
Journal of  Thermal Analysis VoL 46 (1996) 935-954 

Dedicated to  Professor Bernhard Wunderlich on the occasion of his 65 th  birthday 

TEMPERATURE MODULATED CALORIMETRY AND 
DIELECTRIC SPECTROSCOPY IN THE GLASS 
TRANSITION REGION OF POLYMERS 

A. Hensel, J. Dobbertin, J. E. K. Schawe 1, A. Boller 2 and 
C. Schick 

Universit/it Rostock, Fachbereich Physik, Universi~tsplatz 3, D=18051 Rostoek 
tUniversit/it Ulm, Sektion f/Jr Kalorimetrie, D-89069 Ulm, Germany 
2University of Tennessee, Department of Chemistry, Knoxville, TN 37996-1600, USA 

A b s t r a c t  

The results from temperature modulated DSC in the glass transition region of amorphous and 
semicrystalline polymers are described with the linear response approach. The real and the 
imaginary part of the eomplex heat capacity are discussed. The findings are compared with those 
of dielectric spectroscopy. The frequency dependent glass transition temperature can be fitted 
with a VFT-equation. The transition frequencies are decreased by 0.5 to 1 orders of magnitude 
compared to dielectric measurements. Cooling rates from standard DSC are transformed into fre- 
quencies. The glass transition temperatures are also approximated by the VFT-fit from the tem- 
perature modulated measurements. The differences in the shape of the curves from amorphous 
and semicrystalline samples are discussed. 
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Introduction 

The glass transition is at present a central problem of condensed-matter 
physics, but there is no generally accepted theory for it. The glass transition is 
a universal phenomenon. It can be observed not only in ordinary silicate 
glasses, but also in materials with conformational mobility such as polymers, 
low molecular weight liquids, and liquid, plastic or condis crystals [1]. 

Calorimetric investigation of glass forming materials yields a deeper insight 
into the complex molecular processes associated with the glass transition. The 
comprehensive activity of Wunderlich in the field of differential scanning cal- 
orimetry (DSC) resulted in a better understanding of some general aspects of 
the glass transition. For example, the universality of the contribution of 
11 J mo1-1 K -1 per mobile bead to the step in the specific heat capacity at the 
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glass transition [2] or the introduction of a rigid amorphous fraction in semi- 
crystalline polymers [3], as well as the classification of the structure of matter 
compared with molecular mobility [1, 4, 5]. Wunderlich also discusses the re- 
lationship between the calorimetric glass transition (vitrification) and the 
dynamic glass transition (relaxation process) [6, 7]. We will develop this idea 
further in the present paper. 

A very useful experimental method to probe a condensed matter system in 
the glass transition range is to measure the linear response of the system to a 
small external perturbation. Such experiments are e.g. dynamic-mechanic- or 
dielectric-spectroscopy. The general theoretical framework for the linear re- 
sponse was given by Kubo [8] in the case of relaxation processes. As shown by 
different authors, the specific heat capacity can also be described as a compli- 
ance in the linear response approach [9-11]. In general, heat capacity is a time 
or frequency dependent quantity. The commonly used static thermodynamic 
quantity is then the time- or ensemble-averaged one. In other words, we have to 
take into account the relationship between the time scale of the calorimetric ex- 
periment and the time scale of the processes under investigation. In the case of 
a glass transition, a pure relaxation phenomenon, it is well known that the ther- 
mal glass transition temperature (vitrification) depends on the cooling rate [12]. 

In a Temperature Modulated Differential Scanning Calorimetric (TMDSC) 
experiment the frequency of the modulation determines one time scale of the ex- 
periment and therefore the dynamic glass transition temperature [6, 7]. Taking 
into account the underlying cooling or heating rate, there is a second time scale 
in TMDSC due to the underlying rate. Therefore, we can investigate in one ex- 
periment the response to a small perturbation (from the modulated signal) as 
well as the vitrification (decreasing the average temperature) as in standard 
DSC experiments. This gives the opportunity to compare both time scales di- 
rectly and to prove the rules for transforming cooling rates into frequencies, as 
proposed by Donth [13] or Stoll [14]. 

In this paper we compare the results of temperature modulated DSC in the 
frequency range from 0.08 Hz to 0.0003 Hz (12 to 3000 seconds period length) 
with that of standard DSC with cooling rates I 3 in the range from 20 K min -1 to 
0.6 K min -1 and with dielectric spectroscopy in the same frequency range. 

