo)|. The “non-reversing” component results from the difference between C; and
|C(wy)|. This component is determined by subtracting two curves which were
obtained under dissimilar measurement conditions. From the physical point of view
the “non-reversing” component does not contain any additional information. A de-
tailed discussion of the differences in the two evaluation methods will be given in Ref.
[27].

In the case of phase transitions, the circumstances are quite different and other
conditions have to be considered.

2.2. The effect of a time-dependent reaction on the heat flow

A detailed discussion of the evaluation of MT-DSC measurements in the presence of
time-dependent reactions will be carried out in the second part of this series of articles
[28]. However, we regard it necessary to give a brief preview here to show the
fundamental consistency of the evaluation methods.

If a time-dependent reaction takes place under isothermal conditions, then on
neglecting the entropy variation, the following is valid

d
D(t) = (d—?> = —(mq, 1)v, r(t) (24)
p.T

where (mq,, ;) is the heat of reaction and v,  is the rate of reaction [29]. As g, r and
v, r are functions of temperature, it is not correct to use Eq.(24) to evaluate data
collected in a scanning mode.

Using the linear approximation and observing the superposition principle, we obtain
instead for the corresponding part of the heat flow with temperature change

t

‘D(T(t))=‘1’r=ro(t)—f %t — ') B¢y dt’ (25)

V]

with a, being the derivative of Eq. (24)

@+mqw (26)

tolt) = mv(0) 55+ mg
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If the measurement starts at a sufficiently low temperature, the first term of the
summation in Eq.(25) may be left out.

Comparison of Egs. (7) and (25) shows that the basic approach to evaluate MT-DSC
measurements is identical in both cases. However, there are differences in the interpre-
tation.

If the sample is sufficiently far removed from its actual equilibrium, the linear
approximation is not valid anymore. It is then possible that no information from the
reaction is contained in ®(t). However, such reactions may be detected in the conven-
tional DSC signal (or the underlying heat flow @,,).

3. Experimental

We will demonstrate the results of this evaluation method experimentally. The
principle of MT-DSC measurements is that a sinusoidal temperature change is
superimposed on the normal temperature program. The temperature difference be-
tween a furnace with a sample and one with a reference is evaluated. This signal is
proportional to the heat flow which is required so that the sample temperature tracks
the desired temperature [30]. The proportionality factor (in other words, the calibra-
tion function K) is dependent on the actual conditions of the heat transfer [31].

Relative to the evaluation method, which is based on the linear response theory, the
measured heat flow is divided into three components. First, a separation is made
between the non-oscillating and oscillating components by calculation of a sliding
average over a period (Eq. (21)). After that, by means of Fourier analysis, the amplitude
of the cosine and sine components are determined from the oscillating part of the heat
flow (Eq. (13)). From these values, C;, C" and C” can then be calculated.

The main problem in a quantitative determination of these parameters is the
calibration. The amplitude and phase shift, and consequently the corresponding
calibration functions, are determined from the specific thermal conduction conditions
in the calorimeter. The calibration functions are dependent on the frequency, the
amplitude of the temperature modulation and also on the heat transfer conditions
in the sample and calorimeter . Before the measurements were carried out, we worked
on the calibration problem. The results, however, will be presented in another
paper [13].

All measurements were carried out on a modified Perkin-Elmer DSC 7. In this
special calorimeter the program temperature is modulated with a sinusoidal tempera-
ture change. The temperature of the sample furnace is also measured. A complete
description of this device is in preparation [32]. The influence of heat transfer within
the furnaces and of the controllers on the measured signal will also be discussed in that
paper. In Refs. [33-36], it is shown that a power compensated DSC is a linear system.
All such systems may be used for scanning and modulated measurements. An experi-
mental comparison of heat flux and power compensated DSC in modulated tempera-
ture mode is given in Ref. [27].

For the investigations of glass transition behavior we used a certified polystyrene
(PS) NIST GM-754.
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4. Results

PS (m = 17.45mg) was cooled from 150 to 70°C with a scanning rate , of 1 K min~*
superimposed by a sinusoidal temperature change with a period ¢, =100s and an
amplitude T, =1K. Fig. 1 shows the complex heat capacity (C" and C”) and C,.
The real part of the heat capacity C’' exhibits a step-shaped change during the
glass transition, whereas C” exhibits a peak. The glass transition observed in C, occurs
at a lower temperature than that for C'. The transition in C; is generated by the
successive freezing of modes of cooperative molecular motion. The modes which have
the greatest actual influence on relaxation behavior at w, are still not frozen (“in
equilibrium”).

As a result of the small value of C”, C" equates with the modulus of the heat capacity
|C|. The difference between the modulus of the complex heat capacity |C| and Cg results
from the different glass transition temperatures, which in turn are a consequence of the
different effective measurement frequencies.

The influence of the period t, on the measured glass transition is demonstra-
ted in Fig. 2. The glass transition temperature, i.e. the maximum of the C” peak,
increases with decreasing period. The change is 2.6 K per decade: this value

20 r

0.5 r

Specific heat capacity in J/(gK)

n I L 1 L | L | "

80 100 120 140

Temperature in °C

Fig. 1. Glass transition curves of PS analyzed with DSC-measured in the cooling mode (8, =1 Kmin ™"
T,=1K,t,=100s): 1, Cy 2, C; 3, C".
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Fig. 2. Glass transition curves of PS analyzed with DSC-measured in the cooling mode with different
periods: a, B, =1Kmin" !, T,=1K, t,=40s; b, §, =1 Kmin~!, T, = 1K, t, =200s; 1, C’; 2, C".

corresponds to the slope of the WLF plot, which is known from dynamic experiments
[17].

The results from corresponding heating runs are depicted in Fig. 3. In the heating
curves, an effect based on enthalpy retardation has to be expected. With conventional
DSC measurement, i.e. C, measurements, therefore, a peak in the glass transition
region is observed. The dynamic measurements, i.e. C’' and C”, yield sharper transitions
in heating than in cooling mode. This is due to the fact that in the heating mode the
deviation from equilibrium is larger than in cooling mode. The C’ and C” curves do not
show any enthalpy retardation peak, because the enthalpy retardation is causally
coupled to the thermal glass transition (Cj).

If we have physical aging of the sample (structure relaxation), then the glass
transition temperature (estimated as fictive temperature) decreases. In the heating
mode, the change in heat capacity starts relatively late but is faster (entropy retarda-
tion). The main part of the cooperative movements is thawing at temperatures well
above the fictive temperature. The reason for this is a decreasing step width of C'(T)
with increasing annealing time. The maximum of the C” peak does not correspond to
the glass transition temperature.
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Fig. 3. Glass transition curves of PS analyzed with DSC-measured in the heating mode after cooling with
2Kmin"!':a, B, =2Kmin"', T, = 1K, t, = 50s, without annealing; b, 8, = 2Kmin~ LT,=1K, t,=50s,
after 12h annealing at 93°C, 1, C; 2, C’; 3, C”.

5. Conclusion

For linear irreversible processes, a method of evaluation has been developed which
makes the measurement results amenable to a quantitative assessment. We obtain
thereby the heat capacity C4(T, B) which corresponds to the conventional DSC data, as
well as the real part C'(T, w,) and the imaginary part C"(T, w,) of the heat capacity.
These quantities may be used for an exact interpretation on a theoretically correct
basis.
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