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Abstract

Heat capacities are determined for the different frequencies generated as higher harmonics of the Fourier-transform of the

heat-¯ow rate and sample temperature with quasi-isothermal, temperature-modulated differential scanning calorimetry

(TMDSC). A complex sawtooth modulation was created using a TMDSC of the heat-¯ux type, controlled close to the heater.

The complex sawtooth is designed to yield four harmonics of similar amplitudes. This new modulation method permits the

determination of heat capacity with assurance of identical thermal history and sample geometry, which are important for the

study of non-equilibrium processes as they exist, for example, in the glass transition region. Using a proper calibration by

plotting the frequency dependence of the calorimeter response, heat capacities are determined approaching a 0.1% standard

deviation for polymers. Best results were found for modulation with a complex sawtooth of 14 segments with a maximum

amplitude of 1.0 K, a period of 420 s for 9±30 mg of polymer sample, and a sampling interval of one point per second.

Published by Elsevier Science B.V.
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1. Introduction

The analysis of the glass transition is important in

the characterization of thermal properties of polymers,

and one of the most widely used technique to deter-

mine the glass transition is differential scanning

calorimetry (DSC). The transition, however, depends

on the thermal history of the sample [1] and during

measurements in the glass transition region, the sample

history changes. If one can measure simultaneously

several heat capacities at different frequen-cies, this

problem will be eliminated. The simultaneous use

of multiple modulation frequencies was proposed

already at the outset of development of the tempera-

ture-modulated DSC (TMDSC) [2], but seems not

to have been applied to the measurement of heat

capacity.

Recently, we attempted a series of standard DSC-

experiments, modulated with a sawtooth-like change
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of temperature, and analyzed the result by using the

higher harmonics of the Fourier-transform. The initial

experiments were based on a power-compensation

type calorimeter [3]. In this new method all data of

different frequencies are generated at once, so that the

thermal history should be as identical as possible for

all frequencies. The sawtooth-modulation was chosen

because of its ease of generation by using an obvious

variation of the program for a standard DSC. The

Fourier series of a centro-symmetric sawtooth con-

tains only odd numbered sinusoidal harmonics, i.e., it

represents a convenient sum of sinusoidal modulations

of different frequencies. The heat capacity of sinu-

soidally modulated samples in TMDSC is, in addition,

easy to evaluate [4]. Unfortunately, however, the

amplitudes of the higher harmonics decrease quickly

with n, the order of the harmonic. This decrease in

amplitude should lead to a diminished precision of the

measurement. Despite the small amplitudes, it was

possible to use up to the 11th harmonic to assess the

frequency response of the calorimeter and to derive the

characteristic relaxation times for the instrument [3].

In order to improve the precision of the analysis, a

new, complex sawtooth-modulation was proposed [5].

It is generated by adjusting the 1st, 3rd, 5th and 7th

harmonics of the sawtooth to equal amplitudes. The

result was a complex sawtooth with 26 different linear

segments. This complex sawtooth with 26 segments

can be simpli®ed without losing much of the similarity

of the ®rst amplitudes of the Fourier series by using

only 14 segments, as listed in Table 1 and expressed by

Tb�t� ÿ T0 � A�0:3782 sinot � 0:2511 sin 3ot

� 0:2172 sin 5ot � 0:3477 sin 7ot

ÿ 0:0671 sin 9ot � � ��; (1)

where Tb(t) is the program temperature, T0 the base

temperature of the quasi-isothermal experiment, A the

overall amplitude, and o the frequency in radian per

second (�2p/p, p representing the period in seconds).

In this paper, this simpli®ed complex-sawtooth will

be tested using a heat-¯ux DSC, as built by Mettler-

Toledo, which is controlled close to the heater. Similar

analyses with a heat-¯ux DSC controlled close to the

sample temperature [6] and with a power-compensa-

tion DSC which is controlled at the heater position [7]

were also carried out recently. Each of these differ-

ently constructed DSCs gives a different response to

the modulation with the complex sawtooth and needs

speci®c analysis and calibration methods to reach

peak performance.

