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Clarification about obtaining heat capacities using TMDSC
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Abstract

We have evaluated the theoretical investigation, by [J. Cao, Y. Long, J. Shanks, J. Therm. Anal. 50 (1997) 365-373.], into
the new temperature modulated differential scanning calorimetry (TMDSC) technique which was developed by [M. Reading,
B. Hahn, B. Crowe, US Pat. 5,224,775, 1993.] and commercialized by TA Instruments. In a recent series of papers, Cao et al.
(1997) came to the conclusion that TMDSC was not capable of determining heat capacity. This was in contradiction to
previous work by [B. Wunderlich Y. Jin, A. Boller, Thermochimca Acta, 238 (1994) 277-293.] who suggested that the
technique was capable of directly determining heat capacity. The primary aim of our evaluation was to clarify this conflict of
opinion, and we have come to the judgment that when Cao’s mathematical treatment is taken to its logical conclusion, there is
no difference between either theory, and that both Wunderlich’s and Cao’s mathematical treatments confirm that TMDSC can
be used to determine heat capacity. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Thermal analysis has become one of the most
important tools for the characterization of polymers
and other materials [1,2]. Temperature modulated
differential scanning calorimetry (TMDSC) [1,3-7]
was developed and patented jointly by Reading and
TA Instruments [8], and a detailed mathematical
treatment of heat capacity measurement by TMDSC
has subsequently been provided by Wunderlich [9-
11]. Therefore, it was hardly surprising that three
recent publications by Cao [12-14] criticizing the
ability of TMDSC to directly determine heat capacity,
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the cornerstone of TMDSC, have caused a consider-
able degree of concern. We consequently set out to
analyze, in detail, Cao’s mathematical treatment [12],
published earlier in this journal.

2. Discussion

Cao has shown that total TMDSC heat flow can be
described by Eq. (1) [12].

Hppy = A |:Kr€*).t/cpr — K, ew/cp,}
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Where / is the heat transfer coefficient from Newton’s
law of cooling; Cps and C,, are the heat capacities for
the sample (including the pan) and the reference pan;
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p is the underlying heating rate; ¢ is time and K, and K,
are integration constants.

The last part of Eq. (1) (H,) is the modulated
component of total heat flow and is given by Eq. (2)
[12].

Hp, = [A(cps - Cp)o
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Where A is the amplitude of the modulated tempera-
ture for the heating block; w is the frequency of the
heating block temperature modulation; and ¢ is the
phase lag between the sample and reference thermo-
couples.

The amplitude of the modulated component of the
total heat flow is given by Eq. (3) [12,13].
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Cao and Shanks [13] have referred to the papers by
Wunderlich et al. [9,10] in which the latter define that
heat capacity is proportional to the amplitude of the
modulated component of total heat flow divided by the
amplitude of the modulated sample temperature. The
analysis by Cao of Wunderlich’s work lead him to the
conclusion that if Wunderlich was correct then heat
capacity must be directly proportional to the ampli-
tude of the modulated component of heat flow. How-
ever, he incorrectly substituted the amplitude of the
modulated sample temperature with the amplitude of
the modulated block temperature [13]. Knowing that
the amplitude of the modulated block temperature is
constant Cao concluded that there should be a linear
relationship between amplitude of the modulated
component of heat flow Eq. (3) versus heat capacity
[12]. He plotted this, obtained a non-linear relation-
ship [12] and, therefore, concluded that TMDSC
cannot be used to determine heat capacity [12,13].
Unfortunately Cao used the amplitude of modulated
block temperature to obtain sample heat capacity. This

is not the procedure used by TMDSC to obtain sample
heat capacity. Rather than divide the amplitude of the
modulated component of total heat flow Eq. (3) by the
amplitude of modulated block temperature, the
authors should have divided by the amplitude of the
modulated sample temperature [9—11,15]. The sample
temperature is given by Eq. (4). This same equation
was derived by both Wunderlich [9-11] and Cao [12]
(albeit by slightly different procedures) in their math-
ematical treatments.
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Eq. (4) can be rewritten as Eq. (5) where ¢ is the phase

lag between the heating block and the sample thermo-
couple.
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The amplitude of the modulated component for the
sample temperature (Ar,), from Eq. (5), is shown in
Eq. (6).

+ sin(wt — ¢) 5)

Al
Apy = —— ©)

s 2 2 2
,/Cpsa) + 7

The amplitude of the modulated heat flow Eq. (3) can
be expanded under the square root term, and simpli-
fied, to result in an expression given by Eq. (7).
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Eq. (7) can now be divided by the amplitude of
the modulated sample temperature to give Eq. (8),
which is proportional to the heat capacity difference
between the sample (including the pan) and the refer-
ence.
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Since |/C2w* + A*= co\/(é) +CZ Eq. (8) can be
rewritten as Eq. (9).
A A
= (G = Cp) ©)
(/o) +CL,

Eq. (9) can then be rearranged to give the heat
capacity difference between the sample (including the
pan) and the reference (Eq. (10)).

N 2

(Cps - Cpr) = I?T}ii (é) +C;2;r (10)
When matched DSC pans are used, (Cps— Cpr)=(mc;)
where m is the mass of sample and c¢; is the specific
heat capacity of the sample. The heat capacity of the
sample is, therefore, given by Eq. (11) where (C;f) is
the heat capacity of matched DSC pans.

(1)

Eq. (11) is the result of an extension to Cao’s math-
ematical procedure, but taken to its logical conclusion.
Eq. (11) is identical, in every respect, to Wunderlich’s
result [9—11] which showed that sample heat capacity
was directly proportional to the ratio of the amplitude
of the modulated component of total heat flow and the
amplitude of the modulated sample temperature.

3. Conclusions

In this article we have shown that Cao and Shanks
have incorrectly assumed that the heat capacity from
TMDSC is found by dividing the amplitude of the
modulated component of total heat flow with the
amplitude of the modulated block temperature. Rather
than using the amplitude of the modulated block
temperature, Cao should have used the amplitude of
the modulated sample temperature. When these cor-
rections are incorporated into Cao’s mathematical
treatment and then taken to a logical conclusion the
same ultimate result for sample heat capacity is found
as was obtained by Wunderlich in 1994. [9-11]

Whilst this section of Cao’s mathematical treatment
was flawed, the rest of his work should not be dis-
counted out of hand. Although we have not had an
opportunity to scrutinize, in detail, the rest of the work
it would appear that the information related to total
heat flow, modulated heat flow and heat flow phase lag
[12—14] may be of considerable significance. However
any work related to heat capacity must be discounted
for the reasons discussed above.
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