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Abstract

The heat capacities of sapphire (Al,03) and sodium chloride (NaCl), have been measured to establish the accuracy and
precision of two different temperature-modulated differential scanning calorimeters operated in diverse multi-frequency modes.
The calorimeters have then been applied to find the apparent, reversing heat capacity of polystyrene as a function of frequency in
the glass transition region. The first modulation mode consisted of a series of linear heating and cooling segments and produced
four harmonics with practically equal temperature amplitudes (1st, 3rd, 5th, and 7th), one of lower amplitude (9th), and almost
negligible higher harmonics. The second modulation mode is a rather sharp step ending in an isotherm or slow temperature-
decrease and leads to a controlled spike in the heat-flow rate response which produces Fourier components of similar amplitudes
for all harmonics of the rates of changes of temperature. The apparent, reversing heat capacity is evaluated from the amplitudes
of the heat-flow rates and the corresponding sample temperatures or heating-rates. A time-constant or calibration constant which
accounts for thermal conductivities and resistances within the calorimeters can be evaluated from the different harmonics of each
run. Measurements in the glass transition region have a slow response of the sample. They are evaluated by separating the sample
effect from the calorimeter response which can be extrapolated from data gained outside the transition. One measurement is thus
sufficient for the evaluation of the frequency dependence of the heat capacity in the glass transition region.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction thermal properties. Among many other applications,

this method enables to provide data on the frequency-

The invention [1] of temperature-modulated dif-
ferential scanning calorimetry (TMDSC) had a pro-
found impact on the measurement of time-dependent
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dependence of heat capacity, as it is observed in the
glass-transition region [2]. These experiments to eval-
uate the frequency-dependence, however, require mul-
tiple runs through the temperature region of interest.
The multiple-frequency measurements proposed in
the present research allow to use one experiment
for the evaluation of the effect of several frequencies.
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This permits an exact correspondence of the sample
history for all frequencies, a condition which cannot
be guarantied in separate experiments.

Measurements with different modulation frequen-
cies were proposed earlier [1], but first applied exten-
sively to the calibration of TMDSC for high precision
heat capacities. In the case steady state is not reached
during a calorimetric experiment, one must consider
that significant temperature gradients exist within
sample and reference calorimeters, and the individual
thermal resistances and thermal conductivities of
sample, reference and calibration runs must be
assessed [3]. The multi-frequency modulation was
in this first discussion accomplished with a four-
frequency sawtooth of 14 segments. Heat capacities
of a precision approaching 0.1% could be demon-
strated for all three common commercial scanning
calorimeters (T.A. Instruments [4], Mettler-Toledo
[5], and Perkin-Elmer [6]). A different modulation
program, which also leads to multi-frequency data, is
the step-isotherm modulation. In its simplest form it
consists of a series of isotherms, interrupted by a
periodic, step-wise increase or decrease of the tem-
perature [7]. In this paper, both methods are tested
with measurements of the heat capacities of Al,Os3,
and NaCl and applied to the evaluation of the fre-
quency dependence of the reversing heat capacity in
the glass transition range of polystyrene. The four-
frequency sawtooth method is used with a TA Instru-
ments MDSC™ 2920, the step-isotherm is carried
out with a Perkin-Elmer Pyris-1™. The results of the
similarities and differences in modulations and calori-
meters are discussed with the goal to optimize future
TMDSC.

2. Experimental detail
2.1. Four-frequency sawtooth measurements

In standard differential scanning calorimetry (DSC)
quantitative experiments are usually carried out after
steady state has been reached, i.e. all points in the twin
calorimeters are expected to change their temperature
with the same rate ¢ = d7/dr. The programmed tem-
perature is usually a linear ramp over a rather large
temperature interval (typically 2-200 K) with heating
rates of 540K minfl, and measurements can be

made from temperatures between 100 and 1000 K
[8]. The difference in temperatures between reference
and sample (T, — Ts = AT) is directly proportional to
the heat-flow rate @, so that

D
C,=—K, (1
q

where K is obtained by calibration with a calorimetric
standard, such as sapphire (Al,03). A typical precision
of up to 3% is possible [8].

In TMDSC, the programmed temperature is pro-
duced by superposition of a constant heating rate and a
temperature-modulation [9,10]. The constant, under-
lying heating-rate corresponds to the sliding average
over +1/2 modulation period and is written as (g).
The initial modulations applied to TMDSC were
sinusoidal and measurements were carried out under
conditions which remained close to steady state, even
during the modulation. Many measurements were
made in the quasi-isothermal mode, i.e. without an
underlying heating rate (¢) =0 [11,12].