Data evaluation and experimental details 

Temperature modulated calorimetry* is a very useful tool for determination 
of the static heat  capacity, especially at low temperatures, e.g. Sullivan and 

* "Temperature modulated calorimetry" is used as the base term for all calorimetric methods using 
temperature modulation. "Temperature Modulated DSC" (TMDSC) is used for all calorimetric  
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Seidel [15]. Measurements of the frequency dependent specific heat capacity in 
the glass transition region of propylene glycol were first published by Birge and 
Nagel [16]. They used a so-called "third harmonic detection" to get informa- 
tion on the product of the complex specific heat capacity and thermal 
conductivity of a sample-heater assembly. Because there are different problems 
with the thermal contact between heater and sample, the "third harmonic detec- 
tion" technique is a very interesting experimental method, but not a standard 
calorimetric method for everyday use. 

Introducing the "Modulated Differential Scanning Calorimetry" (MDSC) 
by TA Instruments in 1992 [17] as an extension to normal DSC, TMDSC was 
available without big experimental problems. The data evaluation of this system 
was first described in [17, 18] and in detail by Wunderlich and co-workers 
[19, 20]. 

In this work we return to the linear response approach [8] and the data evalu- 
ation proposed by Schawe [11]. The linear response approach is a very general 
one and there is only one restriction concerning the shape of the external per- 
turbation and the design of the apparatus used for the experiment. This 
restriction is that the perturbation is small, or in other words, the experiment 
must be linear. This means that the Boltzmann superposition principle must be 
valid [8]. Neglecting details, we can introduce an auto-correlation function 
q-'(t), dependent on the material properties which describes the relation between 
the change in time of an intensive variable of the system (e.g. temperature T) 
(perturbation) and the measured response of a time dependent extensive vari- 
able (e.g. enthalpy H). These quantities are connected by the convolution 
product [10, 11] 

t 

OH(t) = j W(t - t') OT(t')dt' (1) 

The convolution product can be solved by Fourier transformation, see [11] 
for details. According to Landau [9] a complex heat capacity can be introduced 

C(o~) = ] ~(t)ei~tdt 
o 

(2) 

with 

C(o~) = C'(o)  + iC'(o~) (3) 

methods using temperature modulation and a differential measuring set-up, including measurements  
with an underlying heating or cooling ramp as well as quasi-isothermal experiments.  
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and 

21Z 
co = 2nv - 

tp 

where co is the angular frequency, v is the frequency and tp is the modulation 
period. 
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Fig.  1 Modula ted  t empera ture - t ime- func t ion  for the  T M D S C  heat -cool-mode,  tp = 24 s; 
Ta = 0 . 6 K ;  <13 > = - l . 2 K m i n  -1 

The loss tangent can be determined according to: 

tan 5(co) = C'(co) (4) 
C(r 

From the modulated temperature and the measured modulated heat flow 
other quantities can be determined in addition. The reversing part of the heat 
capacity, as discussed by Reading [18] and Wunderlich [19] equals the modulus 
I C(co) [ of the complex heat capacity according to: 

(5) 

The experiments were carried out with a modified Perkin Elmer DSC-7 
(DDSC). The temperature-time-program consists of successive heating and 
cooling ramps (saw-tooth modulation Fig. 1). It is called the heat-cool-mode. 
The temperature--time-program can be written as a Fourier series: 
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Z(t) ~ T~ di~13 ~ t -~ 4T~ I sin (~ sin 3~ sin 5~ 1 
rc 12 32 + 5 ~  + ... (6) 

where To is the starting temperature, < 13 > is the underlying cooling or heating 
rate and T, is the temperature amplitude. 

The most dominant component of this Fourier series is the first term related 
to the first harmonic. There is no problem using Fourier analysis to extract the 
response to the first harmonic from the measured signal. 

A small part of the temperature-time function for a typical experiment in the 
glass transition region of PVAc is shown in Fig. 1 and the corresponding meas- 
ured heat flow in Fig. 2. From both curves, according to Eqs (1), (2), (3) and 
(4), the real (c') and the imaginary (c") part of the complex specific heat capac- 
ity and the tan 5 were determined as a function of temperature, as shown in 
Fig. 3. 

1 

U_ 

300 400 500 600 700 800 g00 

Time in s 

Fig, 2 Modulated heat flow according to the temperature program in Fig. 1 in the glass tran- 
sition region of PVAc. Sample mass 11.1 mg 

During every period of the chosen temperature program the underlying tem- 
perature increases by a small step. Most measurements in this paper were car- 
ried out with a basic step of the temperature program as follows: 

heating from To to To+2 K (rate 13); 
immediate cooling for 1.5 K from To+2 K to To+0.5 K (rate 13'). 

