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Abstract

The determination of the heat capacity in sawtooth-type, power-compensated temperature-modulated differential scanning
calorimetry (TMDSC) by evaluation of the first harmonic of the Fourier transformation of the sample temperature and heat-
flow rate is analyzed with experiments and model calculations. At modulation periods below 100 s, the measured, uncorrected,
absolute value of the complex heat capacity deviates exponentially from the true heat capacity, while the steady state within
the linear heating and cooling segments is reached after about 50 s. The errors increase with the heat capacity of the sample
and vary for different samples and configurations of the measurement. An empirical equation for correction is suggested. It
uses a sample-mass and instrument-dependent time constant 7(m) and permits measurements down to periods of 15, i.e.,
much before steady state is reached within the linear segments of the modulation experiment. ©© 2000 Published by Elsevier

Science B.V.
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1. Introduction

The experimental determination of heat capacity
with standard differential scanning calorimetry (DSC)
is a well-established method with an accuracy which
routinely reaches approximately 3% [1]. The measure-
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ment includes an optimization of sample mass, heating
rate, baseline-linearity and the heat-conduction path
between temperature sensor, pan, and the well-packed
sample [2,3]. The recently introduced temperature-
modulated DSC (TMDSC) using the heat-flux prin-
ciple is considered to produce even more accurate heat
capacities since irreversible effects, such as instru-
mental heat losses and irreversible structural changes
in the sample, present in the standard DSC heat-flow
rate, can be separated by analyzing only the heat-flow
response to the given modulation frequency [4-6].
Furthermore, the heat capacity can be determined
quasi-isothermally with experiments that extend over
a sufficient period of time to guarantee steady state [4].
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In TMDSC, a periodic temperature change is super-
imposed on the constant heating rate (g), typical for
the standard DSC. The modulation of the temperature
is usually a continuous, sinusoidal oscillation or com-
posed of linear heating and cooling segments, a so-
called sawtooth. The periodic component of the
sample temperature is described by its amplitude
Arg in kelvin and frequency o in radians per second
(=2n/p, where p is the period in s). The corresponding
heat-flow rate into the sample, HF, is the response to
the linear heating rate and the temperature modula-
tion, and must be deconvoluted for analysis.

The underlying, constant heating rate (g) is
extracted from the superposition of constant and
oscillating rates by averaging the time-dependent rate
q(t)=dT/dt over one modulation period of t=£p/2. This
sliding average with ¢ is indicated by the angular
brackets (). Similarly, the total heat-flow rate due
to the constant heating-rate component is given by
(HF). The total heat capacity of the sample can
then under the assumption of steady state be calcu-
lated in analogy to the standard, not-modulated DSC
as [2]:

(Cs_Cr)%— (1)

where Cj, represents the heat capacity of the sample
calorimeter (sample+pan) and C,, is the heat capacity
of the reference calorimeter (usually an empty pan). A
minor correction, needed to account for differences in
heating rates between sample and reference calori-
meters were derived for the heat-flux calorimeter
as +(Cs + C;) x (dAT/dT,)/[1 — (dAT/dT;)], where
AT=T,—T, [2]. Although easily computed, this cor-
rection is rarely applied, although it may cause an
error of 1-3% in a well-adjusted DSC and more
otherwise. For power-compensated DSC such correc-
tions have never been studied, but may in the light of
the present work be worth considering for increases in
precision beyond +1%.

The modulation, in turn, causes a reversing heat-
flow rate response. It is commonly represented by the
amplitude of the first harmonic of the Fourier repre-
sentation of the heat-flow rate, Ayp:

HF(z) = (HF) + i[Av sin (voit) + B, cos (vt )]

2

where A, and B,, are coefficients that must be deter-
mined in the usual manner, and v is an integer. An
analogous equation has to be used for the sample
temperature. As long as the modulation starts at =0
and is symmetric about (g)#, the modulation is cen-
trosymmetric and all B,, are zero, i.e., the series
contains only the sinusoidal harmonics. For a linear
response of the sample to a sinusoidal modulation, no
higher harmonics are generated in the heat-flow rate,
i.e., Augp=Apnr;- A centrosymmetric sawtooth modu-
lation also simplifies the Fourier representation, it
shows only odd, sinusoidal harmonics with v=1, 3, 5,
etc.