The amplitude for each harmonic n of the heat-¯ow

rate AHF and the sample temperature ATs
from a quasi-

isothermal measurement with the complex sawtooth

yields the heat capacity (Cp) as

Cp � AHF�n�
ATs
�n�

1

o0
K�o0�; (2)

where o0 � o� n, with n � 1; 3; 5; 7 and 9, the num-

bers of the harmonics considered.

The calibration function K(o0) was originally

derived for sinusoidally modulated heat-¯ux calori-

metry under the conditions of steady state and a

negligible temperature gradient within the sample

[8]. In this case K(o0) is �1� �Cro0=K�2�0:5, with Cr

representing the heat capacity of the reference calori-

meter and K the Newton's law constant. In sawtooth

modulation, steady state is lost every time the heating

rate changes abruptly. But it could be shown that as

long as the heat-¯ow rate is described by a linear

differential equation, such as the Fourier equation for

heat ¯ow, steady state is not required for the use of

Eq. (2) with the indicated correction factor for the

differences in sample and reference calorimeter [9].

To study any other dependencies, such as on sample

and reference material, contact resistance and possible

Table 1

Complex sawtooth program for p � 420 s

Segment No.a Time (s) Amplitude (K)

1 0±15.0 0.0±1.0

2 15.0±45.0 1.0±0.0

3 45.0±75.0 0.0±0.5

4 75.0±105.0 0.5±0.0

5 105.0±135.0 0.0±0.5

6 135.0±165.0 0.5±0.0

7 165.0±195.0 0.0±1.0

8 195.0±225.0 1.0 to ÿ1.0

9 222.5±255.0 ÿ1.0±0.0

10 255.0±285.0 0.5 to ÿ0.5

11 285.0±315.0 ÿ0.5±0.0

12 315.0±345.0 0.0 to ÿ0.5

13 345.0±375.0 ÿ0.5±0.0

14 375.0±405.0 0.0 to ÿ1.0

15 405.0±420.0 ÿ1.0±0.0

a Note that in order to keep a centro-symmetric sawtooth,

segments 1 and 15 are half segments.
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temperature gradients in the sample, an empirical

expression was suggested to obtain useful data from

Eq. (2) [4]:

K�o0� �
�����������������������
1� t2�o0�2

q
; (3)

where t is a constant, whose characteristics are to be

established empirically. The value for t in Eq. (3) can

be obtained by plotting the inverse of the squared,

uncorrected heat capacities of Eq. (2) which are

computed by setting K�o0� � 1 versus the square of

the frequency [4]. If this procedure yields a linear

function, t is independent of o0 and can be determined

from the slope of the curve and the corrected heat

capacity is given by the intercept. With the present

calorimeter, it will be shown that a quadratic function

yields a somewhat better ®t. The corrected heat capa-

city is still to be calibrated by comparison with a

measurement of a calibrant, such as sapphire, under

identical conditions. To correct for the asymmetry of

the differential calorimeter, a baseline correction is

needed for the measurement of the sample and the

calibrant. Commonly this is done in the time domain

before the Fourier analysis (but see also the comments

on this method in [5]).

In this paper this simultaneous measurement of heat

capacity with several modulation frequencies in

response to a simple sawtooth is analyzed with a

heat-¯ux type TMDSC with temperature control close

to the heater, as done before on a power-compensation

DSC [3], but the main issue is the application of the

new complex sawtooth modulation of Eq. (2). Mod-

ulation frequencies, sample mass, and sampling fre-

quency are varied to ®nd a best performance. It is

proven that it is possible to reach a 0.1% precision

with a temperature-modulated DSC.