The heating rate 13 varied in the range 20 K min -1 to 0.08 K rain -1, the cool- 
ing rate 13' was calculated under the restriction that the time for cooling equals 
that for heating, which resulted in cooling rates of -15 K min -1 to --0.06 K min -1. 
The temperature amplitude Ta equals 0.6 K for this temperature-time-program. 
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Fig. 3 Specific heat capacities in the glass transition region of PVAe determined from the 
heat flow from Fig. 2 and the temperature program in Fig. 1 according to equations 
(1-3) and the loss tangent according to Eq. (4). v =0.04 Hz; T~ =0 .6  K; 
< 13 > = - 1 . 2  K min-f; mp =11.1 mg 

This basic step results in an increase of the underlying temperature of ATp = 
0.5 K during the time of one modulation period. An underlying heating rate 
< 13 > can be introduced with 

< 13 > - (7) 
tp 

Due to the temperature increase of 0.5 K during one modulation period 
there is a strong relation between modulation frequency and underlying heating 
rate < 13 > .  From the range of the heating rate 13 and the first ramp of 2 K (half 
of the modulation period) a frequency range from 0.08 Hz to 0.0003 Hz and an 
underlying heating rate < 13 > from 2.5 K min -1 to 0.01 K min -1 can be ob- 
tained. Other temperature--time programs results in different values. For cool- 
ing experiments the sign of the temperature increments can be inverted (-2 K; 
+1.5 K). 

Because of the temperature step of 0.5 K per period, a total cp (like in nor- 
mal DSC experiments) can be determined by averaging the measured modulated 
heat flow. For the total cp the corresponding time scale depends on the underly- 
ing cooling or heating rate < 13 > associated with the underlying temperature. 
In Fig. 3 the different specific heat capacities are shown for PVAc in the glass 
transition region. The shift along the temperature axis between total Cp and c' 
results from the different time scales of both experiments. This is in agreement 
with the cooling rate dependence of the glass transition temperature. We have to 
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recognize that we get information from two independent experiments during 
one Temperature Modulated DSC experiment. At first, we observe the entropy 
retardation [21] in the supercooled liquid using the deconvolution of the com- 
plex heat capacity from the modulated heat flow. One gets the typical picture 
for the temperature dependence of a complex compliance in the glass relaxation 
region. In Fig. 4, the same is shown for the complex dielectric function. A step 
in the real component and a broad peak in the imaginary component is ob- 
served. The corresponding time scale is that of the perturbation (modulation 
period; frequency) [6, 7]. In addition we observe the freezing of molecular mo- 
tion during the thermal glass transition (vitrification) due to the underlying 
cooling process (total cp). The corresponding time scale depends, as in standard 
DSC scans, on the underlying cooling rate < 13 > .  The reason for both proc- 
esses is the glass relaxation process and, therefore, both are strongly associated 
[21]. Because the retardation process in the complex heat capacity is observed 
in a quasi equilibrium state (supercooled liquid at temperature > Tg), it is for an 
amorphous sample largely independent of the cooling or heating conditions, as 
well as on the thermal history [6, 7]. The normal glass transition (vitrification), 
in contrast, is strong dependent on the thermal history and there are differences 
between cooling and heating scans. This is mainly due to the fact that vitrifica- 
tion is the change from a quasi equilibrium (supercooled liquid) to a non 
equilibrium (glassy) state. Measurements of the glass relaxation not influenced 
by vitrification require a sufficiently big difference between the time scales of 
the perturbation and the cooling (or heating) process. This is not only important 
for temperature modulated differential scanning calorimetric experiments, but 
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also well known for dielectric [22] and mechanical [23] spectroscopy at low fre- 
quencies comparable with the time scale of vitrification. As shown in Fig. 3, 
there is an overlap in the increase of specific heat at the glass transition obtained 
from the modulated signal (c') compared with that of vitrification (total Cp) due 
to the width of the glass transition region, which indicates that although the sig- 
nals c' and total Cp appear to have different glass transitions, it is still the same 
effect that is measured. Because of the basic step for the temperature-time-pro- 
gram used for all measurements presented in this paper, there is a constant 
factor between both time scales. The frequency of the modulation is about 200 
times greater than the frequency corresponding to the underlying heating or 
cooling rate; see below Eqs (9) or (10). Therefore, nearly the same temperature 
shift between the response of the temperature modulated experiment and vitri- 
fication occurs. If there is an influence of the non-equilibrium on the response 
of the temperature modulated experiment, it is approximately the same for all 
measurements. 

The difference between total Cp and the modulus [C(c0) lis called nonre- 
versing component [18, 19]. In the case of glass transition it is the difference 
between two curves related to tWO different time scales. In this case it is not 
very useful. For other time dependent processes where the time scale of the ele- 
mentary process is much faster than the modulation period the nonreversing 
component include all effects related to excess enthalpies e.g. in the case of cold 
crystallization or of curing reactions. Then it is a very useful quantity to sepa- 
rate the enthalpies of transition or reaction from changes in the specific heat ca- 
pacity. 

The dielectric measurements were carried out in the frequency range 1 MHz 
to 0.01 Hz with a BDS 4000 broad band dielectric spectrometer (NOVOCON- 
TROL GmbH). A frequency response analysis is used to extract the complex 
dielectric function [24]. In the frequency range from 3 Hz to 10 -5 Hz a step re- 
sponse system was used [25]. The dielectric loss curves in the glass transition 
region were corrected by the DC-conductivity and by the influence of the local 
process (secondary process). Details will be published elsewhere [26]. 

