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Abstract 

Temperature-modulated calorimetry offers three methods of establishing heat capacity: (1) the traditional method of 
scanning thermal analysis by finding the heat flow into the sample dwing a measured temperature increase: (2) the quasi- 
isotbermal method by finding the maximum amplitude of the periodic heat flow in response to a temperature modulation at a 
constant base temperature; and (3) the pseudo-isothermal analysis of a temperature-modulated scanning experiment by 
subtracting the effect due to the underlying (usually constant) heating rate and evaluating the effect due to the modulation as in 
a quasi-isotherrnal experiment. The background, advantages, and limitations of the three methods are discussed along with the 
possibility of establishing apparent heat capacities in dynamic systems, and the separation of heat capacities from phase 
transitions. 0 1997 Elsevier Science B.V. 

Keywords: Differential scanning calorimetry (DSC); Glass transition; Heat capacity; Melting transition; Temperature- 
modulated calorimetry (TMC) 

1. Introduction 

Heat capacity and transition enthalpies (latent 
heats) are the basic thermodynamic quantities avail- 
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able through calorimetry. Precision calorimetry 
started at the turn of the century with adiabatic calori- 
metry [ll. This was followed in the middle of the 
century by differential scanning calorimetry (DSC), a 
much faster working method with much smaller sam- 
ples [2]. Although another method, alternating current 
calorimetry (AC calorimetry), was developed some 
time ago [3], its application was limited. Presently, the 
method of temperature-modulated calorimetry 
(TMC), is flourishing because of its application to 
DSC. It broadens the experimental approaches to the 
measurement of heat capacity. In this paper, measure- 
ment of heat capacity wil1 be discussed, and the 
relation to effects seen during transitions analyzed. 
Reference is made to the temperature-modulated dif- 
ferential scanning calorimetry (TMDSC), based on 
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heat flux, as it is available through TA Instrument 
(modulated differential scanning calorimeter, 
MDSCTM) [4]. In this MDSC, the modulation is 
controlled at the sample thermocouple. Differences 
are expected on modulation at the reference or fumace 
thermocouples, as wel1 as on modulating power-com- 
pensation calorimeters. 

2. Methods of heat capacity measurements 

The definition of heat capacity at constant pressure, 
CP, is given by: 

(1) 

with Q representing the heat exchanged, H the 
enthalpy, and the subscripts ‘p’ and ‘n’ signify the 
conditions of constant pressure and composition. The 
dimension of CP is J K-’ mol-‘, or, for the specific 
heat capacity J K-’ gg’. The basic measurement 
involves, thus, the determination of the amount of 
heat needed to raise the temperature by a given amount 
(aQ/W. 

Classically, the measurement of heat capacity is 
done with an adiabatic calorimeter [ 11. Even today, 
adiabatic calorimetry is the most precise method of 
measurement in the (10-300) K temperature range 
(possible precision 50. l%), and practically the only 
method used in the (10-150) K range [5]. In an 
adiabatic calorimeter, an attempt is made to follow 
the stepwise temperature changes, AT, of an intemally 
heated calorimeter in well-controlled, adiabatic sur- 
roundings. Corrections must be made for AQ due to 
the positive or negative heat flux caused by deviations 
from the adiabatic condition, and for AT due to 
temperature drifts of the calorimeter. The specific heat 
capacity cP thus becomes: 

AQcorrected - C’ ATcorrected 
Cp(sample) = AT (2) 

corrected X msample 

where C’ is the heat capacity of the empty calorimeter, 
its ‘water value,’ and m, the mass of the sample [5]. 
Evaluation of the corrections is the most time-con- 
suming part of the measurement and at the heart of 
good calorimetry (i.e. for measurements with better 
than ??l% precision). It involves calibration of tem- 

perature and heat flow of the calorimeter outside of the 
heating cycle. 