2. Experimental

2.1. Instrumentation

Apparent heat capacity measurements were carried

with a heat-¯ux type Mettler-Toledo DSC 820TM with

the FRS-5 sensor. In this DSC, temperature is mea-

sured close to the furnace body and used to control

the modulation and also to establish the reference

temperature. In addition, the temperature difference

between reference and sample is measured by the

heat-¯ux sensor FRS-5. Dry N2 gas with a ¯ow rate

of 20 ml minÿ1 was purged through the DSC cell in

the instrument. Cooling was accomplished with a

liquid-nitrogen cooling-accessory. The temperature

scale was calibrated at a heating rate of 10 K minÿ1

in the standard DSC-mode using the onset melting

temperatures for the following substances: tin

(505.08 K), indium (429.75 K), H2O (273.15 K),

and n-octane (217.39 K). An initial calibration of

the heat-¯ow rate was done with the heat of fusion

of indium (28.45 J gÿ1) and the heat capacity of the

sample poly(methyl methacrylate) (PMMA) was then

recalibrated with sapphire, measured immediately

before each sample run.

2.2. Simple sawtooth modulation

Quasi-isothermal TMDSC [10] (with an underlying

heating rate hqi � 0) was done ®rst with a simple

sawtooth at 300 and 450 K. Periods p of 30±600 s

were chosen, all with a modulation amplitude of

1.0 K. The 1st, 3rd, 5th, 7th and 9th harmonics were

evaluated for all modulations, yielding information on

periods from 3 1
3

to 600 s. A total of 12 experiments

was performed, seven with sapphire, ®ve with PMMA.

Some of these runs were carried out under conditions

of a defective cooling system, which was discovered

after a part of this set of measurements was completed,

but the data were still useable, although the t-values

changed.

2.3. Complex sawtooth modulation

The complex sawtooth was programmed as listed in

Table 1 with p � 420 s. Experiments with proportion-

ally adjusted modulations with p � 210; 280 and

840 s were also performed using sapphire as a test

material. For the 420 s complex sawtooth, the length

of each segment is 30 s. The periods for the higher

harmonics with n � 1; 3; 5; 7 and 9 are 420, 140, 84,

60 and 46 2
3

s, respectively. The 9th harmonic is not

adjusted to a similar amplitude, but since it has

contributions from the adjusted 1st and 3rd harmonic,

its amplitude is eight times larger than the Fourier

series of a simple sawtooth [5]. All higher harmonics

were considered too small in amplitude for analysis.

All measurements were made in the quasi-isothermal
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mode at temperatures of 300 or 450 K. In every

experiment, the complex sawtooth was repeated

seven times. Data from cycles 3±6 were collected

for evaluation. Three sequential runs were done to

obtain data for reference (sapphire versus an empty

pan), for the baseline (with two empty pans), and the

sample (sample versus an empty pan). The Fourier

analysis was carried using the software supplied with

the calorimeter by Mettler-Toledo (analysis techni-

que 5.1). A total of 34 runs was made for PMMA and

sapphire under varying conditions to establish a

recipe for best precision. At 300 K, the best condition

can be summarized as using a fully adjusted calori-

meter with optimum cooling performance, a period of

420 s for the complex sawtooth with an amplitude of

1.0 K, 9±30 mg of polymer sample, and a sampling

interval of 1.0 sÿ1.

2.4. Sample and pan

The reference sample is an Al2O3 single crystal disc

(sapphire) of 22.564 mg. The atactic PMMA was a

secondary standard of Aldrich. It had a weighted-

average molar mass of 102 600 Da, and number-aver-

age molar mass of 48 300 Da. The glass transition of

PMMA is about 378 K. The samples came powdered

and were pressed above the glass transition tempera-

ture into a ®lm to increase thermal contact. Weighing

was done on a Cahn C-33 electrobalance to

�0.0005 mg. The ¯at-bottom reference and sample

pans (around 48 mg) were kept in the same position in

the calorimeter for all three sequential measurements.

The sample was moved in and out of the empty pan

without crimping the lid. The empty reference pan was

always the same and had a mass of 46.044 mg.

2.5. Data treatment

The heat-¯ow rate of the baseline run was sub-

tracted from the sample run in the time domain to

approximately correct for the asymmetry of the equip-

ment. A typical set of heat-¯ow rate data for the

complex sawtooth of Table 1 for a sample and baseline

run is depicted in Fig. 1. The curves are automatically

smoothed by the manufacturer's software. The sam-

pling intervals are 0.5 s per point. Only four cycles

(3rd±6th) of the experimental data of the heat-¯ow

rate and the sample temperature were analyzed using

the software provided by the manufacturer. The

obtained amplitudes for each harmonic n of the

heat-¯ow rate (AHF) and the sample temperature

�ATs
� were transferred as ASCII data to a PC and

the speci®c heat capacity, Cp, was evaluated using the

commercial Sigma PlotTM program version 4.00.