One aim of this work is to compare the dynamic glass transition tempera- 
tures obtained by temperature modulated differential scanning calorimetry with 
that obtained by dielectric spectroscopy. For this reason it is very important to 
calibrate the temperature read-out of the measuring equipment accurately. That 
means it is necessary to calibrate the DSC temperature scale for every measur- 
ing condition used in this series, as well as to calibrate the dielectric 
spectrometers. The temperature calibration of the dielectric spectrometers was 
checked with indium. A sandwich of PTFE - three pieces indium - PTFE was 
placed between the capacitor plates. The temperature was increased in steps of 
0.1 K with a duration of 0.5 h at each temperature, starting 0.5 K below the ex- 
pected melting point of indium. The melting of indium decreases the distance 
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between the capacitor plates and the capacity increases. This step in the meas- 
ured capacity allows us to calibrate the dielectric spectrometers similar to the 
DSC. The observed difference between the temperature scales of the DSC and 
the dielectric spectrometers is less than 0.5 K for the heating rates used. 

The DSC was calibrated in the standard mode with indium and lead and in 
the scan-scan mode with the smectic A to nematic transition [27] of 4-cyano-4'- 
octyloxy-biphenyl [28]. The rate dependence of the temperature calibration, 
including cooling mode, was independently estimated for both modes with the 
liquid crystal transition. The heat flow was not calibrated. A calibration proce- 
dure will be described elsewhere [29]. The temperature of the heat sink was 
well stabilized to perform measurements (empty pan and sample run) over times 
up to 5 days for each run. 

The samples under investigation were: 
poly(vinyl acetate) (PVAc); Mw =407.000; dried at 450 K for 2 h 
crystallizable poly(ether ether ketone) VICTREX | 381 G 
poly(ethylene terephthalate) (PET); Mw = 23.000. 

The materials were melt pressed. The sample thickness was 0.15 mm the di- 
ameter of the rods 30 ram. These samples were used for the dielectric experi- 
ments and for the calorimetric ones, rods of 5 mm were cut. The sample weight 
was about 10 mg. 

Results 

First we want to compare the calorimetric measured dynamic glass transition 
with that of dielectric experiments. For both experiments we have to find corre- 
sponding measured quantities. In correspondence with the linear response 
theory we select the temperature of the maximum of the imaginary part of the 
compliance (c"(T); e"(T)) at a given frequency (temperature dispersion) as the 
characteristic temperature for the relaxation process. An analogous property is 
the frequency of the maximum of the imaginary part of the compliance 
(c"(co); e"(co)) at a given temperature (frequency dispersion). Neglecting prob- 
lems with the influence of the non-equilibrium during the measurements, the 
pairs (frequency and temperature of the maximum) are the same for both dis- 
persion measurements (temperature-time equivalence). The same result can be 
observed in the case of symmetric loss peaks from the half-step of the real part 
of the compliance (c'(T); e'(T) or c'(to); e'(co)). In the following we discuss the 
temperature of the maximum of c"(7) at different modulation frequencies 
(Tg(v)) and the frequency of the maximum of e"(v) at different measuring tem- 
peratures (vm(T)). 

With the help of the modified Perkin Elmer DSC-7 we were able to measure 
the complex heat capacity of PVAc in the frequency range 0.08 Hz to 
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0.0003 Hz. The reciprocal of the frequency dependent dynamic glass transition 
temperature 1/Tg(v) was plotted against the logarithm of the modulation fre- 
quency lg(v) in an activation-plot; Fig. 5. The temperature dependent 
maximum frequencies vm(T) from dielectric spectroscopy in the frequency 
range 106 Hz to  10 -5 Hz for the same sample are also shown.There is a signifi- 
cant difference between the results from TMDSC and dielectric spectroscopy. 
The points from TMDSC are located about one half order of magnitude lower 
than that from dielectric spectroscopy. The shift along the reciprocal tempera- 
ture axis corresponds to about 2 K. This is significant greater than the observed 
differences between the temperature scales of the DSC and the dielectric spec- 
trometers. 