Modem control and measurement technology per- 
mitted, some 30 years ago, to miniaturize the calori- 
meter to measure milligram quantities in a continuous 
scanning mode, and to change from an adiabatic to an 
isoperibol environment [2]. Twin calorimetry was 
needed to simplify the heat flux correction by measur- 
ing in a differential mode between a sample and a 
reference calorimeter. In a symmetrie setup, the extra- 
neous heat-flux differente could be minimized and the 
remaining, smal1 imbalance corrected for. This type of 
instrument is the well-known differential scanning 
calorimeter, DSC. Under the usual condition where 
sample and reference calorimeters (often aluminum 
pans) are identical, and the reference pan is empty, one 
finds the heat capacity as: 

9 
K( AT) 

=iy) 
(3) 

where K is the Newton’s law constant, (AT) the 
temperature differente between reference and sample 
(T, - T,), and (9) the constant heating rate. Both 
quantities are enclosed in angular brackets, ( ), to 
indicate that in the case of TMC (see below) these 
quantities the sliding averages over a -t 1/2 modula- 
tion cycle. Eq. (3) is exact if the sample and reference 
calorimeters are heated at the same rate (steady state 
and constant cp, resulting in a horizontal DSC-curve). 
For the case of changing heating rate of the sample due 
to a slowly changing heat capacity, easy corrections 
are available [5], but often neglected for measure- 
ments with precisions in the range of 13%. 

In TMDSC, one uses a sinusoidal or other periodic 
temperature modulation that is superimposed on the 
underlying heating rate (q) [4]. The sample tem- 
perature is, under these conditions, changing as given 
by: 

T,(t) = T. + (q)t - (q) : + Asin(wt - E) 

(4) 

where To is the temperature at the start of the experi- 
ment, C, the heat capacity of the sample calorimeter 
(sample + pan), A the maximum amplitude of the 
sample-temperature modulation, and w the modula- 
tion frequency 27r/p (p = modulation period in sec- 
onds). Analogous equations hold for the reference 
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Fig. 1. Change of black and sample temperatures at the beginning 
of a TMDSC experiment. The averages apply to standard DSC. 

temperature, Tr (maximum amplitude Ar and phase 
shift 4) and the temperature differente, AT = T, - T, 
(maximum amplitude AA and phase shift 6) [6]. The 
standard DSC can be thought of as TMDSC without 
modulation (A = 0). 

The conditions for the calorimeter to approach a 
steady state have been explored [7]. A typical 
approach to steady state of the sample temperature 
T, at the beginning of a run is illustrated in Fig. 1. The 
standard DSC case is given by the heavy lines without 
modulation and TMDSC is given by the modulated 
heavy lines. The dashed line represents the differente 
between black (fumace or heater) and sample tem- 
peratures. Analogous curves can be derived for T, and 
AT = T, - T,. Smal1 samples can be studied by 
TMDSC over at least one order of magnitude of 
change in time scale [8]. 

Experiments with modulation and an underlying 
linear heating rate as described by Eq. (4) have two 
time scales. One is due to the constant, underlying 
heating rate. The other is due to modulation with a 
temperature amplitude of ti. Fig. 1 is, again, a 
typical example. Each of the two time-dependent 
temperature changes can be used for the measurement 
of heat capacity. As long as the heat capacity can be 
treated as independent of time and temperature over 

one modulation cycle and amplitude, both evaluations 
give the same result. Outside of transitions or chemical 
reactions this is usually the case. 

The determination of the heat capacity from mod- 
ulation alone is carried out by a pseudo-isothermal 
analysis. The effect of modulation is separated for this 
analysis from the underlying change in temperature 
due to the heating rate (q) seen in Fig. 1. The instan- 
taneous change in AT due to modulation, is given by 
AT(t) -(AT), where the average ( ) is, as before, 
carried always over *1/2 p, so that any sinusoidal 
effect averages to zero and the differente gives the 
required effect due to modulation alone. Evaluation of 
the calibration constant and the maximum amplitude 
of the temperature differente, AA, which is propor- 
tional to the maximum heat flow amplitude AHh gives 
the heat capacity [6]: 

2 
+C’2 = ‘5 x K’ (5) 

where A and w are the modulation parameters set at the 
beginning of the experiment and described in Eq. (4), 
and C’ is the heat capacity of the empty reference pan 
of identical mass to the empty sample pan. The 
calibration constant K is independent of modulation 
frequency and reference heat capacity. The commonly 
measured calibration constant K’ changes for runs 
with different w and C’. To account for the different 
frequenties (but not different C’), K’ can be written as 
K”/w. Eq. (5) represents the ‘reversing’ heat capacity. 
It can then be compared to the heat capacity measured 
from the underlying heating rate (q) alone, making use 
of the total heat flux (HF) or temperature differente 
(A7’), as calculated from Eq. (3) and seen in Fig. 1. 

In case there is a differente between the result of 
Eqs. (3) and (5), this is called the ‘nonreversing’ heat 
capacity. Changes of the heat capacity with time can 
always be linked to irreversible effects, while tem- 
perature-dependent heat capacities are usually rever- 
sible. Both time and temperature changes of the heat 
capacity may contribute to the reversing and nonre- 
versing parts. 