In case the first harmonics do not represent the
modulated parameter fully, it is necessary to use the
full expression of Eq. (2). Small differences were
found during the glass transition [6-8]. The slow
response of samples in the glass transition region
causes (1) higher harmonics due to the co-operative
freezing or unfreezing of large-amplitude motion, (2)
frequency shifts due to coupling of the linear and
modulated time scales, and (3) an asymmetry in the
reversing response due to the exponential temperature
dependence of the relaxation times. Larger differences
in the description of the modulated parameter can
show up in first-order transitions. The observed pro-
blems are as follows: (1) the transitions may be fully or
partially reversible or even completely irreversible. (2)
Large exotherms or endotherms may cause time per-
iods of constant temperature within the sample, fol-
lowed by renewed approaches to the prior steady state.
(3) Steady state may be lost over more than one
modulation period. (4) Irreversible processes may
contain accidental Fourier components of the modula-
tion frequency. (5) The transition kinetics may cause
lags in the sample response. For a recent summary of
theses effects see [9]. In any of these cases it is
necessary to inspect the heat-flow rate in the time
domain, HF(?), before accepting ‘apparent heat capa-
cities’ computed from a first-harmonic Fourier fit of
the reversing parameters.

For heat-flux calorimeters the following equation
was derived for the reversing heat capacity (the abso-
lute value of the complex heat capacity) [5]:

2
(Cs—C) = AAHF 1+ <Q> 2 3)

TS O K
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where Axr and Arg are the amplitudes of the first
harmonic of the corresponding Fourier series of
Eq. (2) (v=1). A difference between the results of
Egs. (1) and (3), if it exists, represents the nonrever-
sing heat-flow rate, i.e., the part of the heat-flow rate
which does not follow the modulation [10,11]. Out-
side of the glass-transition and melting regions, the
heat capacities of liquids and solids follow the mod-
ulation instantaneously because the heat-flow rate
responds sufficiently fast to changes in temperature.
In this case, measurements are limited only by the
thermal conductivity. Typical response times of mole-
cular motions are in the picosecond range (10 '%s)
[2,12], much shorter than the applied period of oscil-
lation of the temperature, which may lie between 10"
and 10° s. Thus, the heat capacity produces almost
always a reversing heat-flow rate and, in absence of
irreversible processes, the nonreversing part of the
heat-flow rate is zero. In case the modulation is
performed quasi-isothermally ({¢)=0), the total
heat-flow rate (HF) should also be zero for samples
which behave reversibly on heating and cooling. If
this is not so, any remaining nonreversing heat-flow
rate must be discussed in terms of an irreversible
sample behavior, instrument losses and instabilities,
or both. Irreversible changes due to the sample
response to the modulation can be eliminated in
quasi-isothermal experiments by extending the time
before data collection until the irreversible process is
completed.

In this paper, quasi-isothermal measurements using
sawtooth-modulation with a power-compensated
TMDSC are analyzed to test the applicability of this
method to heat capacity measurements and to eluci-
date the differences to temperature-modulated heat-
flux calorimetry. In a parallel investigation of the
heat-flux DSC 820 of Mettler-Toledo, it was found that
heat capacities measured by sawtooth-type TMDSC
show also adistinct dependence on frequency [13]. This
was attributed to the thermal conductivity of the
sample. If the shift in the phase between sample tem-
perature and its corresponding heat-flow rate is known,
this dependence on frequency can be corrected. Similar
results are obtained in finite-element calculations
applied to heat-flux and powercompensating instru-
ments [14]. Furthermore, model calculations have
shown that from the point of view of the Fourier
analysis of a heat-flux calorimeter, heat capacities

can be determined even if steady state is not reached,
as long as both, the temperature and temperature-
difference response is to the same furnace [9,15].