The points are fitted with a Vogel-Fulcher-Tamann equation (VFT) [30]. 

lgv = A " B ( 8 )  
T-To 

where A and B are constants and To is the Vogel temperature. 
The insertion in Fig. 5 shows the entire frequency range used for the calcu- 

lation of the fit parameters. The parameters from the dielectric points are: A = 
11.7; B =694 K; To =264 K. A VFT fitto the points from TMDSC results in 
the parameter set: A = 11.7; B =696 K; To =266 K. 
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Fig. 5 Activation-plot for PVAc. * - maximum of c"(T); 0 -  glass transition temperature 
from standard DSC, cooling rate transformed into frequency according to Eqs (9) and 
(10); x - maximum of ~"(v). The insertion shows the entire frequency range for the 
dielectric measurements. The lines represent the VFT-fit  curves, fit-parameter see 
text 
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For the Temperature Modulated DSC there is an obvious relation between 
modulation period and modulation frequency and no problems arise construct- 
ing the activation-plot. On the other hand, we know that there is also a 
relationship between cooling rate and observed glass transition temperature 
[12]. Because both observations result from the same molecular processes, the 
glass relaxation, there must be a relation between cooling rate and observed re- 
laxation time and therefore also between cooling rate and frequency. From 
Donth's fluctuation model of glass transition a rule to transform cooling rates 
into frequencies was derived [ 13, 31 ]: 

v = 13 (9) 
2roaST 

where 13 is the cooling rate, 6T is the mean temperature fluctuation (in the order 
of 2 K [13, 32]) and a is a constant in the order of 1 [13, 33]. 

From the dislocation concept of glass transition [14] another formula for the 
transformation results: 

v = 13 ( l O )  
2rc15 K 

With the help of temperature modulated calorimetry we are able to test these 
formulas directly. To compare the glass transition temperature Tg from cooling 
experiments with that from TMDSC we measured the dried PVAc sample in the 
standard DSC mode as well. The measurements were performed as following: 
Annealing the sample at T~+30 K; cooling with the rate under investigation; 
immediately heating with the same rate. From the cooling scan as well as from 
the heating scan the fictive temperature Tf was determined. The fictive tempera, 
ture from the heating scan equals the glass transition temperature on cooling the 
sample without annealing periods between cooling and heating [34]. 

The temperature scale of the DSC was calibrated for every heating and cool- 
ing rate under investigation with the help of the liquid crystal transition, see 
above. Because of the thermal lag there is a rate dependent difference between 
the glass transition temperature obtained from cooling scans and that obtained 
from heating scans [35]. It is less than 3 K at 20 K min -1, and negligible for 
rates lower than 2.5 K min -1. To reduce the influence of the thermal lag on the 
determined glass transition temperatures and the number of points in Fig. 5, the 
average value of the glass transition temperatures from cooling and heating is 
plotted for every rate. 

The transformation of cooling rate to frequency were performed according 
to Eq. (10). The same transformation results from Eq. (9). The mean tempera- 
ture fluctuation ~ST =2.5 K of PVAc was determined as half of the width of the 

J. Thermal Anal., 46, 1996 



946 HENSEL et al.: TEMPERATURE MODULATED CALORIMETRY 

glass transition interval of the real part of the complex heat capacity c'(T) ac- 
cording to [13, 32]. The constant was determined as a =6. The identical value 
was obtained from amorphous PEEK. The VFT-fit from the TMDSC points is 
extrapolated to the frequency of the standard DSC measurements. Which gives 
an equally good fit. 

To get information, if there is really an influence of the mean temperature 
fluctuation 5T on the transformation of cooling rates to frequency (Eq. (9)), or 
not (Eq. (10)) it is useful to investigate samples with expected differences in the 
mean temperature fluctuation ST. As shown in [36] the geometrical restriction 
of the glass forming regions in semicrystalline polymers results in a significant 
increase of the mean temperature fluctuation aT with decreasing width of the 
amorphous regions. We used semicrystalline PEEK, annealed for 2 h at 483 K, 
to investigate the influence of the mean temperature fluctuation on the transfor- 
mation from cooling rate to frequency (Fig. 6). 

In Fig. 7 the activation-plot for a semicrystalline sample is shown. The fit 
through the experimental points is less accurate than in PVAc due to the smaller 
frequency range and fewer experimental data points. A difference between 
TMDSC and dielectric spectroscopy of about one order of magnitude is ob- 
served. To bring the points from standard cooling experiments in coincidence 
with that of TMDSC is only possible with the help of Donth's formula 
(Eq. (9)). The mean temperature fluctuation 6T =8 K was again determined as 
half of the width of the glass transition interval (Fig. 6) of the real part of the 
complex heat capacity c'(T) according to [32]. The constant was again deter- 
mined as a =6. The product a*ST =48 K is significantly greater than the 15 K 
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Fig, 6 Complex specific heat capacity of amorphous and semierystalline (see text) PEEK. 
v =0.02 Hz; Ta = 0.6 K; < 13 > =0 .6  K minq;  mp ~3 mg 
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Fig. 7 Activation-plot for semierystalline PEEK. *-maximum of c"(T); 0-glass transition 
temperature from standard DSC, cooling rate transformed into frequency according to 
Eqs (9); the line represent the VFT-fit curve to the results from dielectric measure- 
ments (maximum of s"(v)) [261 

proposed by Stoll exclusively for PVAc [14]. A VFT-fit to the points from cal- 
orimetry was not performed because of the scatter and the small number of 
points. 