Fig. 1. An example of the as-measured heat-¯ow data for sapphire and a baseline run. The heavy line refers to sapphire, the thin line

represents the baseline (an empty pan measured versus an empty pan).
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3. Results

3.1. Simple sawtooth modulation

The raw data of the heat-¯ow rate and the sample

temperature of a simple sawtooth are illustrated in

Fig. 2. The modulation occurs about the base tem-

perature �T0 � 300 K�with an amplitude of 1.0 K and

a period of 30 s (left-hand side part of the ®gure) and

120 s (right-hand side part) which yield temperature

changes of 8 and 2 K minÿ1, respectively. The sample-

temperature pro®le is that of a centrosymmetric

sawtooth and closely follows the programmed tem-

perature. It takes 17±23.5 s for the heat-¯ow rate to

reach steady state which is required for a heat capacity

calculation using the standard DSC equation:

Cp � hHFi
hqi ; (4)

where hHFi and hqi are the steady-state heat ¯ow and

heating rates of the sawtooth.

With a suf®ciently low frequency, one can thus

evaluate the average of the horizontal portion of the

heat-¯ow rate with Eq. (4). With the 30 s period, as on

the left curves of Fig. 2, steady state is never reached

since each half-cycle has only 15 s for its completion,

i.e., only Eq. (2) can be used for the analysis.

Fig. 3a shows typical data for sapphire, modulated

at 120 and 480 s after calculation of the uncorrected,

apparent heat capacities with Eq. (2) (n � 1ÿ9,

K�o0� � 1; symbols: (*) and (D), respectively). Both

sets of data follow the same functional relation-

ship. Next, as suggested by Eq. (3), the inverse squares

of the uncorrected speci®c heat capacities are plotted

versus (no)2, as shown in Fig. 3b. The harmonics with

periods larger than 40 s ��no�2 < 0:025� can be repre-

sented by the straight line, indicated in Fig. 3b with a

constant t of 2.67 s radÿ1. The R2 of the line is 0.969.

Applying the correction of Eq. (3), the speci®c heat

capacities for different frequencies converge in Fig. 3a

into the horizontal, dotted line (symbols (*) and (~)).

Below 40 s, however, this correction does not apply, as

can be seen by the deviations from the straight line in

Fig. 3b and the three shaded circles in Fig. 3a (5th, 7th

and 9th harmonic of the sawtooth with p � 120 s). The

change of t with the square of the frequency is,

however, a continuous function and can be ®tted well

with a quadratic function, allowing then to include

also data below 40 s into the analysis as will be

summarized next.

The heavy line in Fig. 3a is the expected speci®c

heat capacity of sapphire at 300 K, as listed in Ref.

[11]. The dotted line represents the average of the

corrected speci®c heat capacities. The deviation from

Fig. 2. Heat-¯ow rates (top) and sample temperatures (bottom) as a function of time for quasi-isothermal, simple sawtooth modulation

(p � 30 and 120 s, T0 � 300 K, sapphire disc of 22.564 mg).
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the heavy line yields the calibration factor. The stan-

dard deviation of the data points represented by all

®lled symbols in Fig. 3a is 0.52%. The average

standard deviation of the speci®c heat capacities

calculated from the 1st, 3rd, 5th, 7th and 9th harmonic

of seven simple sawtooth experiments at 300 and

450 K for sapphire and PMMA, with periods ranging

from 400 to 600 s was 0.36%. Extending the ®t to a

quadratic equation, the average standard deviation for

nine experiments with periods from 240 to 600 s could

be reduced to 0.28%. Similar improvements were

possible by excluding some higher harmonics as

was done in Fig. 3b for the linear ®t to obtain t. Using

the quadratic ®t for the data of Fig. 3b which combines

the 120 and 480 s sawtooth results and excluding

points below 40 s yields a standard deviation of

0.22%.