For the power-compensating type of DSC, the
sample properties seem to be of greater importance
due to the different instrument design [16,17]. Again,
if the phase-shift between the heating rate of the
sample and the heat-flow rate is available, corrections
can be made [17]. Naturally, it is of interest to find out
to what degree equivalent statements can be made for
power-compensation calorimetry which has a differ-
ent heat-flow path then is used in heat-flux calorime-
try. It is of importance to keep in mind that the
principle of the heat-flux DSC is to achieve a negli-
gible temperature gradient between the sample and
sample-temperature sensor relative to the tempera-
ture gradient which is set up between the heater and
sample-temperature sensor [2]. The latter tempera-
ture gradient is used, when compared to the tempera-
ture gradient from the same heater to the reference
calorimeter, to estimate the heat-flux rate. The power-
compensation DSC, in contrast, has its separate
heaters for sample and reference calorimeters in
close proximity to the respective temperature sensors.
The differential power generated and measured as
heat-flux rate is programmed to yield a negligible
temperature difference between sample sensor and
reference sensor [2]. This makes the temperature
gradients between the sample-temperature sensor
and the sample and the reference -temperature sensor
and the reference a major concern for the performance
of the instrument. In this paper, experimental results
are presented that lead to the correction equation
for the evaluation of heat capacities over wider
modulation-frequency ranges and result in a better
understanding of the temperature-modulated power-
compensation DSC.

2. Experimental

Heat capacity measurements were performed with a
Perkin—Elmer DSC 7 with an intracooler as cooling
accessory and the 7 Series/Unix software package for
data collection. The temperature and energy calibra-
tion of the instrument was performed using the onset
melting temperatures of indium and tin, and the heat
of fusion of indium, respectively. The additional,
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customary point by point calibration of the heat-flow
rate with sapphire (Al,O3) was not undertaken, for
reasons that will become obvious in the body of this
paper. Additionally, the furnace temperature was cali-
brated to match the program and sensor temperatures.
The furnace was purged with nitrogen at a flow rate of
20 ml min~'. The quasi-isothermal modulation tem-
perature for all experiments was chosen to be
298.15 K. The sawtooth amplitude and period were
varied. The software requires the input of a baseline
run obtained using the same conditions (pan type and
mass) as in the sample run, but without the sample.
The heat-flow rate of this baseline run is subtracted
from the sample run in the time-domain, correcting for
any asymmetry of the differential calorimeter.
Furthermore, a dynamic K-factor, available in the
Perkin—Elmer Software [18] for correction of errors
due to insufficient equilibration times, was set to one
in each experiment, i.e., it was not applied to the data.
The experimental data, consisting of heat-flow rate
and sample temperature, were recorded versus time
after correction for the baseline, and saved as ASCII
data for external processing. This was necessary since
the available software version of the instrument per-
forms an over-correction of the phase lag which
affects the calculation of the heat capacity [19].
Furthermore, the phase lag, necessary for corrections
as suggested in [17], was not available in its uncor-
rected form. The available, corrected tan 6 was natu-
rally always zero in the quasi-isothermally performed
heat capacity measurements. Materials used in this
investigation were aluminum, sapphire (Al,0O3), and
atactic polystyrene.

3. Results

Fig. 1 shows the heat capacity of polystyrene
(sample mass 11.93 mg) at 298.15 K as a function
of the modulation period. The open symbols represent
data calculated using the amplitudes of the first har-
monic of the Fourier fit of the heat-flow rate and the
sample temperature to an equation similar to Eq. (3),
thought to represent the reversing heat-flow rate of the
power-compensated DSC:
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Fig. 1. Specific heat capacity of polystyrene as function of the
modulation period and amplitude, calculated using the standard
DSC equation, Eq. (1), and the Fourier fit for Eq. (4).

where K’ is a dimensionless calibration constant which
is set to one in all calculations, if not stated otherwise.
Note the similarity of Eq. (4) to Egs. (1) and (3).