Comparing the glass transition of semicrystalline polymers with that of 
amorphous samples, the problem of curve shape arises. From standard DSC in- 
vestigations, as well as from dielectric spectroscopy, it is well known that the 
glass transition in semicrystalline polymers is much broader than in amorphous 
polymers. As shown in [36, 37] there is a relation between the thickness of the 
mobile amorphous regions and the width of the glass transition interval. Espe- 
cially the high temperature side of the glass transition is broadened if the geo- 
metrical restriction increases as the thickness of the amorphous regions 
decreases. On the other hand, the low temperature region of the glass transition 
was only little affected by the restrictions. The same was observed from dielec- 
tric experiments. 

In Fig. 8 the normalized imaginary part of the dielectric function s"(v) for 
amorphous and for semicrystalline PET is shown. The PET was annealed for 
3 h at 433 K. For details of the crystalline structure see [38]. To compare the 
response from an amorphous sample in the glass transition region with that of 
a semicrystalline one, it is necessary to normalize the response according to the 
mobile amorphous fraction [3]: 
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s" (V) .o . . -  (11) 
As'/As'~ 

where A~' is the observed step in the real part of the dielectric function and 
A~'am is the step in the real part of the dielectric function of a totally amorphous 
sample. For the semicrystalline sample under investigation As'=0.8 and 
A~'am = 1.65. 

The temperature modulated calorimetry allows us to investigate the curve 
shape of the heat capacity in an equilibrium state as in the case of dielectric 
spectroscopy. Therefore, we can prove if there really is a broadening of the re- 
laxation process or if the broadening of the cp curves results from differences in 
vitrification of different parts of the sample due to different coupling to the 
crystalline regions. 

To compare frequency dispersion with temperature dispersion measurements 
we have to remember that high frequency correspond to low temperature and 
vice versa [21]. In Fig. 9 the normalized imaginary part of the complex heat ca- 
pacity of the same samples as used for the dielectric spectroscopy is shown. 
They are also normalized with respect to the mobile amorphous fraction [3]: 

- c"(73 (12) 

AC' /AC'.m 

where Ac' is the step in the real part of the specific heat capacity of the semi- 
crystalline sample with a value of Ac'=23 J tool -t K-i; and AC'.m is the step in 

' , ' - ' " 1  ' ' " " q  . . . . . . .  q . . . . . . .  I . . . . . . . .  t '  " . . . . . . .  I ' ' " ' " 1  . . . . . .  9 . . . . . . . .  I . . . . . . .  

amorphous 

sem~cr,/ 

} 2 

0,01 

' ,  . . . . . .  ~ . . . . . . .  q . . . . . . .  '1 . . . . . . . .  I . . . . . . .  ~ . . . . . . . .  i . . . . . . . .  i . . . . . . . .  I . . . . . . .  '1 . . . . .  

10-5 10 -4 10 -3 10 -2 10 -1 100 101 102 103 104 105 
v / v  

max 
Fig. 8 Normalized imaginary part of the dielectric function (Eq. (11)) in the glass transition 

region of amorphous and semicrystalline (see text) PET. The frequency axis is nor- 
realized to the peak position 
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0 , 1 0  . . . .  J . . . .  J . . . .  J . . . .  ' . . . .  ' . . . .  

~ 0,05 a m ~ 1 7 6  ./../... ~ 

b 0,00- 

-0.05 . . . .  , . . . .  , . . . . . . . . . .  . . . . ,  . . . .  
330 340 350 360 370 380 390 

Temperature in K 

Fig. 9 Normalized imaginary part of the specific heat capacity (Eq. (12)) in the glass transi- 
tion region of amorphous and semicrystalline (see text) PET. v =0.02 Hz; 
Ta=0.6 K; <1~ > =0.6 K min-l; rap ~3 mg 

the real part of the specific heat capacity of the totally amorphous sample, 
Ac'~ =65 J mo1-1 K -1. 

Because of the very low magnitude of c", there are some irregularities. The 
negative c" in the region of cold crystallization is an interesting observation, but 
not subject of this paper. Why the c" is negative between glass transition and 
cold crystallization is not understood and may only be the result of experimental 
error [39]. 

Due to the very small steps in the real parts of the compliance, the normal- 
ized curves for the semicrystalline sample are magnified and therefore appear 
to be noisy. But in both figures we can observe that the "high frequency/low 
temperature" side of the glass transition is only slightly affected by the crystal- 
line structure. In contrast the "low frequency/high temperature" side is 
significantly broader. 

Discussion 

Temperature modulated calorimetry is an additional possibility to get infor- 
mation on the response of a sample to a small perturbation within the linear 
response approach. This is of interest in every case where the process under in- 
vestigation is time dependent. In this paper the focus is on the glass transition 
as a relaxation phenomenon. 