In the quasi-isothermal method of TMDSC, a rever-
sing heat capacity can be evaluated from the ampli-
tudes of the heat-flow rate A4 and the corresponding
sample temperature, Ar, [12]:

- ATS(U

Cp K(w), @
where @ is the frequency in rads™' (2n/t,, with t,
representing the modulation period in s) and K(w)
corrects for the different modulation in the reference
calorimeter (K(w) = [1 + (C;w/K)*1°°, with C,
representing the heat capacity of the reference calori-
meter and K, the Newton’s law constant). Note that A
 is the amplitude of the heating rate, A, The
amplitudes are extracted from the raw data, gathered
as a function of time, by finding the first harmonic of
the Fourier-transform into the frequency-domain. All
extraneous heat losses which are different in fre-
quency from o are thus eliminated, improving the
quality of the measurement. It was also shown that for
TMDSC with an underlying heating rate {(g), Eq. (2)
could also be used in a pseudo-isothermal analysis by
subtracting the total or underlying effects, as for
example for heat-flow rate by forming at any time ¢
difference @(1),eyersing = (1) — (@(2)). This method
is feasible as long as the calorimeter remains in steady
state and (@(r)) is constant or changes linearly [12].
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Many applications of the TMDSC method need to
provide data on the frequency-dependence of heat
capacity, as it is observed in the glass-transition region
[2,13]. These experiments require multiple runs
through the temperature region of interest. The multi-
ple-frequency measurements proposed for the present
research allow to use one experiment for the evalua-
tion of the effect of several frequencies. This permits
an exact correspondence of the sample history for all
frequencies, a condition which cannot be guarantied in
separate experiments. Measurements of heat capaci-
ties with different modulation frequencies were pro-
posed earlier [1], but first applied extensively to a
detailed calibration of TMDSC as mentioned in Sec-
tion 1 [3]. A sawtooth modulation was created and
data of the first harmonic (v = 1), as well as for higher
harmonics of the sawtooth were used for the analysis
(v=3,5,7,...). By adjusting Eq. (2) for different
frequencies, one obtains [14]:

C, = 4,0 K 3

"= A (o (ve). 3)
In analogy to Eq. (2), the dimension-less correction
function K(vw) in Eq. (3) can be written as

K(vw) =1/1+ rz(vw)z, 4)

where 7 is an empirical constant. A sawtooth modula-
tion introduces abrupt changes in temperature and can
thus never keep the calorimeter in steady state, so that
7 must correct for effects of instrument design, sample
and reference properties such as thermal conductivity,
mass, and contact resistances. At higher frequencies t
may even lose its constancy with w.

A centrosymmetric, quasi-isothermal sawtooth
about T, i.e. a modulation without an underlying
heating rate, (¢g) = 0, can be described by the Fourier
series

_8A [ . 1. I
T(t)—T, = 2 | sin ot — g sin 3ot +g sin St

1 . |
—4951n7(ut+8151n9wt—--~>, (®)]

where A is the sawtooth amplitude. Only the first
harmonic in Eq. (5) has a big amplitude (0.81A),
the other amplitudes decrease quickly with frequency,
so that the ninth harmonic has an amplitude of only

0.01A. Calculations of the heat capacities from the
higher harmonics should have less precision, surpris-
ingly they were shown to be usable for heat capacity
evaluation [15].

In order to improve the evaluation of heat capacity
from these higher harmonics, we generated a four-
frequency sawtooth with close identical harmonics for
v =1,3,5, and 7 with a Fourier series which is given
by [8]:

T.(1) — T, = A(0.38 sin wr + 0.25 sin 3wt
+ 0.22 sin Swt + 0.35 sin 7wt
— 0.04sin 9ot + 0.01 sin 11wt) (6)

The programming steps of such a sawtooth are pre-
sented in Table 1 for an overall period of 420s (30 s
per sub-segment). This simplified four-frequency saw-
tooth will be applied in this research and analyzed
using Eqs. (3) and (4) as discussed earlier [3]. The fifth
term of the series is distinctly smaller, but can still be
used for the analysis. The sixth and higher terms have
only a negligible contribution. The four-frequency
modulation for the heat-flux DSC used in this research
is obtained from the set of linear heating and cooling
segments as displayed in Fig. 1a. Despite the lag of the
sample temperature, the resulting rounded sawtooth is
described by an equation similar to Eq. (6).