A third experimental mode of measuring Cr by 
TMDSC is possible by keeping the average tempera- 
ture, (7’), constant, at To. This mode is called quasi- 
isothermal analysis [9]. To cover a range of tempera- 
ture, separate experiments must be done at every To, 
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similar to the adiabatic analysis of Eq. (1). This The next condition for Eqs. (3) and (5) to hold, is 
analysis mode is more time consuming, but has the the attainment of steady state. In Fig. 1 one can see 
advantage that steady state can be awaited and many that steady state is reached after ca. 200 s. More 
inaccuracies in separating the effects from the two quantitatively, one may assume that a deviation of 
time scales, avoided. The heat capacity is given in this 55% in sample temperature (and correspondingly 
case also by Eq. (5). Typically, runs of 20 min dura- less in Ar) signals the attainment or loss of steady 
tion are made at each temperature and the last 10 min state. Mathematically, the deviation from steady 
are used for data collection and analysis. Using one state, A, can be expressed for the sample tempera- 
data point every 10 K, a range of 200 K can be covered ture and analogously for the reference temperature 
in seven hours. by [71: 

3. Experimental conditions of heat-capacity 
A = T,(t)-To-(q)t+ (q)?-A[sin(wr-E)] 

measurement = (q) : + Asini] eeKrics 

One of the basic conditions for any DSC measure- 
ment is a negligible temperature gradient within the 
sample [5]. If this were not so, the sample temperature 
would be uncertain and the measured AT would be 
influenced by the thermal conductivity of the sample. 
By reducing the temperature gradient within the sam- 
ple to a negligible level, the heat flux into the sample 
calorimeter is govemed only by the thermal conduc- 
tivity and geometry of the surroundings [expressed by 
K of Eq. (3)] and the differente in temperature 
between heater and sample or reference as expressed 
by Newton’s law: dQ/dt = K(Tb - T,). For TMDSC, 
one adds the condition that the maximum modulation 
amplitude A must be experienced by the entire sample 
calorimeter. 

With the parameters of Fig. 1, A = 3 exp( -t/50), and 
it takes ca. 200 s to reach the 5% value when starting 
the measurement from Tb = T, = T,(t = 0). The 
approximate steady-state lag of the temperature due 
to the underlying heating rate is (q)C,/K = 2.5 K, i.e. 
it is the dominating effect under the given conditions. 
For large modulation amplitudes and smal1 values of 
C,/K and/or (q), the second term may wel1 become 
more important. 

In standard DSC, a slightly larger temperature 
gradient within the sample wil1 shift the measured 
(average) heat capacity to a lower temperature, but 
cause only a relatively smal1 error since the heat 
capacity changes only slowly with temperature. In 
TMDSC, in contrast, one loses under conditions of 
incomplete modulation the volume which is not or 
only incompletely modulated, and thus experiences a 
more serious error. The conditions and calibration 
procedures, i.e. limits of p, A, and m were discussed 
earlier [9]. A reasonable initial set of parameters for 
present-day TMDSC is, perhaps, p = 60 s, A = 1 K, 
and m = 10 mg, to which an underlying heating rate 
(q) of up to 5K/ min may be added. The limits should 
always be controlled by varying the sample mass to 
check for constant heat capacity. A standard DSC, in 
contrast, may measure up to 30 mg at a heating rate of 
up to 20 K/min for maximum precision. 

Any subsequent, step-wise change in heat capacity 
causes a loss of steady state A that dies off with the 
exponential given by Eq. (6). If additional changes 
occur before steady state has been reached, simple 
additions show the overall effect because of the lin- 
earity of the heat-flux equations [7]. The occurrence of 
a glass transition over a limited temperature range 
may, for example, cause an increase in CP of 
10 J K-’ moll’ at an overall heat capacity of the solid 
of ca. 20 J K-’ mol-‘. Assuming, furthermore, the 
glass transition occurs linearly over a temperature 
range of ca. 10 K (5% increase in heat capacity per 
degree Kelvin of temperature increase), Fig. 2 can be 
calculated by stepwise addition of the appropriate 
multiple terms derived from Eq. (6). The filled squares 
represent the increase in a lag-free experiment. The 
computed T, shows the observed sample temperature, 
and the differente is the lag. The lag of 3 K in fixing a 
glass-transition temperature is, perhaps, stil1 accepta- 
ble for common determinations of the glass transition. 
A deviation of the heat-capacity increase by more than 
10% is, however, not acceptable. For the reporting of 
CP for the ATHAS data bank [ 101, this error was in the 
past eliminated by extrapolation of the solid and liquid 



B. Wunderlich et al. /Thenochimica Acts 304/305 (1997) 125-136 129 

-50 1 1 I 

v T ??lag-free temperature 
T, = sample temperature 

3 40 - Assumptions: 

/-~-~;~-yw- 

: 
--&!!J 

k? 