The complex heat capacity obtained from TMDSC within the linear re- 
sponse approach shows the same general behavior as other compliance's. There 
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is a step in the real part and a broad peak in the imaginary part in the frequency 
dispersion [16] as well as in the temperature dispersion. In the case of glass 
transition, the real part of the heat capacity is comparable to the standard heat 
capacity because of the very small imaginary part. The maximum of c"(T) is in 
the order of 20 J mo1-1 K -1 for amorphous and 6 J mo1-1 K -1 for semicrystalline 
PET. The maxima of the loss tangent are of the order of 0.1 and 0.03, respec- 
tively. From the dielectric spectroscopy we obtain the same values for the 
maximum of the loss tangent: 0.1 for the amorphous and 0.03 for the semicrys- 
talline sample. 

The different responses (location in the activation plot) to different perturba- 
tions including temperature are not quite understand and should be part of 
future work about the phenomenon of the glass transition. At present the dis- 
cussion will be from a phenomenological point of view. 

First, we compare the results obtained b3?!TMDSC in the frequency range 
available with dielectric spectroscopy. As shown in Fig. ~ 5 the points from 
TMDSC result in a trace in the activation-plot comparable with that of dielec- 
tric spectroscopy. Both traces show a similar curvature, indicating the 
cooperative nature of the underlying process. They can be described with the 
help of a VFT-equation. The significant difference between the two fits is the 
shift in the VOGEL-temperature To. The trace of the TMDSC points is shifted 
by about one-half order of magnitude to lower frequencies (slower process). 
The Vogel-temperature To is 2 K higher than for the points from dielectric spec- 
troscopy. As a first result, we can conclude that TMDSC and dielectric 
spectroscopy detect the same process, the dynamic glass transition. The main 
sensitivity of the two, however, is different. The response to the temperature 
disturbance weights slower modes of the molecular movement more than the re- 
sponse to the disturbance of the electrical field. Therefore, the curves are 
shifted with respect to each other. 

Because vitrification is also due to the glass relaxation process, TMDSC 
gives the opportunity to directly compare the time scale of a vitrification in a 
linearly cooled sample with that of a cooling experiment in the heat-cool-mode. 
In Fig. 5 the glass transition temperatures from standard DSC cooling experi- 
ments are added to TMDSC data. The cooling rates are transformed according 
to the formulas given by Stoll [14] and Donth [13]. The trace in the activation- 
plot is comparable to that from TMDSC. It is curved, and the VFT-fit from the 
TMDSC experiment also fits these values. The fact that both the DSC and 
TMDSC values are on one curve indicates that it is really possible to transform 
cooling rates into frequencies. Vitrification is part of the glass relaxation pro- 
cess and there is no separate description or theory of it necessary. 

For amorphous polymers both transformation rules, as shown in Eqs (9) and 
(10), are equivalent. The remaining question is that of the influence of the mean 
temperature fluctuation on the transformation proposed by Donth. The evalu- 
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ation of the Eq. (9) starts from the fluctuation of small cooperatively rearrang- 
ing regions (CRR). For a given temperature the fluctuation e.g. of the tempera- 
ture can be described by magnitude (57) and mean frequency. With decreasing 
temperature the frequency of the fluctuation decreases. To discuss the relation 
between mean temperature fluctuation and the step in the heat capacity at glass 
transition we will use a simple picture. Looking at the temperature range above 
the glass transition, and cooling the sample with a rate 13 through the glass tran- 
sition region, one observes that at high temperatures an averaging over the fluc- 
tuation can be performed because the time needed for a small temperature 
increment, determined by the cooling rate, is longer than the fluctuation period. 
Then the subsystem contributes to the specific heat capacity. 

Cp = k AS 2 (13) 

With k representing Boltzmann's constant and AS 2, the mean entropy fluctua- 
tion [21]. 

At low temperatures the time given by the cooling rate is the same, but the 
fluctuation period is longer and therefore the averaging over the fluctuation is 
not possible. The subsystem does not contribute to the specific heat capacity. 
This simple picture permits to describe the behavior change at temperatures 
close to the glass transition and the step in the specific heat capacity. If the mag- 
nitude of the fluctuation is small, this change occurs in a small temperature 
region (width of the glass transition region) and vice versa. For a subsystem 
with a high magnitude of the temperature fluctuations follows that for a given 
cooling rate the averaging is possible down to lower temperatures, Because of 
the temperature--time-equivalence that means the corresponding frequency is 
lower. As shown by this simple picture, there is a relation between frequency, 
cooling rate, mean temperature fluctuation, and the width of the glass transition 
region. Therefore, it is possible to determine the mean temperature fluctuation 
from the width of the glass transition region, as described in [32]. 