3.2. Complex sawtooth modulation

Even though the higher harmonics of the simple

sawtooth give still heat capacity data, the amplitudes

of the higher harmonics decrease. Fig. 4 illustrates the

14 segments of the complex sawtooth of Table 1 which

is designed to avoid this disadvantage for the simple

sawtooth. The top curve illustrates the heat-¯ow rate

after baseline subtraction. It is for the sapphire disc of

22.564 mg at 300 K. The overall period was chosen to

be 420 s with n � 1; 3; 5; 7 and 9, corresponding to

periods of the harmonics of 420, 140, 84, 60 and 46 2
3

s,

so that all sub-segments could reach steady state

before changing to the next sub-segment. The 9th

harmonic is longer than 40 s, the limit of linear ®tting

in Fig. 3b. All ®ve speci®c heat capacity data of the

complex sawtooth should thus ®t the analysis with a

frequency-independent t. The (barely visible) dotted

line in the bottom curve is the programmed tempera-

ture and the solid one is the actual sample temperature.

The calorimeter follows the sawtooth very closely.

Also, since the upper curve reaches steady state at the

end of each sub-segment, one can calculate the heat

capacity using the standard DSC Eq. (4).

The uncorrected speci®c heat capacities are indi-

cated in Fig. 5a (symbol: (*)). In the larger scale of

Fig. 5b, one can see that the ®ve inverse-squared,

uncorrected speci®c heat capacities ®t a quadratic

function better than a linear one, even at low fre-

quency, i.e., the time constant t is not constant with

frequency. Using the quadratic ®t, precise speci®c heat

capacity data can be generated, as shown by the ®lled

circles in Fig. 5a (symbol: (*)). The standard devia-

tion of the corrected data is 0.13%. The calibration

factor is 1.04. Fig. 5a shows also the standard DSC

data from the horizontal portions of the steady-state

regions using Eq. (4). The triangles represent the

speci®c heat capacities thus calculated.

The speci®c heat capacities of PMMA in Fig. 6a are

obtained using the same complex sawtooth modula-

tion as the sapphire and baseline runs discussed in

Figs. 4 and 5. The triangles are again the heat capa-

cities calculated using standard DSC equation. The

solid line represents the speci®c heat capacity data

PMMA as can be derived from the ATHAS data-bank

Fig. 3. (a) Speci®c heat capacity of sapphire as a function of the

modulation period for simple sawtooth modulation. T0 � 300 K,

p � 480 and 120 s. Open symbols represent the calculated data for

the 1st±9th harmonic of a Fourier ®t using Eq. (2) with K�o0� � 1

(uncorrected). Filled symbols are corrected according to Eq. (3)

with t � 2:67 s radÿ1, derived in Fig. 3b. Shaded circles did not

lead to acceptable corrections with a linear ®t. (b) Square of the

inverse uncorrected speci®c heat capacity (open symbols in Fig. 3a)

of sapphire as a function of the square of the modulation frequency.
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[12]. The ®lled circles are the speci®c heat capacities

corrected for frequency and then calibrated with a

sapphire run. They deviated by �0.76% from the

literature data and had a standard deviation about

the mean of 0.04%. Note, however, that the data-bank

data are commonly not more precise than �3%.

Excluding a number of runs that were made under

imperfect cooling conditions due to an instrument

defect that was discovered and corrected during the

research, only eight runs with 22.564 mg sapphire and

complex sawtooth modulations of 210, 420 and 840 s

periods at 300 K led to an average standard deviation

of 0.36%. Selecting only the four runs with 420 s

complex sawtooth modulations, the average standard

deviation was 0.10%.

Under similar conditions as just discussed, four runs

of PMMA of masses ranging from 3.711 to 31.727 mg

led to an average standard deviation of 0.11%. The

three best results with masses above 9 mg of PMMA

gave an average standard deviation of 0.06% (see

Fig. 6). As expected, measurements of solid, well-

®tting discs placed in the sample pan gave best results

(standard deviation, 0.22%), followed by ®ne powders

(0.51%), and larger, irregular particles (0.58%), all of

the same mass of about 22.5 mg of sapphire. Similarly,

best data were obtained with sapphire using sampling

intervals of 1.0 s or less (average of 0.16% for the

standard deviation of four experiments).

