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Abstract

In a temperature-modulated calorimetric method using the same apparatus as a standard
differential scanning calorimeter, we have to pay attention to the thermophysical parameters
of the apparatus, which cause phase shift in ac (cmperatures, such as heat capacity of base
plate, heat capacity of a pan, thermal conductance between a heater and base plate, and thermal
conductance between a pan and base plate. We performed the analysis of the thermal system of
the apparatus with these parameters. Beside the theoretical consideration, we carried out heat
capacity measurement in a wide range of modulation periods. We found that the experimental
results were well-expressed in terms of these thermophysical parameters.

Keywords: ac calorimetry, heat capacity measurement, periodic lemperature, temperature-
modulated calorimetry

Introduction

Temperature-modulated calorimetry is a technique which has potentiality to
mcasurc hcat capacity with high accuracy using the same apparatus as in stand-
ard differential scanning calorimetry. Contrary to differential scanning cal-
orimetry, in temperature-modulated calorimetry heat capacity measurement can
be performed under the steady-state condition without scanning temperature. In
this measurement, we should take into account the contribution of heat capacity
of base plate, heat capacity of a pan, thermal conductance between a pan and base
plate, etc. [1], in addition to thermal conductance K between base plate and a
heater, which is a leading parameter in conventional differential scanning cal-
orimetry. Taking into account the principal parameters, we have proposed a
method to measure heat capacity with high accuracy by a temperature-modu-
lated calorimeter [2]. In the present study, we first put a pan only on base plate of
the sample side so as to exclude the contribution of an another uncontrollable pa-
rameter, that is, thermal conductance between a reference pan and base plate.

In the present paper, we will report the detailed results of the experimental
test performed under the above conditions with special attention to the phase of
ac temperatures caused by the dynamic characteristic of an apparatus and as a re-
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sult, will propose a guiding principle to the heat capacity measurement with high
accuracy.

Theory

Consider the thermal system of an apparatus as shown in Fig. 1. At a station-
ary state, ac heat with angular frequency ® is applicd to both samplc and rcfer-
ence sides through thermal conductance K by a heater, whose ac temperature is
shown by 7;. A sample pan is put only on base plate of the sample side. Effective
heat capacity of the base plate is given by C,, and whole heat capacity of a sample
and its pan and the ac temperature are given by C; and T, respectively. In such a
situation, we have to take into account thermal conductance K’ between the sam-
ple pan and the base plate. The ac temperatures of the sample and reference sides
at the base plate are defined by 7, and Ty, respectively. In the present measure-
ment, we observe both T, and T;,—T, (=AT). They are given by

Tso = Asexpli(wt + €)], (1)
AT = Agexpli(wi + 8)], (2)

where A; and A, are their amplitudes, and € and 8 are phases, respectively. In our
consideration, we only need the phase difference, 6—e(=®), which can be ob-
tained from Ty, and AT.

SAMPLE SIDE REFERENCE SIDE

i7)<— SAMPLE AND PAN

I HERMAL BATE,
Fig. 1 Model of a temperature-modulated calorimeter for the high accurate heat capacity
measurement. A pan containing a sample is placed on base plate of the sample side
and no pan on base plate of the reference side due to the reason mentioned in text. C,
indicates whole heat capacity composed of that of the sample and also the pan in the
present analysis. X” is thermal conductance between the sample pan and the base plate
of the calorimeter

We can get the following relations [2]:

KA

WA, 1
R= = : (3)
G NI+ 0™ + w1
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1- (DZ’CS‘CO (4)
\/(1 + 0 1)(1 + T5)
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where
=5 (5)
K
C
Lo 6
To= g (©)

Using a standard sample we can determine the phase difference in various
conditions.

We point out that the right side of both Eqs (3) and (4) is given by a function
of ®, T, and T,. At a certain angular frequency , T, is constant and then, both
Eqgs (3) and (4) connected by a common variable T,. Therefore, the R vs. sin® re-
lation given by Eqgs (3) and (4) is expressed by a single curve, that is, a calibration
curve. Furthermore, it is worth to point out that the contribution of heat capacity
C; of a sample and thermal conductance K’ between a sample pan and base plate
is always coupled as given by 1, in Eq. (5). For this characteristic, it is not neces-
sary to distinguish the contribution of the two parameters, C; and K’, in the cali-
bration of heat capacity of the unknown sample as discussed in the next section
in detail.