The filled symbols were calculated using the equa-
tion for the standard DSC [Eq. (1)]. Data were taken in
the temperature region where steady state was most
closely approached for the given conditions, i.e., at the
time just before switching the sign of the heating rate
or over the range of time of obvious steady state. The
thin solid line is the expected heat capacity, as listed in
the ATHAS data bank [20]; the dotted lines mark the
+1% error range. The bold line is an arbitrary fit to the
open symbols, made to show the difference between
the two calculation methods. The modulation ampli-
tudes of 1, 2, and 4 K were realized by choosing
different heating and cooling rates. The modulation
amplitude seems to have no influence on the frequency
dependence. The heat capacities calculated by both
methods get progressively smaller when the period is
decreased. The most striking difference between the
two calculations is the initial period when larger
deviations of the calculated from the true value occur.
In the case of the Fourier fit, the deviation from the
true heat capacity starts at a period of ~96 s. In the
case of standard DSC, this critical value is shifted
to ~48 s.

Fig. 2 contains similar data for sapphire (sample
mass 22.14 mg). The standard DSC equation gives
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Fig. 2. Specific heat capacity of sapphire as function of the
modulation period and amplitude, calculated using the standard
DSC equation, Eq. (1), and the Fourier fit for Eq. (4).

correct data for practically all periods analyzed (24—
480 s), whereas the Fourier fit results in a similar
dependency of the heat capacity on the modula-
tion period as shown in Fig. 1 for polystyrene. The
differences must be attributed to the individual
thermal conductivities o of those samples — o(PS)/
a(Al)~0.02; a(Al,O3)/a(Al)~0.86 [21]. The modula-
tion amplitude does not show a trend of the calculated
heat capacities, as is also seen in the case of poly-
styrene.

The influence of the sample mass on the calculated
heat capacity was analyzed for Al as an additional
parameter to the modulation period and amplitude.
The data are shown in Fig. 3. An increasing sample
mass, as well as a shorter modulation period reduces
the measured heat capacity. Again, the Fourier fit
results in larger deviations from the expected value
when compared to the heat capacity calculated by the
standard DSC equation. The different sample masses
in the experiment were realized by stacking different
numbers of aluminum lids with masses of ~9 mg each
into the sample pan.

In Fig. 4 the heat capacity of aluminum is plotted as
measured in different experimental configurations.
The first two experiments used no pans and had
samples of one and two aluminum lids (lll and [,
respectively, the baseline runs for these experiments
were carried out with empty reference and sample
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Fig. 3. Specific heat capacity of aluminum as function of the
sample mass and modulation period, calculated using the standard
DSC equation, Eq. (1), and the Fourier fit for Eq. (4).

calorimeters). Next, a sample of two aluminum lids
was placed into an open aluminum pan of=17 mg (¢,
the baseline run for this experiment consisted of an
empty reference calorimeter and a sample calorimeter
with an empty pan). Finally, the sample of two
aluminum lids was placed into an open pan that
contained one additional lid (<>, the baseline run for
this experiment consisted of an empty reference
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Fig. 4. Specific heat capacity of aluminum as function of the
modulation period for four different experimental set-ups,
calculated using the Fourier fit for Eq. (4).
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calorimeter and a sample calorimeter with a pan filled
with one lid).

Additional measurements with different heat capa-
cities in the reference calorimeter result in the same
type of data [22]. The shown data are selected from a
larger number of experiments which all demonstrate
an influence of the path length on the heat-flow rate.
All data are calculated with Eq. (4) via the Fourier fit.
It becomes clear that the heat-transfer conditions
systematically alter the point where the heat capacity
deviates first from its true value. As the path length and
the absolute heat capacity of the sample increase, the
first deviation occurs at a larger period.

4. Discussion
4.1. Standard DSC equation

When analyzed with the standard DSC method, as
illustrated in Fig. 1, the period of measurement of the
heat capacity of polystyrene must be longer than 48 s
for the chosen conditions. The cause of failure at
smaller p is due to the inability to reach steady state
before the next segment of modulation starts. This
well-known prerequisite of steady state for the mea-
surement by a standard heat-flux DSC can be seen
from the integration of the heat-flow-rate equation for
a heat-flux DSC [2]:

dg Q

o K[@)f - C_p] &)
— _ & _ ,—kit/C,

0= )Gyt~ 21— ) ©®

where dQ/dt is the heat-flow rate into a single calori-
meter. For not to large modulation amplitudes, Eq. (6)
describes also the change of the temperature of the
calorimeter via Q=C, (I—Tj). Only at a sufficiently
extended half-period (p/2) does the measured heat
capacity of Eq. (1) reach a constant value before
switching to the next segment [i.e., exp (—Kt/
C,)=0, where ¢ is counted from the prior switch in
the heating rate of the sawtooth]. Calibration materials
like sapphire cannot be used to correct the non-steady-
state heat-flow rate. The sapphire runs shown in Fig. 2
were collected under the same conditions as the
polystyrene runs but they can not be used for correc-
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Fig. 5. Attempt to correct the polystyrene data of Fig. 1
(modulation amplitude 2 K) with the sapphire data of Fig. 2 using
the standard DSC equation, Eq. (1).

tion of the polystyrene data when p<48 s, as is illu-
strated in Fig. 5. For measurement of the heat capacity
by standard DSC without modulation, it is naturally
always possible to extend the heating or cooling
periods to finally reach steady state. The ultimate
limit for a quality heat-capacity measurement is the
generation of an excessive temperature gradient
within the sample. Typically, this limit is reached
for small sample masses at a {g) of about 40 K min™",
and the temperature range that can be covered
with one run is 50-100 K in the absence of transitions

[2].

4.2. Fourier description of the amplitudes of
modulated temperature and heat-flow rate

The application of Eq. (4) to the calculation of
the heat capacity requires that the amplitudes of the
heat-flow rate, Agg (proportional to 7,—T,=AT), and
the heating rate, Arsw, of the first harmonic of the
appropriate Fourier series have the same fractional
deviations from the steady state values of Eq. (1).
Only then can Egs. (4) and (1) give the same results.
For a quasi-isothermal experiment ((¢)=0), the
heat-flow-rate equation and its solution can be written
in analogy to Egs. (5) and (6). The new equations
were derived for a sinusoidal modulation [5,6], but
can easily be extended to the Fourier series of a
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centrosymmetric sawtooth:

do - . KQ
YT K;[AV sin (vot)] — C—p (7

o0

KA,

Q= Z 2 2.2

v=1 (K/CP) + Vo

X [(£> sin vt — v cos vt + vae K/

G
8

Eq. (8) can also be expressed in terms of temperature,
as pointed out above, and by introducing the phase
shift ¢,, from tan &, = vw Cy /K, the temperature of
the calorimeter becomes:

T = ZAV[sin(va)t —&,) + sing, e K/G] )

v=1

Each of the independent terms of the solution of the
linear, first-order differential equation, Eq. (7), yields
the proper value for the reversing heat capacity when
inserted as Aur(v)/[Ars(v)w(v)] into Eq. (3). The
obvious choice for the analysis is the first harmonic
since it has the largest amplitude.

Next, it could be shown by model calculations
that for a DSC of the heat-flux type it is not even
necessary that the linear segments of the sawtooth
reach steady state before Eq. (3) holds [9,15]. A
remaining stringent condition is, however, that the
temperature gradient within the sample continues to
be negligible.

Fig. 6A and B illustrate the fit of two of the
polystyrene data sets. One that was analyzed under
steady-state conditions (period 480 s) and the other,
far from steady state (period 24 s). The upper curves of
Fig. 7 represent the deviations encountered in represent-
ing the true amplitudes of the heat-flow rate (Agr, ll) and
the heating rate (Arg @, []) by the first harmonic of the
Fourier series; the corresponding triangles (A, /) are
the sapphire data. The lower curves give the ratios of
the corresponding two sets of upper curves. If the
deviations were compensating, the ratios should be
1.0. The change of this ratio is different for polystyr-
ene (4) and sapphire () so that the sapphire data
cannot be used for correction of the polystyrene data.
The ratio of the fitted and true heating-rate amplitudes
is the same for polystyrene ([]) and sapphire (A). This
is a characteristic of the power-compensation calori-
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Fig. 6. Quasi-isothermal measurement on polystyrene at 298.15 K
with a modulation amplitude of 2 K, (A) period p=480 s and (B)
period p=24s.

meter which produces an almost sample-independent
sensor-temperature amplitude [23].

