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ABSTRACT 
We explored the optimum conditions in modulation of the program 

temperature and sample preparation to obtain absolute values of heat capac- 
ity from quasi-isothermal measurements of temperature-modulated differen- 
tial scanning calorimetry. A Mettler-Toledo 820 calorimeter and Perkin-Elmer 
DSC 7 were used for this work, using saw-tooth modulation as well as sinu- 
soidal modulation. We adopted a simple model to analyze the temperature 
response of the calorimeters and calibrated the results more precisely. 

INTRODUCTION 
The recently developed temperature-modulated differential scanning 

calorimetry (TMDSC) made a great impact on the measuring of various ther- 
mal responses and improved the understanding of their underlying kinetic 
and thermodynamic mechanisms. It is the most important advantage of the 
TMDSC method to be able to simultaneously measure irreversible thermal 
effects, e.g. the annealing effects at  glass transitions, the heat of chemical 
reaction, and the heat of fusion on cold crystallization, and the reversing heat 
capacity. Reversibility could previously only be proven by standard alternat- 
ing current (AC) calorimetry. Since the first review of the TMDSC method by 
Reading (1) , there have been a number of efforts to determine the proper con- 
dition of TMDSC (2-5). However, more detailed investigation is still needed to 
obtain precise thermal information from TMDSC experiments. In this paper, 
we concentrate to determine the optimum conditions in modulation of the pro- 
gram temperature and sample preparation for quasi-isothermal measurements 
by using a heat-flux type Mettler-Toledo 820 calorimeter and a Perkin-Elmer 
DSC 7 which attempts power compensation and control of the average tem- 
perature. Also, we use a simple model to describe the temperature response 
of the calorimeters. 

EXPERIMENTAL 
,411 saw-tooth and sinusoidal modulations on the Mettler-Toledo 820 

were programmed to have 0.5 K amplitude and were measured for 20 min in 
the quasi-isothermal condition at  298 K. Dry nitrogen was purged to the DSC 
cell with a flow rate of 20 ml/min and the cooling of the heat sink was done 
with liquid nitrogen. 

The same amplitude and quasi-isothermal temperature were used for 
the saw-tooth modulation of the Perkin-Elmer DSC 7 since the DDSC only 
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Figure 1: The period and mass dependence of the first harmonic amplitude 
of the measured sample temperature,  AT^. The dotted line denotes the pro- 
grammed amplitude, and the open and closed symbols represent sinusoidal 
and saw-tooth data, respectively. 

allows saw-t oo t h modulation. 

RESULTS AND MODEL ANALYSIS 
Mettler-Toledo €320 

The typical heat-flux calorimeters such as TA instrument’s DSC 2910 
aad 2920 control the temperature modulation at the sample position accord- 
ing to the programmed modulation. In the case of the Mettler-Toledo 820 
calorimeter, however’ the control of modulation is performed with a platinum 
sensor in the DSC heating block and it is assumed that the temperature at the 
reference position is related to the block temperature. Only the temperature 
difference between the sample and reference positions is measured by multiple 
differential thermocouple junctions. Therefore, if the thermal conductance 
between the thermocouple junctions and pan at the reference position is not 
good enough to satisfy this assumption, then a complicated calibration pro- 
cedure may be needed to obtain the heat capacity of a sample at the sample 
position. To avoid this difficult situation, no reference pan was used in these 
measurements. In Fig. 1 it can be confirmed that there are large deviations be- 
tween the programmed amplitude and the measured amplitudes of sinusoidal 
modulations at the sample side except for the null measurements without any 
material on the sample position. Here, the amplitude values were obtained 
from the first harmonic terms by Fourier transformation. The deviation from 
the programmed amplitude depends on the modulation period and sample 
mass in the short period range below 200 s. In the case of the saw-tooth mod- 
ulation, the similar deviations are shown, while the amplitude values should 
be multiplied by a constant factor to be identical with the programmed am- 
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Figure 2: (a) The simple model for the Mettler-Toledo 820 calorimeter. R(= 
l/K), R', and R, are the thermal resistance of the block, between sample and 
reference plate, and between sample and sample plate. (b) The RC-circuit 
governed by the analogical equations with the heat flow equations of (a). 

plitude because they were also obtained from the first harmonic terms of the 
Fourier series. 

To describe these temperature responses, we adopted the simple model 
in Fig. 2 (a). In this model we consider the thermal conductance between 
the sample and thermocouple junctions has a finite value Ks (= l /Rs) and 
there is a heat path between the sample and reference position due to the 
thermocouple wires and base plate. The heat capacities of the thermocouple 
wires and base plate were neglected for a simple calculation. Since there is 
an analogy between Newton's equation of cooling and an electrical RC-circuit 
equation, one can setup the electrical circuit of Fig. 2 (b) for this model and 
easily obtain the oscillating parts of the steady state solutions for Ts and T, 
by calculating the voltages Vs and V,  in this circuit. Then! the temperature 
difference AT (= T .  - T,) and the measured oscillating part of the sample 
temperature, (= T b  - AT - To), are given by the following equations, 

Since the measured or apparent heat capacity CF is calculated by 
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Figure 3: The period and mass dependence of the specific heat capacity Cr/m 
and 6. The closed circles and squares represent the calibrated data by Eq. (5). 
The dotted line denotes the true value of aluminum heat capacity and the 
broken lines on the 6 data are the fitting results using Eq. (4). 