When o1,<<1, Eqs (3) and (4) tend, respectively, to

KAa

=M 1 7

s V1 +m21g,

1

e ®

The above condition is satisfied when the thermal conductance K’ between
the sample pan and the base place is large enough and/or the measuring angular
frequency wis small enough. As seen from Eqs (7) and (8), R=sin®, then,

o [LJA_A 9)
sin® jwA,

Therefore, from the measurement of the phase difference, we can dircetly de-
termine the heat capacity, Ci.

As can be easily deduced, in the case when K’ is large enough, we can ignore
the contribution of K” in the analysis. This means that there is no difference be-
tween the systems; one is a system in which only a sample pan is put on the base
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plate of the sample side and the other is a system in which both a sample pan and
a reference pan (an empty pan in the present case) are put on the base plate of the
sample side and the reference side, respectively. In the latter C, in Eq. (6) is com-
posed of the heat capacities of the base plate and the pan and then C; results in the
heat capacity of a sample itself.

Furthermore, when wt,<<1, Eqs (7) and (8) tends, respectively, to

KAa
WA
== 10
R=—c—=1. (10)
sin® = 1. (11)
Therefore, ® should be /2 and R=1. Finally we obtain the relation
= KAa (12)
WA;

When the measuring angular frequency ® is small enough, the above condi-
tion might be satisfied.

In the study of kinetics mechanism in materials, it is of interest to measure
complex heat capacity Co#(=C; —iC{"). Under the last condition, we can easily ob-
tain Cy and C!” from the measurement of the amplitude and the phase in Eqs (1)
and (2). Furthermore, in the second case of wt,<<1, we can also obtain C{ and
C{’ from the measurement of the amplitude and the phase in Eqs (1) and (2).
However, in the first case, it is not easy to obtain C{ and C{’ in temperature-
modulated calorimetry.

Experimental

First, using standard samples, we obtained the calibration curve of R vs.
sin®d. We used a commercial modulated differential scanning calorimeter, Type
2920 of TA Instruments, for the present experimental test. Dry N» gas with a flow
rate of 40 ml min~' was purged. Sample pans used were hermetically sealed.
These two choice might be generally unfavourable for the accurate heat capacity
measurement. In fact, it gives rise to finite thermal conductance between the
sample pan and the base plate because N> gas has much smaller thermal conduc-
tivity than He gas and by sealing a sample pan the bottom of the pan might be de-
formed. However, to reveal the notable points which play an important role in the
precisc heat capacity measurement, wc tested cxpressly under such a circum-
stance.

As a standard material, we used water. We used sample pans of TA Instru-
ments. The measurement was done at 25°C. The modulation period was ranged
from 40 to 100 s and the modulation amplitude was 0.1°C throughout the mea-
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surements. The sample mass were 3.50, 11.04, 12.60, 22.29, and 23.90 mg. The
results were shown in Figs 2(a) to (d). By fitting the results to the relation of R vs.
sin® derived from Eqs (3) and (4), we obtained the fitting curves as shown in
Figs 2(a) to (d). Therefore, the results are well-expressed in terms of the thermo-
physical parameters which will be given later. Within the framework of the
model shown in Fig. 1, it results in a single curve independent of C, and K’, that
is, when C; or K’ changes independently, the data point moves along the same
calibration curve. Then, as expected from Egs (3) and (4) the calibration curve it-
self is not affected by C; and K. In the experiment for an unknown sample, we
observe the phase difference ® and then, according to the calibration curve of R
vs. sin® we can determine the factor R. Based upon this calibration, we can fi-
nally obtain the heat capacity of a sample. Using this method curve, we can ob-
tain heat capacity within the accuracy of 1%.
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Fig. 2 Relations of R vs. sin® at the period of (a) 100 s, (b) 80 s, (¢) 60 s and (d) 40 s. The ra-
tio R is given by C, oivraced’ Ceatibrarea that 18, Cooo /Co s The phase difference @
is given by 8—¢, which is the phase difference between T, of Eq. (1) and AT of Eq. (2),
The open circle indicates the date obtained experimentally. The thick solid line is the