4.2.1. Performance characteristics of power-
compensation and heat-flux calorimeters

The heat-flux DSC uses one common heater for
both, the sample and the reference. The temperature
sensors are located in close proximity of the sample
and reference, respectively, to assure a negligible
temperature gradient. Therefore, the heat conduction
path from the heater to the sample and reference is
much longer than that from the sample and reference



274 R. Androsch et al./ Thermochimica Acta 357-358 (2000) 267-278

12 b Ve

11}k A7
[ ]
;|
o
10 b o
—$ <o v
o
/.0
09 &
*
.
08 F

1 L 1 1 1 1
g 100 200 300 400 500

Period (s)

Fig. 7. Upper curves: ratios between fitted and true amplitudes of
heat-flow rates and heating rates. Lower curves: ratios between
fitted amplitudes of heat-flow rates and heating rates of polystyrene
and sapphire data from Figs. 1 and 2.

to the sensors. The difference between the larger
temperature gradients from the heater to the sample
and reference sensors is the measure of the sample
heat flux. The power-compensation DSC [24,25] has a
much shorter total path for heat conduction from the
individual heaters to the sample and reference and
their corresponding sensors. The electronics controls
the average temperature according to the temperature
program and compensates almost any temperature
difference between the sensors of the isolated sample
and reference calorimeters. A small, usually negligi-
ble, temperature difference remains and is directly
proportional to the recorded differential power. The
differential power needed to minimize this tempera-
ture difference is proportional to the sample heat flux.
Larger temperature differences develop when the
sample suffers a large first-order transition over a
narrow temperature range, a case that needs to be
treated separately, perhaps in analogy to the discussion
completed for heat-flux calorimetry [9,15], but is
outside the frame of the present investigation. The
delay in reaching steady state of the heat-flow rate and
heating rate comes from the need to transfer the heat
from the reference and sample heaters into the refer-
ence and sample calorimeters. This process is similar
to the heat-flow rate from heater to the sample-tem-
perature sensor which governs the heat-flux DSC. One

== d(Ts)/dt
—_—Tr-Ts

960 s

dT«/dt and (T:- Ts) (normalized )

240s

Time (one period)

Fig. 8. Simulation of the time-dependency of the heating rate (d7/
dr) and the difference between reference and sample temperature
(T,—T) for different periods p.

may, thus, assume that an equation similar in form to
Eq. (3) that was derived for heat-flux DSC [5] can be
used to correct the heat-flow rate of the power-com-
pensation DSC.

A modeling experiment was undertaken to explore
the effects of the different delays in reaching steady
state of the heating rate d7/dr, and the difference
between sample and reference temperatures (7,—T,
proportional to the heat-flow rate) on the heat capacity
measurement. The approach is similar to earlier cal-
culations that apply to the heat-flux calorimetry [9,15].
In Fig. 8 we show the results for one period after
repeatable modulation has been reached (third cycle).
The heating rate and the heat-flow rate were both
normalized to the maximum amplitude. Visual inspec-
tion of the data clearly explains the differences in the
heating rate and heat-flow rate amplitudes expected
from the fit to a Fourier series. A quantitative evalua-
tion of the differences between the fitted and the true
values is shown in Fig. 9. The results are comparable
to the experimental data of Fig. 7. The heat capacity
when determined by the Fourier fit via Eq. (4) must,
thus, also be dependent on the frequency of the
measurement as long as no corrections are applied
to compensate for the different approaches to steady
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Fig. 9. Upper curves: ratios between Fourier fitted (TMDSC) and
true (DSC) amplitudes of heat-flow rates (H) and heating rates
(). Lower curve: ratios between Fourier fitted amplitudes of
heat-flow rates and heating rates based on the simulation data in
Fig. 8 (@).

state of the heating rate and the heat-flow rate. This
holds regardless whether the system is in steady state
for each linear segment of the sawtooth (as in standard
DSC), or not, as is displayed in Fig. 10. Application of
Eq. (1) of the standard DSC gives the correct value for
Cy/K (=10—5s) as long as the calorimeter reaches
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Fig. 10. Difference of sample and reference time constants as
function of the period as calculated from the simulated data shown
in Fig. 8.