Table 1
Four-frequency sawtooth program for #, = 420 s
Segment Time Amplitude Heating
no.’ (s) (K) rate (K min~")
1 0-15 0.0-1.0 +4
2 1545 1.0-0.0 -2
3 45-75 0.0-0.5 +1
4 75-105 0.5-0.0 —1
5 105-135 0.0-0.5 +1
6 135-165 0.5-0.0 -1
7 165-195 0.0-1.0 +2
8 195-225 1.0to —-1.0 —4
9 225-255 —1.0-0.0 +2
10 255-285 00to —0.5 -1
11 285-315 —0.5t0 —0.0 +1
12 315-345 00to —05 -1
13 345-375 —-0.5t0 -0.0 +1
14 375-405 00to —1.0 -2
15 405-420.0 —1.0-0.0 +4

?Note that in order to keep a centrosymmetric sawtooth,
segments 1 and 15 are half segments.
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Fig. 1. (a) Temperature program of a single cycle of the four-
frequency sawtooth and the actually achieved sample temperature
for a 23.623 mg NaCl sample (overall amplitude 1.0 K, period of
one cycle 420 s, each segment lasts 30 s); (b) enlargement of the
first part of the modulation (/\) and the calorimeter response (O) of
(a), compared with the response of an equivalent RC electrical
circuit (solid curve).

The calorimeter used for the present measurement
was a TA Instuments MDSC™ 2920, run in the
standard DSC mode, i.e. without making use of the
sinusoidal modulation software and corresponding
evaluation provided by the manufacturer. The details
of the calorimeter are given in the literature [8]. Quasi-
isothermal experiments were performed at the base
temperatures, 7o, The analysis of the experimental
data, consisting of the deconvolution of the various

harmonics of the sample temperature and heat-flow
rate, as well as the calculation of the heat capacities,
C,, was processed with our own software, pro-
grammed in Mathematica 3.0 [4]. The temperature
calibration was set with the melting temperatures of
indium and water at a heating rate of 10 K min~'. The
heat-flow rate was initially set by the heat of fusion of
indium and is then corrected with a calibration run
with Al,O3 (sapphire). Dry nitrogen gas with a flow
rate of 20 ml min~' was purged through the DSC cell.
The time constant which governs the lag of the sample
temperature relative to the program temperature
shown in Fig. la depends on the heat capacity of
the calorimeter and all involved thermal resistances, as
well as the thermal conductivity of the sample. In
Fig. 1b the sample-temperature response (O) is given
in an enlarged plot for the first heating—cooling seg-
ment. The solid curve is obtained from a simple
equivalent RC electric circuit from which the time
constant can be estimated to be about 15 s. For a more
precise match of the temperature function, time delays
introduced by the controller and due to the diffusion of
the heat from the heater to the sample must be taken
into account. Although the reference temperature is not
directly available, the construction of the twin calori-
meter ensures a similar characteristic of the reference
calorimeter. Repeatability of the temperature within
the oscillations is reached after one segment of the
basic modulation. The faster response of calorimeters
with temperature control closer to the heater has been
illustrated also, and leads to a more precise match with
the programmed sawtooth, as expected [5,6].

2.2. Step-isotherm measurements

Considerably simpler is the programming of the
step-isotherm modulation. The temperature and heat-
ing-rate profile are schematically drawn in Fig. 2. The
reversing heat-flow rate can be seen from Eq. (2) to be
proportional to the amplitude of the rate of tempera-
ture change (Ar, = A,), and this signal can be derived
from a delta function which contains a series of higher
harmonics, all of identical amplitudes. One delta-
function at (+—t;) per period, as shown in Fig. 2, can
thus be used for the generation of the heat capacity
spectrum. The corresponding temperature profile
has the indicated step-wise increase in temperature.
A slow, underlying heating- or cooling-rate can be
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Fig. 2. Upper curve: heating-rate profile consisting of one delta
function per period; lower curve: the corresponding temperature—
time program to the upper curve.

added between the steps in the temperature—time-
program. When necessary the temperature steps can
also be negative [7].