To support this explanation, a semicrystalline sample (PEEK) was investi- 
gated, as shown in Fig. 6. Due to the geometrically restriction of the amor- 
phous regions, the mean temperature fluctuation in this sample should be higher 
than in an amorphous sample [36]. From the half-width of the glass transition 
region in the real part of the complex heat capacity, the mean temperature fluc- 
tuation 8T~ 8 K for the semicrystalline sample was determined. This value is 
about three times greater than that obtained for the amorphous samples. With 
Eq. 9 and a value of a =6, as determined from amorphous PVAc, the transfor- 
mation of the cooling rate into frequency is in agreement with the results of 
TMDSC for the semicrystalline PEEK. In the case of the semicrystalline sam- 
ple, the product a*~T =48 K. The value is significant higher than the one 
obtained for the amorphous samples which is of the order of 15 K. This shows 
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that the simple picture for the fluctuation model of the glass transition [13] is 
valid. 

Because of the complex morphology of semicrystalline polymers the ques- 
tion arises whether the observed glass transition results from one relaxation 
process broadened due to geometrical restriction, or from the superposition of 
different glass transitions with different glass transition temperatures. If the sec- 
ond argument is valid, then there is no opportunity to determine mean 
temperature fluctuations from the width of the glass transition region in semi- 
crystalline polymers. Therefore, we investigated the shapes of the peaks in both 
the imaginary part of the dielectric and the heat capacity functions. As shown 
in Fig. 8, the peak of the imaginary part of the dielectric function is signifi- 
cantly broader when compared to the one of amorphous PET. But this 
broadening can be observed only for the low frequency side of the peak. The 
high frequency side is not influenced by the crystalline structure. According to 
Sch6nhals [40] the high frequency side is related to short-mode length molecu- 
lar motions (short distance fluctuations). These are the local motions which are 
not influenced by the geometrical restrictions of the crystals because of their 
short mode length. The mode length is much shorter than the dimension of the 
remaining mobile amorphous regions in the semicrystalline sample. For these 
molecular motions it is unimportant if there are crystals located at a relatively 
long distance, compared with the mode length or not. Therefore, there is no dif- 
ference between semicrystalline and amorphous PET on the high frequency side 
of the peak. The molecular motions related to the low frequency side of the 
peak are influenced by the crystalline structure. The motions detected at low 
frequencies are associated with long mode length (long distance fluctuations) 
comparable with the dimension of the mobile amorphous regions in the semi- 
crystalline sample. Because of the geometrical restrictions by the crystals, the 
mode length is confined to the geometrical length. To realize all the molecular 
movements which are necessary to result in the contribution of the 11 J mo1-1 K -1 
per mobile bead [2] to Acp, the molecules have to find other ways than that with 
the long mode length. That means, the conformational changes will be per- 
formed in a way that needs more time. In Fig. 8 we observe a drastic 
broadening of the side related to these modes for the semicrystalline sample. 
For this discussion we have to recognize that at the measuring temperature the 
mobile amorphous part of the sample is in the liquid state. Therefore, the Acp 
reaches the value of 11 J mol -~ K -1 per mobile bead. 

If the observed glass relaxation results from the superposition of different re- 
laxation processes with different frequencies of the maximum of the complex 
part of the dielectric function, there is no possibility to construct a peak with 
constant high frequency flank and significantly broader low frequency flank. 

Because of the temperature-time-equivalence we can discuss the same for a 
temperature scan. In Fig. 9 the complex heat capacity for the amorphous as 
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well as for the semicrystalline PET sample is shown. It can be seen that the low 
temperature flank for both samples is only little influenced by the crystalline 
structure. In contrast, the high temperature flank is much broader for the semi- 
crystalline sample. This is in agreement with the discussion for the dielectric 
measurement because low temperature corresponds to high frequency and vice 
v e r s a .  

As shown, there are good arguments that the width of the glass transition re- 
gion is related to the mean temperature fluctuation and does not result from the 
superposition of different glass transitions in semicrystalline samples. 

C o n c l u s i o n  

Temperature modulated calorimetry is an interesting new method which al- 
lows us to compare calorimetric results from the glass transition with that of 
typical dynamic measurements like dielectric or mechanic spectroscopy. It 
should be possible to solve some of the basic questions concerning the glass 
transition. Our very first results are in good agreement with the suggestions of 
the fluctuation model proposed by Donth [13, 31] and with the general rules 
given by Wunderlich [2]. In the future, we will further investigate the glass 
transition in semicrystalline systems (polymers and low molecular weight mate- 
rials) to study the influence of the geometrical restriction on the glass relaxation 
especially on the complex heat capacity. 

In the case of glass transitions we can discuss the complex heat capacity 
within the linear response approach. For other time dependent events like 
chemical reactions, phase transitions and others, the picture is not as simple and 
further work is necessary. 
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