4. Discussion

Figs. 3, 5 and 6 demonstrate that optimized TMDSC

can approach a 0.1% precision in measuring heat

capacity, while the standard DSC carried out under

the same conditions remains at the level established

earlier [13]. In this earlier study of the heat capacity of

liquid selenium, the three most prominent commercial

calorimeters could measure to better than �3%. It

should be noted, however, that the present measure-

ments were not optimized for the standard DSC.

Earlier, extensive efforts to calibrate the standard

DSC also let us to believe that even standard DSC

could approach the 0.1% mark of precision when all

heat losses and instabilities could be eliminated or

corrected for [14]. The modulated DSC provides the

elimination of many of the major sources of error by

extracting only heat-¯ow signals which have the same

frequency of modulation as the corresponding sample-

temperature modulation. The present experiments

have illustrated also that the common needs of stabi-

lity of the calorimeter and consecutive calibrations are

necessary. It is, thus, still a major effort to measure

heat capacity to better than 3%.

The analysis of a simple sawtooth using the higher

harmonics with their decreasing amplitudes is docu-

mented with Figs. 2 and 3. Such investigation was also

carried out with a power-compensated DSC [3].

Fig. 4. Heat-¯ow rates (top) and the sample temperatures (bottom) as a function of time for quasi-isothermal, complex sawtooth modulation

(p � 420 s, T0 � 300 K). Measurement of a disc of sapphire of 22.564 mg.
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Furthermore, it was linked here for the analyzed

Mettler-Toledo ADSCTM to a simple model calcula-

tion [15]. Both the prior and the present investigations

indicate that it is possible to obtain better data when

using TMDSC than with the standard DSC. In order to

accumulate suf®cient data points and to overcome the

decreasing amplitudes with frequency of the simple

sawtooth, experiments with several periods p may be

necessary. The precision of 0.25±0.5% achieved in

these measurements is already considerably better

than for the standard DSC. It can be seen in Fig. 2

that a segment of the sawtooth of length 15 s is too

short to reach the steady state for ATs
� 1:0 K and

p � 30 s. Using the higher harmonics of the sawtooth

allows to extract data for a period of 3 1
3

s, which

corresponds to the 9th harmonic of a simple sawtooth

with a period of 30 s. The strong frequency depen-

dence of the uncorrected heat capacities must natu-

rally be corrected for, as shown in Fig. 3. The linear

relationship found often to be suf®cient in other

calorimeters [3,6,7] has a limit of 0.025 Hz in the

case of the Mettler-Toledo DSC 820 (0.16 rad sÿ1,

p � 40 s), but the higher frequencies follow still a

functional relationship that is easily ®tted.

Turning to the complex sawtooth of Fig. 4, one can

see the very close ®t to the program of Table 1. Such a

good ®t is always observed when the temperature is

controlled close to the heater [7]. The sum of the 1st to

the 9th harmonic make use of most of the experimental

information, so that the use of even higher harmonics

Fig. 5. (a) Speci®c heat capacity of sapphire for a complex

sawtooth modulation (data of Fig. 4) with p � 420 s, T0 � 300 K.

Open circles (*), calculated for the 1st±9th harmonics of a Fourier

®t using Eq. (2) with K�o0� � 1 (uncorrected). Filled circles (*),

corrected according to Eq. (3) with t from the quadratic ®tting in

Fig. 5b. Triangles (D andr) are calculated using the standard-DSC

equation (Eq. (4)) on heating and cooling, respectively. (b) Square

of the inverse, uncorrected speci®c heat capacity of sapphire (* in

Fig. 5a) as a function of the square of the modulation frequency.