ACp at Tg = +50% 
over 10 K, <q> ??3Klmin T! / 

(J 30 _cplK=505 - i / 

5 
4 ! hs 

z 20 i/ 
.- 
& 

i;~._._.4 

SIO 3 &*T 1. 

5 
temp. shift = 3 5 ,k* 

0-’ 

Ia& 
::.::l.:.y{f , , , , , , , , , , , , 

+. %‘•_* 
2% iiiI ’ 235 240 245 250 

Temperature (K) 

Fig. 2. Computation of lag on TMDSC in the glass-transition 
region. Actual measurements can be done with C,/K as smal1 as 
1 s. 

heat capacities to the glas+transition temperature, Ts. 
For integration of the heat capacities to enthalpy, it 
was assumed that a vertical increase of AC, occurs at 
rs. Applying the estimate of Fig. 2 to actual polymers 
like polystyrene or poly(ethylene terephthalate), two 
polymers that are often used as standards, one sees 
changes of heat capacity of 19 and 30% at the glass 
transition, i.e. their lags are closer to the 5% error in 
heat capacity. Similarly, a reduction of C, can make 
heat-capacity measurements through the glass transi- 
tion stay in steady state. For studies of the kinetics of 
the glass-transition values of C,/K as smal1 as 1 s have 
been used [ 1 ll. For highest precision of both, the 
kinetic data within the glass-transition region and 
the equilibrium heat capacity outside of the glass 
transition with AC, at the glass transition, two sets 
of measurement are recommended. One with large C, 
for the equilibrium solid and liquid heat capacities, 
and one with smal1 C, in the glass-transition region for 
the apparent, time-dependent heat capacities. Fig. 3(a) 
shows through the elliptical Lissajous figures that even 
in the glass-transition region practically lag-free mea- 
surements are possible. The Lissajous figures were 
taken for the second 10 min of four quasi-isothermal 
experiments and reveal sinusoidal modulation of the 
sample temperature and the heat flow [ 111. A similar 
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Fig. 3. Lissajous figures: (a) - recorded for four quasi-isothermal 
experiments in the glass-transition region of poly(ethylene 
terephthalate) [ 111. Data for ten minutes after attainment of steady 
state; and (b) - data for a complete MDSC experiment with an 
AlzO sample using an underlying heating rate 4 [ 121. 

test for a TMDSC experiment with an underlying 
heating rate (q) is reproduced in Fig. 3(b). In this 
case, the initial approach to steady state is clearly 
visible, and the change in steady-state condition due to 
the increase in heat capacity over the wide temperature 
range can be seen by the continued expansion of the 
steady-state ellipse. Details about the experimentation 
are in [12]. 

A linear increase in heat capacity causes a deviation 
from steady state and can be assessed by the integral of 
Eq. (6) from time zero to cc with the preexponential 
factor Cr, (in % per K) x (q) (in Ws) (assuming smal1 
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modulation effects) [7]: 
rx 

n = (q) t$ ( )J 
e-Kt'Csdt' = (q) 2 C,/K ( > 

0 

(7) 

From this estimate, one can see that a change in heat 
capacity of less than 2%/K is within the chosen error 
limit of 5%. A typical increase of the heat capacity per 
kelvin in the solid state is, for example, 0.4% (poly- 
styrene from (200-350 K), i.e. typical changes in heat 
capacity with temperature give negligible losses of 
steady state. By adjusting the sample mass, even 
steeper slopes of the apparent heat capacity as seen 
during premelting can be analyzed, and qualitative 
interpretation may be possible to levels as high as 
(25-50)% change in heat capacity per kelvin. Also, 
one must remember, that the heat of transition deter- 
mined from the total heat flow is correct, even when 
steady state is lost while using the ‘baseline method’ 
r5,131. 

A special problem in calibrating TMDSC is the 
correction for asymmetry, observed when running 
identical sample and reference calorimeters. Eq. (5) 
indicates that positive and negative deviation due to 
asymmetry would result in the same effect. A simple 
solution to this problem involves the introduction of a 
known asymmetry by using a somewhat heavier sam- 
ple pan, so that the asymmetry remains positive over 
the whole temperature range of interest [14]. 