steady state at the switch of heating rate. A calculation
via Fourier fit, in contrast, contains already a non-
negligible error when assessed with Eq. (4). Since the
absolute heat capacity in J K ' changes the time
constant of the equilibration into steady state, the
experimental data shown in Fig. 3 can now be
explained: the experiment shows no dependence of
the sample-temperature amplitude on the sample
mass, but steady state is approached more slowly with
increasing mass (heat capacity of the calorimeter),
resulting in a reduced amplitude of the first harmonic
of the Fourier fit. Similarly, if the Newton’s-law
constant K is increased, as for instance by extending
the path length between sensor and sample as realized
in Fig. 4, it must affect the heat capacity calculated by
the Fourier-fitted amplitudes.

4.3. Corrections for differences in approach to
steady state for heating rate and heat-flow rate

In the discussion of the experimental data, the
dimension-less heat-capacity calibration constant K’
in Eq. (4) was set to one after a calibration of the
instrument with the heat of fusion of indium. From the
experience with heat-flux calorimetry one knows,
however, that Eq. (4) needs to be corrected for the
differences between the heat-flow rates into the refer-
ence and sample calorimeters. The corrected equation
for the heat-flow case could be derived, according to
the discussion in the prior section, as Eq. (3) [5]. It
involves the frequency ®, Newton’s law constant K
[J K~ ' mol ' s™'], and the reference heat capacity C..
Comparison of Egs. (3) and (4) leads for the case of
identical sample and reference pans (Cs=C;+mc,) to
the following correction factor for the heat capacity
constant of Eq. (4):

;L Cra)2
K — 1+<K> (10)

Assuming, next, that the power-compensation
calorimeter needs a similar correction, we attempted
to extract from the present data an appropriate time
constant C/K=t which has a dimension of [s radfl].
For the case of the simulated data in Figs. 8-10 this
correction is easy to perform since the heat capacity is
given already in terms of 7, i.e., the value of K needs
not to be known explicitly. The correction of the
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Fig. 11. Square of the reciprocal, uncorrected specific heat
capacity of sapphire and polystyrene as function of the square of
the modulation frequency ®, based on data of Figs. 1 and 2.

experimental data requires according to Eq. (10) a
plotting of the square of the reciprocal of the uncor-
rected heat capacity versus the square of the fre-
quency:

1 1
C (uncorrected)  Cp(corrected)

x [1 4 (w1)?]

(1)

The intercept of the fitted linear relation at »*=0 is
the inverse square of the corrected heat capacity, and
from the slope, t can be calculated. This is demon-
strated in Fig. 11 for the polystyrene and sapphire data
of Figs. 1 and 2, and in Fig. 12 for the aluminum data
of different masses of Fig. 3. It can be seen that all data
result in straight lines in support of the assumptions
that went into Eq. (11). With the corrected K, all
frequency dependence of the experimental data is
eliminated as long as data of Figs. 11 and 12 remain
linear. It needs to be pointed out, that this correction
works also in the frequency range where steady state is
not reached in the linear sawtooth segments, i.e., for
the polystyrene data at periods shorter than 48 s.
Furthermore, it is important to note that the slope
changes with the material analyzed and also the
sample mass.

From the experimental data in Figs. 11 and 12, one
must conclude that indeed, the temperature gradients
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Fig. 12. Square of the reciprocal, uncorrected specific heat
capacity of aluminum as function of the square of the modulation
frequency w, based on the data from samples of different mass as
given in Fig. 3. Curves m, to m; refer to runs with 1-7 Al sample-
pan lids, each of about 9 mg.

between the sample heater and actual sample tem-
perature and the reference heater and the reference
temperature are involved in the correction of K'. This
result is in agreement with the descriptions of the heat-
flux and power-compensation calorimeters given in
the Section 1. When only one heater governs the
differential heat flux, and the modulation is controlled
at the sample with negligible temperature gradient
between sample and sensor, only one correction is
necessary, and takes the form of C,/K i.e., the correc-
tion is sample-mass and material independent. In the
power-compensation calorimeter the sample-depen-
dent part of the time constant can be extracted by
plotting the slope as defined in Eq. (10) versus the
square of the sample mass and extrapolating to zero
sample mass. This is done in Fig. 13 based on the
aluminum data of Fig. 3. Collecting all the effects on
the experimentally measured heat capacities into one
equation, one obtains the following correction factor
to be applied in Eq. (4):