The multi-frequency experiment with a step-isotherm
temperature profile was carried out with a Perkin-Elmer
Pyris 1™ power-compensated DSC. The details of the
calorimeter are given in the literature [8]. The example
illustrated in Fig. 3 shows the temperature—time profile
that was programmed by repetition of two segments, an
isotherm of 20 min followed by a heating step of 2.0 K,
programmed with a heating rate of 150 K min~' which

2.0 kelvin

Temperature / K

—~10 K~

o

T ¥ T T T T T ¥ T T T T T T 1
0 100 200 300 400 500 600 700
Time / min
Fig. 3. The temperature—time profile of a complete analysis,
consisting of repetition of isothermal heating segments of 2.0 K

steps, Perkin-Elmer Pyris 1™ DSC, the inset shows an enlarge-
ment of the sample temperature during one step.

leads to heating segments of 0.8 s. The inset shows an
enlargement of the sample temperature for one period.
One can see that even in the enlarged inset the actually
measured temperature follows the programmed tem-
perature closely.

The data treatment was carried out as follows:
assuming that k points are obtained per period for
the @(¢) and ¢q(7) signals, one calculates the apparent
heat capacity for the frequency w as

_ S @, cos(oot) — iS5, Py sin(ot;)
S i cos(wt;) — iz;‘:lqi sin(wt;)

msc;*(w)

(N
where m; is the sample mass and w = 2n/t,, with 7,
representing the period of heating rate or temperature
oscillation. The points @; and g; must be taken with the
same sampling rate (number of points per unit time)
and be equidistant. The measured heat-flow rate was
corrected by subtraction of the baseline for the heat-
flow rate. Further, we presented the data of the mod-
ulus and argument of Cf(a)), calculated by Eq. (7).
For calculations of the apparent heat capacity of the
vth harmonic we only substitute w by vw in Eq. (7).

2.3. Samples

The polystyrene used in this research was purchased
from Aldrich. Its glass transition temperature is at
about 373 K, and the mass-average molar mass is equal
to 280,000 Da, measured by size-exclusion chromato-
graphy and supplied by the supplier. The Al,05; used
for calibration is a standard single crystal of sapphire,
traceable to a standard sample of the NBS, dated
March 1949 (now National Institute of Standards
and Technology (NIST)) with extensive information
on its heat capacity [16]. The NaCl was a 99.999% pure
single-crystalline granulate (based on metal content),
purchased from Puratronic, Inc. (lot no. 22080). Its heat
capacity can be found in the literature [17].

3. Results and discussion

3.1. Example data for the four-frequency sawtooth
modulation and results on NaCl

Fig. 4 illustrates an example of the measurement
and evaluation of the apparent, reversing heat capacity
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Fig. 4. (a) Heat capacity data for NaCl. Filled circles, uncorrected
specific heat capacities calculated with Eq. (3) using K(vw) = 1.
Open circles after correction with Eq. (4). Open squares, the same
data as for the open circles, but after correction with the heat
capacity of Al,O3 (22.762 mg measured under the same conditions
as the NaCl); (b) correction-plot for the heat capacities of Fig. 4a.
The uncorrected specific heat capacities are plotted as indicated to
evaluate t according to Eq. (4).

of NaCl with the four-frequency sawtooth method
(mg = 23.623 mg). The reversing heat capacity repre-
sents the absolute value of the reversing heat capacity
(also called its modulus), evaluated from Egs. (3) and
(4) for the four main harmonics of the sawtooth of
Fig. la (v =1, 3, 5, and 7). The 9th harmonic is also
included in the evaluation (see Eq. (6)). The uncor-
rected data gained from Eq. (3) are represented in

Fig. 4a by the filled circles. The correction procedure
involves the evaluation of 7, as shown in Fig. 4b. The
intercept of the plot at w? = 0 is the inverse of the
squared heat capacity, corrected for the change with
frequency. The calibration of the heat-flow rate with
sapphire involved a similar measurement and correc-
tion at the same temperature (22.762 mg of Al,O3),
followed by a parallel shift of the frequency-corrected
data to the level given by ([]). Typically the four-
frequency sawtooth of Table 1 and Fig. la was
repeated 10 times and checked for repeatability by
comparison of their Lissajous figures. Usually only the
first cycle showed deviations for the first segment. The
data of the 9th cycle were then analyzed.