fitting curve to Eqs (3) and (4)
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Fig. 3 (a) Thermal conductance K between the base plate and the heater,
(b) Effective heat capacity C, of the base plate, (c) Relaxation time of the apparatus
1(= C/K) and (d) Thermal conductance K’ between the base plate and the pan.

These thermophysical parameters were obtained from the fitting analysis. The thick
solid lines are only to guide eyes

In a conventional temperature-modulated calorimeter, we can define uncali-

brated heat capacity Cuncatibrated Which corresponds to measured heat capacity
Crieasured a8

KAx
Cunualibrulcd = . ( 1 3)
WA,

However, from this expression in the strict sense we cannot obtain the correct
heat capacity as deduced from Eqs (3) and (4) and also Eq. (9) and then gener-
ally, the calibration should be done. Based upon the factor R obtained from

sin® in the relation of R vs. sin®@, we can calculate the calibrated heat capacity
Ceatibrated 1N SUCh @ way as
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Cuncalibrated
Cealibrated = R . ( 14)

For the accurate heat capacity measurement, it is important to establish the
calibration curve of R vs. sin® in an individual temperature-modulated calorime-
ter. In Eq. (14), it should be stressed that the calibration factor R depends on fre-
quency, temperature, heat capacity of a sample, thermal conductance hetween
the sample pan and the base plate and therefore, the calibration should be per-
formed in principle at each of the above conditions although all of them are not
always so sensitive to K.

Finally, the thermophysical parameters obtained from the fitting analysis are
shown as a function of the modulation period in Figs 3(a) to (d). As seen in
Figs 3(b), (c) and (d), the effective heat capacity C. of the base plate, the relaxa-
tion time T, (=Co/K) and the thermal conductance K’ between the base plate and
the pan are markedly dependent on the modulation period. On the other hand, as
expected, the thermal conductance K between the base plate and the heater is
close to 1 W K™ independent of modulation period as shown in Fig. 3(a).

Results and discussion

We propose a method to measure heat capacity with high accuracy using a
temperature-modulated calorimeter, where not only the amplitude of ac tem-
peratures but also the phases are important. A calibration curve in which the
phase is important factor can be expressed by Eqs (3) and (4), even though there
is uncontrollable thermal conductance between the sample pan and the base
plate. To get a much simple calibration curve, as infeired from Eqs (3) and (4)
easily, we have to choose longer modulation period and/or smaller T, . The latter
situation is achieved in the following ways: Using a smaller sample, T, becomes
smaller, If we use He gas instead of N, gas, T, becomes considerably small. Using
a sample pan which has bottom tightly matching to the surface of base plate, T,
becomes also small. These trials are promising to construct an ideal temperature-
modulated calorimeter.

Based upon the present results, we can solve some pending problems. Boller
el al. [3] have pointed out that the apparent heat capacity measured decreases
with increasing the sample mass of sapphire due to the insufficient thermal dif-
fusion. This might be not always the case because under their experimental con-
ditions the thermal diffusion length of sapphire is as long as 1.7 cm which is far
longer than the thickness of the sample. On the other hand, the above decrease of
the apparent heat capacity is well-expressed by Eq. (3). Namely, this behaviour
is caused by Ts, where thermal conductance between the sample pan and the base
plate is not large enough. Ozawa and Kanari [1] have claimed that, for instance,
since R is due to heat capacity of a sample, the strict calibration is impossibie.
However, it is not always serious because in such a linear system the calibration
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should be done at each heat capacity where the comparison between the meas-
ured heat capacity and the calibrated heat capacity will be made for the calibra-
tion which results in a single curve, although this is quite different from the cali-
bration method in standard differential scanning calorimetry.
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