A final problem involves the question of tempera- 
ture calibration. An attempt to calibrate with smal1 
amounts of indium revealed that calibration on 
heating and cooling cycles show only smal1 differ- 
ences for the onset of melting and crystallization at 
different positions of the modulation cycle [ 151. It is of 
particular interest that, for smal1 amplitudes of mod- 
ulation, melting may be incomplete so that recrystal- 
lization shows no supercooling. It may thus not be 
necessary to switch to special calibrants of low super- 
cooling. 

The result of a measurement of heat capacity of 
poly(ethylene terephthalate), PET, including glass and 
melting transitions is shown in Fig. 4. Both, a standard 
DSC trace (line of intermediate thickness) and quasi- 
isothermal TMDSC in 2 K steps (thick line) is shown 
[ 161. The heat capacity agrees wel1 with the expected 
values from the data bank [lol, based on adiabatic 

Temperature (K) 

Fig. 4. Standard DSC and TMDSC curves of melt-crystallized 
PET. The DSC curve is of intermediate thickness, the TMDSC 
curve, heavy. The additional thin lines indicate data-bank 
information, the broken line represents the computed heat capacity 
for a sample of 44% crystalline PET. 

calorimetry and standard DSC (thin lines). The glass 
transition has practically no hysteresis, as expected for 
semicrystalline PET [ 171. A gradual loss of the rigid 
amorphous fraction seems to occur, as indicated by the 
eventual matching of calculated semicrystalline 
(dashed thin line) and measured heat capacities. 
The initial melting is almost fully irreversible. There 
is, however, a smal1 reversible portion of the fusion. It 
changes with sample preparation and seems to indi- 
cate that, on a molecular level, melting of polymers is 
reversible. The extension of the quasi-isothermal 
melting/crystallization to higher temperatures than in 
the standard DSC experiment is caused by annealing, 
occurring during the sequences of 20 min measure- 
ments. Full details wil1 be displayed in Ref. [16]. 

4. Apparent heat capacities within the glass 
transition 

The apparent reversing heat capacity of amorphous 
polystyrene as a fùnction of modulation frequency is 
shown in Fig. 5 [ 111. The data were computed from 
kinetics parameters, obtained from quasi-isothermal 
measurements at different modulation amplitudes 
after extrapolation to A = 0. The apparent heat capa- 
city calculated in this fashion represents the first 
harmonics of the Fourier analysis of the TMDSC heat 
flow signal. The higher harmonics are smal1 and are 
neglected. 
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Fig. 5. Apparent heat capacity of polystyrene as a function of 
frequency (data extrapolated to zero modulation amplitude and 
extended beyond the frequency range of MDSC). 
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Fig. 6. Simulation of the MDSC software treatment of a sinusoidal 
heat flow, HF(t), of amplitude A = 1.00 (arbitrary unit), super- 
imposed on a constant heat flow (HF) of 1.75. The phase lag 
relative to the reference frequency is 45”. Shown also are the two 
Fourier components of the heat flow that are used to compute the 
amplitude: A = 2[(HFco5)* + (HF,,,)‘]“*. 

To better understand the kinetic effect of the glass 
transition as assessed by TMDSC with an underlying 
heating rate, i.e. involving two time scales, a two-step 
modeling routine was developed. First, the evaluation 
of the changing heat blow by the MDSC software was 
simulated on a Lotus 1 -2-3TM spread sheet [ 181. Fig. 6 
shows the result of the addition of a constant heat llow 
of 1.75 units and a modulated heat flow of a maximum 
amplitude of 1 .OO at a phase lag of 45” to the reference 
phase wt. Feeding any heat llow into the modeling 
software wil1 show the expected MDSC result in form 
of the first harmonie of the Fourier analysis of the 
instantaneous heat flow at time t, HF(t). Next, the 

glass-transition kinetics was assumed to be of the first 
order, as can be derived from irreversible thermody- 
namics for any process close to equilibrium or from 
the hole theory [5]. The details of this simulation are 
given in [ 193 and are briefly discussed in the follow- 
ing. 