Fig. 5 shows the results of the measurement of the
heat capacity of NaCl using the modulation with a
four-frequency sawtooth, as illustrated for one base
temperature, T, in Fig. 4. Also plotted in the figure are
data on NaCl measured with the step-isotherm method
of Fig. 3. Three samples, each, of Al,O3 (mg = 71 mg)
for calibration, and of NaCl (mg; = 30.7 mg), were
measured in standard aluminum pans of about
25 mg. Both sets of data were compared with data
obtained by adiabatic calorimetry [17]. The overall
standard deviation of the two DSC sets from the
literature is 0.7%, with a clear systematic deviation
to lower heat capacities, to be addressed with higher-
precision measurements in Section 3.3.

3.2. Example of the step-isotherm modulation and
results on Cf at the glass transition of PS

Next, a detailed description is given of the evalua-
tion of the apparent heat capacity of polystyrene, as
measured with the step-isotherm method, followed
by a comparison with similar data from the four-
frequency sawtooth measurement. Fig. 6 shows the
measured heat-flow rate of a sample-run after sub-
traction of the baseline heat-flow rate. One can see
sharp peaks, which correspond to the very short heat-
ing segments with the high heating rate (see Fig. 2).
The inset is an enlarged view in the time scale of two
neighboring heat-flow-rate peaks. Note that time-axis
has a break and the deviation from the baseline is
completed in about 30 s.

The calorimeter cannot fully realize the steep heat-
ing-rate increase required by the modulation shown in
Fig. 2. As a result, the heating-rate amplitudes of the
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Fig. 5. Heat Capacity of NaCl. Comparison of literature data (—) [17] with the step-isotherm (@) and four-frequency sawtooth (O) data
measured with temperature profiles as shown in Figs. 1a and 3 (see also Fig. 6).

Fourier series decrease towards higher frequencies, as
is shown in Fig. 7. The figure reveals that the heating-
rate amplitude stays practically constant for about one
decade of frequency, as expected for a delta function
given in Fig. 2.

For the data analysis, first the apparent heat capacity
was calculated using Eq. (7). From a single step in the
temperature, we calculated the uncorrected, apparent

reversing heat capacity C I’f () up to the 100th harmonic
of the modulation (frequency = 0.083 Hz, modulation
period t, = 12 s). Then we applied calibration factor
By(w) [18] to get corrected apparent reversing heat
CaPaCity (CpA,corrected (w) = CP,measured(w) X BZ(CU))-

In case one does not expect a frequency dependence
of the heat capacity of the sample, one can try to
describe frequency dependence of the measured

309 =20
30s
10
g
— 20
® 0 ——— = —
o 20 min 40 min
4
2
o
T 101
x
0-
0 100 200 300 400 500 600 700
Time / min

Fig. 6. Heat-flow rate, plotted vs. time of the temperature~time program shown in Fig. 3. Perkin-Elmer Pyris 1™ DSC, polystyrene, sample

mass, ms = 25 mg with a standard aluminum pan of about 25 mg.
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Fig. 7. Change of the heating-rate amplitude as a function of frequency for the temperature—time program, shown in Fig. 3. The heating rate
was calculated as the derivative of the sample temperature with time, not of the program temperature. Perkin-Elmer Pyris 1 DSC™.

apparent heat capacity as manifestation of the heat
transfer. As a first approximation, i.e. if one considers
only one effective thermal contact K (effective thermal
path), C#() is given by

G

G =Gk, ®
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In accord with Eq. (8), Fig. 8 shows a plot of l/C;fé(a))2
versus . The points of l/C[f’E(w)2 for different fre-
quencies should lie on a straight line and the slope
of the curve equals 1/K>. If one takes values of
Ch(w) =mych(w) inmJK™! and @ in rads™', the
effective thermal contact K will be in mW K ! (com-
pare with Fig. 4b).

(o]
100t

000 005 0.10

015 020 025 0.30

Square of the Frequency f rad2s—2

Fig. 8. Plot of 1/ ijé(w)2 vs. w”. The apparent heat capacity values C#(a)) were taken after correction by factor B,(w) for the 1st, 2nd, 4th, 8th,
16th, 32nd, 64th, and 100th harmonics. Except the 100th harmonic, the points lie on a straight line. Perkin-Elmer Pyris 1 DSC™, polystyrene
sample, mg = 25 mg with standard aluminum pan of about 25 mg, the mean temperature is 347.2 K (74 °C).
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Fig. 9. Modulus of the specific heat capacity of PS vs. temperature in the glass transition region, plotted for different harmonics. The
corresponding periods are: 1200.8, 600.4, 300.2, 150.1, 75.0, 37.5, and 18.8 s. Step-isothermal modulation, as shown in Fig. 3. Sample mass

ms = 25 mg, modulation period #, = 20 min. Perkin-Elmer Pyris 1 DS

As seen from Fig. 8, the measured C7f(w) can be
described with one effective thermal contact up to
the 64th harmonic. From the slope we determine the
effective thermal contact K between the sample and
the calorimeter. Outside of the glass transition region,
K was about 34 mW K. Inside the glass transition
the heat capacity of the sample itself depends on
frequency and therefore K could not be determined
correctly. We assumed in this temperature range the
same 34 mW K~! for K.