Fig. 6. Speci®c heat capacity of PMMA for a complex sawtooth

modulation 9.125 mg with p � 420 s, T0 � 300 K. Open circles

(*), calculated for the 1st±9th harmonics of a Fourier ®t using

Eq. (2) with K�o0� � 1. Filled circles (*), corrected according to

Eq. (3) with t from the quadratic ®tting in Fig. 6b. Triangles (D and

r) are calculated using the standard-DSC equation, Eq. (4), on

heating and cooling, respectively. (b) Square of the inverse,

uncorrected speci®c heat capacity of PMMA (* in Fig. 6a) as a

function of the square of the modulation frequency.
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is not expected to yield better results [6,7]. Numerical

values for the harmonics of the complex sawtooth are

compared in Table 2. The Lissajous ®gure of the four

averaged cycles analyzed can be seen in Fig. 7.

Repeatability exists within the thickness of the lines

of the ®gure. It is clear that the amplitudes of the

second harmonic (and all other even-numbered har-

monics) are close to zero, indicating that the centro-

symmetric modulation of the program is maintained in

the amplitudes of temperatures and heat-¯ow rates, as

also proven by Fig. 7. The absolute values of the

amplitudes decrease from the expected values slowly

with frequency, as does the ratio needed for insertion

into Eq. (2). These changes lead to the frequency

dependence of the uncorrected heat capacity seen in

Figs. 5 and 6. The simulation data in column three

could be corrected with a frequency and mass inde-

pendent t of Cr/K [5], as discussed in Section 1. Its

correction accounted only for the difference in heat

¯ux between sample and reference calorimeter [9].

The additional effects seen in the experimental ratios

are due to thermal conductivity effects that change

with mass, sample type, and packing differences and

disappear on extrapolation to frequency zero.

The frequency range over which t is constant with

frequency decreases in going to the complex sawtooth

Table 2

Temperature amplitudes and ratios of the various harmonics of the complex sawtooth of Fig. 4a

Number of the harmonics, n Amplitude of Ts (K) Ratio of AHF to �ATs� n�
Simulation and programmed Measured Simulationb Measured

1st 0.37819 0.3776 0.02992 0.3146

2nd 1:5� 10ÿ6 2� 10ÿ4 ± ±

3rd 0.25112 0.2478 0.02992 0.3099

5th 0.21721 0.2099 0.02991 0.3054

7th 0.34771 0.3265 0.02991 0.2995

9th 0.06711 0.0609 0.02989 0.2923

a For the simulation data see Ref. [5], p � 210 s, the measured data are for p � 420 s.
b For the simulation data, the ratio is the amplitude of dTs/dt divided by the amplitude of Ts � n.

Fig. 7. Lissajous ®gure of the heat-¯ow rate plotted versus the sample temperature for the four cycles used for analysis (3rd±6th). Data of

Fig. 4. The numerals refer to the segment numbers in Table 1.
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(compare Figs. 3 and 5). It is dif®cult to pinpoint the

cause of this change, but we expect that it is linked to

the software that controls the heating rate and the

smoothing of the data. It was shown, for example, in

[7] that changes in the amount of smoothing consider-

ably alter the value of t. As long as the changes in t
can be described by a simple continuous equation, the

extrapolation to zero frequency is possible and good

quality heat capacities can be obtained. The value of t
in itself has no particular meaning if data smoothing

occurs. In the case of the Mettler-Toledo ADSCTM,

small spikes of a heat-¯ow rate imbalance can occur

when changing the heating rate. They are largely

smoothed and also diminished on baseline subtraction.

In addition, the smoothing routine of Mettler-Toledo

has a variable number of consecutive data points,

depending on the absolute change of the heat-¯ow

relative to the noise level in the range of smoothing.

Such type of smoothing causes unknown effects in the

Fourier separation of higher harmonics. It may be of

advantage to bypass the smoothing.

5. Conclusions

The work described in this paper was an effort to

test the limits of measurement of heat capacity of

polymers with quasi-isothermal TMDSC using fre-

quencies with periods from 3 1
3

to 840 s at an amplitude

of 1 K. The goal has been reached to establish the

parameters needed to make measurements of heat

capacity approaching a precision of 0.1%. In the

future, the obtained information is also to be used

to study the frequency dependence of heat capacity in

transitions like the glass transition to improve on the

®rst results obtained earlier [16±21].
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