The heat capacity is separated into the part arising 
from the vibrational contributions Cr,, which are 
known from the heat capacity of the glass and crystal 
[ 101, and the part from the large-amplitude motion, 
simply called the hole contribution CPi, [20]. The 
number of holes is called N and is equated with the 
intemal variable that changes during the glass 
transition. The equilibrium number of holes is N*, 
and the heat of formation of one mole of holes is &h, a 
quantity available from the increase in heat capacity at 
the glass transition [20]. At equilibrium, the heat 
capacity is: 

Cp(liquid) = cp0 $- &h (8) 

Creation, motion, and destruction of holes are the 
slow, cooperative processes that account for the dif- 
ference in heat capacity between liquid and solid. 
Deviations from Eq. (8) occur if the measurement 
is carried out faster than permitted by the kinetics 
of the changes in the number of holes. One writes then 
the first-order kinetics expression as [20]: 

=:(N*-N) (9) 

with N representing the instantaneous number of holes 
and 7 the relaxation time for the formation of holes. 
The mathematica1 solution of Eq. (9) is rather difficult 
since both, r and N* are temperature-, and thus time- 
dependent [21]. It is easier to solve Eq. (9) numeri- 
cally since al1 activation parameters are available 
through quasi-isothermal experiments in the glass- 
transition region [ll]. For the limited temperature 
range of the glass transition, one can assume that both 
N* and r have an Arrhenius-type temperature depen- 
dence. The glass-transition range is then divided into 
time intervals of one second, each with a constant NF 
and an average value of the temperature-dependent 
relaxation time 7: with i representing the running 
index of time. The value of N at the end of the one- 
second interval is given after integration over the smal1 
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Fig. 7. Number of holes and their change on (a) - heating, and (b) - cooling in TMDSC, using data derived from quasi-isothermal analysis. 
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one-second intervals by: 

Ni = N: - (Ni’ - Ni_i)exp(-t/dm) 

(10) 

Because of the one-second intervals, i is equal to t; N 
the time- and temperature-dependent number of holes, 
is obtained by adding the increments Ni - Ni-1 cal- 
culated from Eq. (10) from the beginning of the 
experiment to time i. On cooling from the equilibrium 
liquid, the value of N, is set equal to N*. On heating 
from the glassy state N, is set equal to N* at the fictive 
temperature. Fig. 7 shows a sample calculation of N, 
N*, and AN on (a) heating and (b) cooling. For the 
chosen example, the ultimately frozen number of 
holes gives a value of N that corresponds to the 
equilibrium number of holes at 340.34 K, the fictive 
temperature. Subsequent heating of such glass shows a 
hysteresis behavior (Fig. 7(a), enthalpy relaxation) 
[X201. 
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Fig. 8. Computed heat capacity on cooling (upper curves) and 
heating (lower curves). The curve C,(irrev) is the differente 
between the total and the reversing heat capacity. Computed from 
quasi-isothermal activation parameters for a 1.0 K temperature 
modulation and a modulation period of 100 s. 

Using the heat flow HF(t) that corresponds to AN of amplitudes has shown that this remaining effect, 
Fig. 7, one can calculate the various Fourier compo- which is largely lost by further smoothing, is due to 
nents using the simulation routine illustrated in Fig. 6. a frequency shift of the modulation, resulting from the 
In Fig. 8 the results can be seen [ 191. The heavy curves summation of the two time effects: the constant under- 
show the total heat capacity Cp(totan computed from lying cooling or heating rates and the modulation. This 
Eq. (3). The continuously decreasing curve with very summation is similar to the Doppler effect on the 
little residual modulation is the reversing heat capacity sound frequency of a moving source [ 191. More 
computed using the pseudo-isothermal analysis detailed analysis of the kinetic equation (Eq. (9)) 
(Eq. (5)). It is surprising that there is stil1 some reveals a certain second-harmonie contribution 
modulation evidente in the glass-transition region [19,21] that is excluded by the MDSC software from 
since Fig. 6 suggested that the MDSC software would the reversing heat capacity and is, thus, added wrongly 
remove it. A detailed analysis with larger modulation to the nonreversing Cr. It can, however, easily be 
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Fig. 9. Experimental data on TMDSC of amorphous poly(ethylene 
terephthalate) at the indicated run parameters. The centra1 points 
are quasi-isothermally measured, the curves refer to TMDSC for 
different underlying heating and cooling rates (q). 

calculated by a full Fourier analysis. The remaining 
oscillation in the total heat flow shown in Fig. 8 also 
produces nonzero higher harmonics [19]. Before a 
quantitative interpretation of reversing and nonrever- 
sing heat capacity is possible, it is thus necessary to 
analyze the process in more detail with data from 
quasi-isothermal analyses. 