Eq. (8) is valid for general case when C,, is complex.
After determination of K outside the glass transition
region, we rewrite Eq. (8) as

C} ()

T 1+ (i0/K)Cl (o) ®

c(o)

and calculated the value of the specific, frequency-
dependent heat capacity as C,(w) = C,(®)/ms. The
results are shown in Figs. 9 and 10. The 64th harmonic
is noisier than lower harmonics because the corre-
sponding heating rate amplitude is smaller, as seen in
Fig. 7 (60% of the expected value at low frequency).
Outside of the glass-transition region, the heat capa-
city is real-valued and shows no frequency depen-
dence within experimental uncertainties. Within the
glass transition region, the heat capacity is complex

c™,

and frequency dependent. The curves drawn in Fig. 9
show the typical dynamic glass-transition response
of polystyrene. The position of the glass transition
is shifted to higher temperature by about 3.5 K on
increasing the frequency by one decade, similar to data
recorded earlier [19,20].

The analysis by the four-frequency sawtooth
modulation in the region of the glass transition of
PS is similar to that shown in Fig. 4 for NaCl. Fig. 11
illustrates the values for t as a function of tempera-
ture (see Fig. 4b). Outside the glass transition, t
changes only gradually with temperature. The addi-
tional increase is, thus, expected to be due to the
slow response of the sample to the change in
frequency. The corresponding heat capacities for
polystyrene calculated with the t-values extrapo-
lated through the glass transition region in Fig. 11,
and corrected as shown in Fig. 4a, are displayed
in Fig. 12. At the point of half increase in the
apparent heat capacity, usually taken as the glass
transition temperature, T, one finds a shift of T, of
about 5 K for an increase in frequency by a factor
of 9. This compares to an increase of about 7 K
for a change in frequency by a factor of 64 in Fig. 9.
Choosing approximately equal changes in t, for
both measurements yields a comparison of 5-4 K,
respectively.
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3.3. Heat capacity measurements with
high precision and accuracy

To generate heat capacities of highest precision and
accuracy, one can still optimize the conditions of
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Fig. 11. Change of the value of 7 for PS in the glass transition region
using the heat-flux MDSC™ 2920 modulated with a four-frequency
sawtooth, as shown in Fig. 1. Calculated from the extrapolation using
Eq. (4), as illustrated in Fig. 4b. Outside of the glass transition region,
the value of 7 changes only little, while in the glass transition region
the response-time increases as a result of the slow sample response.

measurement. For example, one can alter the tempera-
ture-time profile of Fig. 2 so that (1) the mean
temperature does not change, resulting in a quasi-
isothermal measurement, (2) the modulation period is
reduced, (3) the step is broadened asymmetrically to
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Fig. 12. Modulus of the apparent specific heat capacity of PS vs.
temperature in the glass transition region, plotted for different
harmonics of the four-frequency sawtooth of Fig. 1. The correspond-

ing periods #, are: 420, 140, 84, 60, and 46.7 s, TA Instruments
MDSC 2920™, mass m, = 23.623 mg, #, = 420 s.
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include elements of both a sawtooth and the step-
isotherm modulation, (4) the number of repetitive
measurements is increased, and (5) larger masses
can be used. For each quasi-isothermal measurement,
10 repetitive measurements were made of a heating
step of 2 K at a heating rate of 20 K min~", followed
by cooling to the starting temperature to create an
asymmetric sawtooth with a modulation period of
about 1.0 min. The heating-rate amplitudes of the first
few harmonics were about 4 K min~' for this mod-
ulation mode. Of these data, we used only the first and
second harmonics, to diagram 1/ C;fé(co)2 versus »” and
determine the extrapolated value 1/C,,(O)2 (see Fig. 8).
With this procedure three samples were analyzed:
Al,O3 (ms = 71 mg), NaCl (ms = 30.7 mg), and PS
(mg = 25 mg), all in standard aluminum pans of about
25 mg. The measured heat capacity of Al,O; was
matched to the literature data [16] to derive the
calibration factor. The results for the molar heat
capacity of NaCl and the specific heat capacity of
PS are depicted in Figs. 13 and 14, respectively. The
statistical scatter of the measured C,, values for NaCl is
about 0.1%, the accuracy is about 0.5%. Most of the
deviation from the literature data [17] is clearly a
systematical error and needs further investigation.
The reproducibility between the two measured sets
of data of PS below and above the glass transition
gives ¢, values which agree to better than 0.2%
with the data bank values [21] which are also shown
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Fig. 13. Molar heat capacity of NaCl vs. temperature. Perkin-
Elmer Pyris 1™ DSC, operated with m, = 30.7 mg, tp = 1 min.
Literature data from [17].
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and the deviations of ¢, between two separate measurements (right
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Literature data from the ATHAS data Bank [21].