where An and AT are the amplitudes of AT and T' respectively? the fre- 
quency dependence of Cr  appears as the result of a coupling between the 
sample heat capacity and thermal resistances. The phase angle difference b 
between T' and AT is expressed as 

Therefore, Eq. (3) can be written as 

cos(6 +- T / 2 )  
R' 

cs" = C"(zR;R') 

and one can use the above equation as a calibration function to obtain C,. 
In Fig. 3 it can be seen that the CY data show period and mass de- 

pendences in the short period or high frequency region. If Cr values are 
compared with the red heat capacity of aluminum obtained from a calibra- 
tion using sapphire at  the plateau region of long periods, where 6 shows very 
close values to -7r/2 in the upper part of Fig. 3, then one can determine the 
value of R' as 12.80R from Eq. (5). To determine R,, 6 was fitted to the 
Eq. (4) with the real heat capacity values of the aluminum samples and the 
K value of 30.5 mW/K which was obtained by comparing AT and heat flow 
data given by the calorimeter. The fitting results in Fig. 3 show good coin- 
cidences with the measured 6 in the saw-tooth modulation and R, is given 
as 1.34R. Finally, the real heat capacity C, was calculated by Eq. ( 5 )  with 
the measured Cr and 6 values, and R' which was determined by the sapphire 
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Figure 4: Apparent heat capacity (calculated by the first harmonic Fourier 
fit) on aluminum in dependence on the period, sample mass and base line. 

calibration. The results are shown in Fig. 3, where one can notice that the 
period and mass dependence of CT are nearly removed. In the case of the 
sinusoidal modulation, we found that the calibration by Eq. ( 5 )  enhances the 
deviation because C r  shows a positive deviation in the short period region. 
This abnormal period dependence in sinusoidal modulation can be attributed 
to the disability of the calorimeter in making a perfect sinusoidal temperature 
oscillation in the short period range below 100 s. If the temperature controller 
of the calorimeter works linearly, then the sinusoidal TF and AT signals con- 
tain the first harmonic term only. However, the Fourier analysis on the AT 
data shows a rather large ratio of the second harmonic amplitude to the first 
one (up to 10% in the case of the 30 s period). 

Perkin-Elmer DSC 7 
Since a power compensation calorimeter attempts to control the sam- 

ple temperature to be same as the reference temperature, the period and mass 
dependences of T," were not checked. Also, we could not obtain phase infor- 
mations to apply Eq. ( 5 )  because the DDSC software has an internal routine 
to set phase values to zero. However, we found similar deviations of the cal- 
culated heat capacity as in the case of the Mettler-Toledo 820. In Fig. 4 the 
filled and open squares represent the data measured without aluminum pan 
underneath the sample, 9 (one aluminum lid) and 18 mg (two aluminum lids), 
respectively. The triangles represent measurements with the sample inside a 
non-crimped pan (filled) and with an additional lid underneath the sample 
inside the pan (open symbols). The deviation of the calculated heat capacity 
from the expected value at long periods clearly shifts to a much shorter period 
if the path length between sensor and sample is decreased (zero, one and two 



aluminum sheets between sample holder and sample). A smaller sample mass 
will permit heat capacity measurements at even shorter periods. In the case 
of the 9 mg aluminum sample even a period of only 20 s result in the cor- 
rect heat capacity. In this case, the decrease of the calculated heat capacity. 
probably, can not only be attributed t o  a very short equilibration time of the 
heat flow after switching from one segment to the next one. This is concluded 
from the calculation of the heat capacity using the true (not the fitted) heat 
flow amplitude as applied in the standard DSC mode which results in different 
values; the decrease of the apparent heat capacity calculated from the same 
raw data shifts to shorter periods compared to the value calculated by the 
Fourier fit. Even if the heat flow reaches equilibrium when the period gets 
shorter, the calculation via the Fourier fit gives a different value compared 
to that calculated using the true amplitude. A more detailed description of 
the dependency of the calculated heat capacity on experimental parameters 
including different calculation schemes (standard mode equation and Fourier 
fit) will be published separately (6). 

DISCUSSION 
In the case of the saw-tooth experiments using a Mettler-Toledo 820, 

we could calibrate the deviation of the calculated heat capacity at  short peri- 
ods which originates mostly from the coupling between an additional thermal 
resistance R, and the sample heat capacity. This calibration procedure could 
be used even if the thermal conductance of the sample changes in the tran- 
sition region as the case of Ref. 7 because this effect can be expressed as a 
temperature variation of R,. However, if the reference pan is used, a compli- 
cated calibration procedure is needed a t  short periods since the Mettler-Toledo 
820 can not measure the absolute temperatures of the sample and reference 
positions. Therefore, to avoid this complicated situation, it is recommended 
that measurements are to be carried out in the period range where the first 
harmonic amplitude of the temperature oscillation has no deviation from the 
programmed amplitude. We could not apply the same calibration procedure 
to the results of the Perkin-Elmer DSC 7, but we are preparing a more de- 
tailed examination on temperature gradient effects in the DSC cell, using a 
precise infrared microscope. 
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