A comparison of the quasi-isothermal heat capacity 
with pseudo-isothermal analysis of the heat capacity 
from TMDSC nms was shown for polystyrene in [22] 
and is illustrated in Fig. 9 as a function of heating and 
cooling rates for amorphous poly(ethylene terephtha- 
1ate)s [23]. It can be seen that, for low heating rates, 
the three measurements approach each other. For the 
first time it is, thus, possible to extract data for the 
apparent heat capacity in the glass-transition region on 
heating as wel1 as on cooling runs. This avoids the 
otherwise tedious and not so precise extrapolation to 
the intersection of extrapolated liquid and glassy 
enthalpies [5]. 

At higher heating rates, smal1 deviations occur. 
Close to the liquid state the simple kinetics, discussed 
here, describes the deviations quantitatively [22]. To 
agree with the experimental data of Fig. 9 at lower 
temperatures, there must be a slower, ‘self-retarding’ 
freezing on cooling, than calculated, and an ‘auto- 
catalytic’ speed-up of the unfreezing on heating. Such 
effect is not contained in the glass-transition kinetics 
of Eq. (9), irrespective of the assumed temperature 

dependence of N* and T. As usual, for al1 irreversible 
processes close to equilibrium, the simple first-order 
expression holds; further from equilibrium, however, 
it begins to deviate if the kinetics is only approximate. 
The analysis of glasses of different stability (thermal 
history) under identical MDSC conditions have also 
shown that the reversing heat capacity curves become 
sharper with higher stability of the initial sample 
(lower fictive temperature) [8]. Mathematically, a 
self-retarding kinetics on approaching the final state 
by decreasing the number of holes and an autocatalytic 
kinetics on approaching the final state by increasing 
the number of holes is generally described by the 
Tool-Narayanaswamy-Moynihan equation [22]. It 
was also observed by cyclic dynamic differential 
thermal analysis (DDTA) [20] that the enthalpy 
relaxation occurs over a narrower temperature range 
than expected from an Arrhenius-type relaxation time 
r. Such narrower, nonexponential relaxation excludes 
the introduction of a distribution of hole sizes to 
improve the fit between calculation and experiment, 
but suggests a cooperative process. To correct the 
analysis, the Arrhenius equation is usually replaced 
by the Kohlrausch-Williams-Watts stretched expo- 
nential [22]. Final fitting is then accomplished by 
introduction of a distribution of relaxation times. Even 
for only one relaxation time, such description needs 
three additional constants. Using assumed values, in a 
modeling approach similar to the one used in this 
research, Hutchinson could show that, indeed, the 
apparent heat capacities on heating and cooling cross, 
as shown in Fig. 9 [24]. Perhaps it is possible to 
extract the additional parameters from the frequency 
and heating rate dependence of the characteristic 
cross-over points in Fig. 9. Al1 of these observations 
point to the necessity to develop a better, cooperative 
kinetics for the description of the glass transition. 

5. Apparent heat capacity within melting/ 
crystallization and chemical reactions 

Melting and crystallization need or produce much 
larger heat flows than needed for changing the tem- 
perature. Polyethylene, for example, has a heat of 
fusion of 4.11 k J mol- ‘, compared to a heat capacity 
of ca. 35 J K-’ moll’ in the melting region [ 101. If 
the heat of fusion needs to be absorbed over a 
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Fig. 10. Modeling of a linearly increasing heat flow similar to 
Fig. 6. The heat flow starts with a value of 1 .O (arbitraty unit) and 
increases after 250 s linearly. Modulation occurs with A(HF) of 1.0 
units. The averaged and smoothed maximum reversing heat-flow 
amplitudes are moved fl .O unit on the ordinate for clarity. 

temperature range of 1 .O K to stay in equilibrium, the 
heat flow would have to be more than 100 times larger 
than for a heat capacity measurement. For chemical 
reactions this discrepancy is even larger. The main 
problem for TMDSC is, thus, to stay in steady state, so 
that the derived equation for the heat capacity can also 
be used to assess the larger latent heat exchange. 
Again, the total heat flow can be integrated over a 
range of temperature where steady state was lost, and 
then calculated, using the baseline method [5]. To 
follow the melting and crystallization kinetically, 
smal1 samples must be used, as outlined for the 
discussion of Eqs. (6) and (7). 