K = \/1+ [t(m)*]w? (12)

The experiments have shown that this equation
holds up to a frequency of approximately 27/
15 rad s~!. This limit is in the same range, or even
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Fig. 13. Slope of Eq. (11) as a function of the square of the sample
mass, based on data in Figs. 3 and 12.

better, than the limit observed in heat-flux instruments
[26]. Since t(m) is dependent on the type of the
sample, a calibration with substances like sapphire
is not valid. In Fig. 14 the consequence of such an
improper correction of the polystyrene data of Fig. 1
(amplitude 2 K) with the corresponding sapphire data
of Fig. 2 is displayed. It does not remove the frequency
dependence of the measured specific heat capacity.
Fortunately, the precise determination of the heat
capacity does not require an explicit determination

1.00
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0 100 200 300 400 500

Period (s)

Fig. 14. Unsuccessful correction of the specific heat capacity of
polystyrene with sapphire data, based on data in Figs. 1 and 2.
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Fig. 15. Correction of the specific heat capacity of polystyrene
according to Egs. (4) and (12) with t=3.2 s, based on data in Fig. 1.

of K’ and 7. It is possible to simply plot the reciprocal
of the square of the measured value [Eq. (4) with
K'=1] versus the square of the frequency w” and
extrapolate to zero. The intercept gives the reciprocal
of the square of the correct heat capacity.

If data at a single frequency need to be corrected,
the K’ value must be known from a separate calibration
for the given sample and reference, as described
above. Each measured value can then be corrected,
as is shown in Fig. 15. For the correction in Fig. 15 a
7(m) of approximately 3 s rad~' was used.

Although it is not yet proven if the power-compen-
sated DSC with sawtooth modulation produces more
accurate heat capacities than the standard power-
compensated DSC, the advantages are: (1) heat-losses
without Fourier-components of the measuring fre-
quency o can be eliminated. (2) Quasi-isothermal
determination of the heat capacity can be performed,
not possible by standard DSC. (3) Reversible and
irreversible heat-flow rate effects can be separated.
(4) Heat capacity can safely be determined over a
rather wide frequency range, even if steady state is not
reached. The last point is of particular importance
when the thermal event includes an irreversible latent
heat. The extraction of the true heat capacity from the
apparent heat capacity assures correct quantitative
values when both measurements are properly decon-
voluted and corrected. A note of caution is that large
latent heats frequently destroy the steady state and
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approach to steady state and need special attention [9].
The widely used adjustment of the measured fre-
quency-dependent heat capacity in a temperature
range outside of the transition region is the easiest
way to get quantitative heat capacities within a transi-
tion region. However, this only works when data with
sufficient high accuracy, as from the ATHAS data
bank [20], are known. Otherwise, the more time-con-
suming procedure described in this paper could be used.

5. Conclusions

The power-compensated, temperature-modulated
DSC with a sawtooth modulation of the program
temperature can be used to determine the reversing
heat capacity by fitting the true heat-flow rate and
heating-rate amplitudes by the corresponding ampli-
tudes of the first harmonics of the Fourier fit. Proper
corrections must be applied, however, and are not
available in the software that accompanied the
TMDSC. The corrections are necessary to compensate
the different approaches to steady state of the heat-
flow rate and the heating rate when switching from one
segment of the sawtooth to the next. Without these
corrections, the results are distinctly frequency-depen-
dent up to at least 100 s. The correction requires the
evaluation of an instrument- and sample-dependent
time constant. This time constant can be determined
by the measurement of the frequency-dependence of
the uncorrected heat capacity. Once the constant is
known, measurements can be performed over practically
the entire frequency range of the instrument, indepen-
dent whether steady state is reached or not. The inves-
tigation shows that the data-treatment is different for
power-compensation and heat-flux instruments.
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