in Fig. 14. The estimated overall accuracy of the
data bank was estimated to be only £3%. The new
data suggest that the C, of PS is considerably more
accurate.

4. Final discussion and conclusions

It is shown that modulation with multiple frequen-
cies is possible in a single experiment. Figs. 4b and 8
prove that the frequency-dependent data can be used to
correct for different thermal resistances and conduc-
tivities. This correction is essential for experiments
which cannot maintain steady state, but can lead to
much higher precision by eliminating most heat losses
since TMDSC accepts only responses to the fixed
modulation frequencies [12]. The need to maintain
steady state in TMDSC had limited the precision of
heat capacity determinations in the past. The some-
times involved creation of modulation, and always
lengthy subsequent data analysis should present no
problem, as soon as complete, optimized computer
programs become available.

The two modulation methods presented in this
paper introduce a series of modifications to multiple
frequency operations that can be tailored to the needs
for maximum performance of a given DSC. Looking
at the modulation in Fig. 3, it is obvious that the
sequential step-isotherms could also be looked upon as
an asymmetric sawtooth with an underlying heating
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rate. Selecting in such an analysis only the experi-
mentally found (pseudo-isothermal) reversing heat-
flow rates @(r) of the 1st, 3rd, 5th, 7th, and 9th
harmonic and summing them to a five-frequency
modulation, one obtains the result shown in Fig. 15.
The four-frequency quasi-isothermal modulation of
Fig. 1a looks similar in its response, and many further
modifications in the designs of step and sawtooth are
possible.

In this paper, it could, thus, be shown how the
precision and accuracy of heat capacity measurement
by DSC can be increased considerably, approaching
values usually quoted only for adiabatic calorimetry.
This higher precision possibly challenges the literature
on thermodynamic data on the well known sample of
NaCl with the results in Figs. 5 and 13. It becomes
necessary in this case, however, to investigate the
reliability of the quoted purity of the sample and its
preparation. These are routine requirements for high-
precision calorimetry which were in the past of less
importance for DSC of limited accuracy.

It is illustrated that relatively simple model calcula-
tions, as given in Fig. 1b and by Eq. (8), can be used to
describe the correction plots of Figs. 4b and 8. But
even if a more complicated functional relationship is
needed, as illustrated in the example illustrated in
Fig. 16 [5], data of high precision can be obtained.
It is obvious that maximum precision has not yet been

attained. All run parameters like sample mass, heating
rates and their change during modulation, pan weights
and thermal contacts to the heater, sample consistency
and packing, repetition of measurements, and data
analysis could be optimized simultaneously for any
given DSC. It is notable, however, that in the present
research it was possible to reach comparable data in
accuracy and precision with different instruments in
different laboratories with different methods.

Figs. 9-12, finally, illustrate that it is also possible
with these multi-frequency methods to study the
kinetics of transitions. The glass transition was cho-
sen, since in this case it is of importance that the same
thermal history exists for the sample while testing with
different frequencies. The extraction of the true
kinetics of the glass transition, however, still requires
considerable work. All presently available theoretical
descriptions do not fully describe the data available by
TMDSC [22]. Note that differences between Figs. 9
and 12 may also be used to study the interference of
the time-scale of an underlying heating rate on the
modulation frequencies, as was discovered earlier
[23]. Finally, long-term quasi-isothermal TMDSC
with multiple frequencies may resolve the change in
the kinetics of the glass transition during annealing,
and naturally it opens a new avenue for the analysis of
the kinetics of the many processes discovered in the
melting range of polymers [24].
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