The next problem is linked to the degree of rever- 
sibility of melting, crystallization or chemical reac- 
tion. As long as the latent heat is exchanged far from 
equilibrium, it will, once initiated, not follow the 
modulation, as is shown in the modeling of Fig. 10 
[ 181. In this case a linearly increasing heat flow is 
added to the modulation, as may be seen in a begin- 
ning oxidation or evaporation. The modulation shows 
that a complete separation is possible since the added 
change is not influencing the modulation. Heat capa- 
city can in such cases be measured in the presence of 
large irreversible heat effects. This separation was 
discovered early [4] and is one of the major advan- 
tages of TMDSC: Effects that cannot be modulated are 
rejected from the reversing measurement as long as 
steady state and negligible temperature gradient 
within the sample are maintained. Examples of mea- 
surement of heat capacity in the presence of cold 
crystallization as in poly(ethylene terephthalate) have 
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Fig. ll. Linear crystallization/melting rates of poly(oxyethylene) 
illustrating the expected irreversible polymer melting behavior 

1271. 

been shown in many laboratories [4,17]. Oxidation 
was illustrated to be separable from heat capacity 
measurements for one of the fullerenes [25] and for 
the study of decomposition of petroleum products 
[12], and a full analysis of heat capacity in the pre- 
sence of curing of a thermoset was carried out [26], to 
name just three examples. 

More complicated is the assessment if the latent- 
heat-producing process is fully or partially reversing. 
In this case, smal1 sample masses must be used to 
maintain favorable measuring conditions. An exciting 
result is displayed in Fig. 4 for the melting of PET. It 
shows in its quasi-isothermal analysis that even for 
polymers a smal1 amount of the melting is reversible. 
Comparing these data with a typical melting/crystal- 
lization study on poly(oxymethylene) in Fig. 11, one 
can see that there is a 6 K metastability gap between 
melting and crystallization, i.e. either process should 
be fully nonreversing as long as the modulation 
amplitude is less than *3 K [27]. The metastability 
gap was ascribed to the lack of molecular nucleation 
in this temperature range [28]. Besides, from melting 
rate studies this molecular nucleation could be docu- 
mented by rejection of fractions of macromolecule 
from growing crystals of larger molar mass below 
their melting temperature, which proved the existente 
of a reversible process at this lower than equilibrium 
melting/crystallization temperature. The process 
was called the ‘molecular nucleation’ [29,30]. This 
reversing process seems to be directly observable 
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in the quasi-isothermal experiment of Fig. 4. Tedious 
experiments with DSC and dissolution could already 
show that, for polyethylene, a smal1 fraction of rever- 
sibly melting and crystallizing material could not be 
extracted from the sample, i.e. it was stil1 attached to 
the crystals [31,32]. It seems that TMDSC may permit 
a quantitative analysis of this reversible melting frac- 
tion. We speculate that partially melted segments (in 
steady state) can - by minor reversal in temperature - 
recrystallize [ 161. This fraction of the polymer parti- 
cipating in the reversing melting is strongly morphol- 
ogy- and processing-dependent, and may become a 
valuable characterization tool for the polymer 
structure. 

An even more difficult topic involves the separation 
of simultaneously occurring exothermic and endother- 
mic processes. The qualitative observation involves 
variation of the modulation scheme from heating and 
cooling to heating-only or cooling-only. Much stil1 
remains to be done for this important topic to become 
quantitative. It is hoped that the Fifth Lähnwitz Semi- 
nar wil1 shed light on this and other TMDSC topics 
which are on the verge of becoming valuable new tools 
for materials characterization. 

6. Conclusion 

Temperature-modulated DSC allows two methods 
for measurement of heat capacity. The quasi-isother- 
mal method without an underlying heating rate allows 
the evaluation of the reversing component, the pseudo- 
isothermal analysis method permits a simultaneous 
evaluation of reversing and nonreversing parts of the 
heat capacity. For heat capacities that change substan- 
tially during the time and temperature range of a 
modulation cycle, reversing and nonreversing heat 
capacities are not fully equivalent to reversible and 
irreversible heat capacities. The reversible and irre- 
versible heat capacities may, however, be computed 
from the TMDSC data under proper experimental 
conditions and with knowledge of the proper kinetics, 
as was shown for the analysis of the glass transition. In 
many cases, the separation of heat capacity from 
transition effects can be accomplished. Even transi- 
tions with larger latent heats can be separated from the 
heat-capacity measurement and analyzed to give 
detailed insight into the molecular processes, establish 

kinetic parameters, and may also permit the separation 
of overlapping exothermic and endothermic pro- 
cesses. 
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