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Abstract 

The combination of results from temperature modulated DSC (TMDSC) and 3w-method (HCS) in the glass-transition 
region allows broad band heat capacity spectroscopy in a frequency range of seven orders of magnitude. In an Arrhenius 
diagram, the curve for calorimetrie data is close to that of dielectric data, except from some remaining problems of 
temperature calibration. The dynamic glass-transition temperature and the width of the transition interval are determined in the 
frequency range 10P4 < v < 103 Hz and compared with DSC measurements on linear cooling (vitrification). 

The dynamic calorimetrie data are obtained in the liquid equilibrium state, where the dispersion of the glass-transition 
interval is related to the mean temperature fluctuation of cooperatively rearranging regions (CRR). As expected from the 
fluctuation approach to glass transition, this temperature fluctuation increases with increasing temperature. This indicates 
decreasing size of CRRs with increasing temperature. The a = qlST*w parameter is obtained as a = 6~t2 from a comparison 
of thermal and dynamic glass transition. 0 1997 Elsevier Science B.V. 
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1. Introduction 

Combination of different temperature-modulated 
calorimeters allows the determination of complex heat 
capacity in a wide frequency range. Results obtained 
in the glass-transition region of polystyrene by 30 
method (HG) [l] and temperature modulated DSC 
(TMDSC) [2,3] are presented. The dynamic glass- 
transition temperature and the width of the transition 
interval are determined in a frequency range of seven 
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orders of magnitude ( 10*4 < v < 103 Hz) and com- 
pared with DSC measurements on linear cooling 
(vitrification), dielectric, and dynamic shear spectro- 
scopy. The glass transition from temperature-modu- 
lated calorimetry, observed in the equilibrium state of 
the liquid, is little influenced by non-equilibrium 
caused by vitrification. Therefore the mean tempera- 
ture fluctuation of cooperatively rearranging regions 
(CRR) can be obtained directly from the width of the 
transition interval [4]. The aim of this paper was to 
check if both temperature-modulated calorimetrie 
methods give the same results and, thus, allow to 
determine this mean temperature fluctuation over a 
wide temperature range. 
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2. Experimental 

The 168 N polystyrene (PS) sample was from 
BASF (p = 1.047 g/cm3; M, = 95,000 g moll’; 
Mw = 270,000 g mol-‘). DSC measurements were 
performed to determine the conventional or total Cr, 
and TMDSC to determine the complex heat 
capacity CP = Ci, - iCp. Perkin-Elmer DSC- and 
Setaram DSC 121 were used in both the cases. 
The sample mass was 12 and 230 mg, respectively. 
The temperature scale of the calorimeters was 
calibrated in DSC mode according to the recommen- 
dation of GEFTA [5] by indium and lead, and was 
checked in the TMDSC mode by the smectic- 
to-nematic transition of 80CB [6]. The determi- 
nation of complex heat capacity, especially the correc- 
tion of phase angle, was performed as described in 
Ref. [7]. The temperature amplitude T, was about 
0.2 K and the underlying cooling rate q0 was nearly 
proportional to frequency u = llt,, with q0 = 

0.5 K min’ for v = 1/60 Hz. From TMDSC mea- 
surements the frequency range 10-4 < v < lO_’ Hz 
is available. 

A thermal wave technique, the so-called 3w-method 

(HCS) 111, was used in the frequency range 
2 x 10-’ < v < 2 x 103 Hz. Several improvements 
were necessary to measure polymer samples [8]. 
The temperature wave amplitude was varied between 
0.01 and 1 K. This method gives the product of 
complex heat capacity CP, thermal conductivity K 
and density p. We assume that the curve shape in 
the glass-transition region is mainly caused by the 
complex heat capacity [8]. 

The temperature scale of the 3w-apparatus was 
calibrated using a certified platinum resistor. The 
DC-component of the heating power causes a station- 
ary temperature gradient of some Kelvin across the 
sample. This may be the reason for the temperature 
shift between the data from the 3w-method and 
TMDSC measurements around 0.1 Hz, see Figs. 3 
and 4 below. The uncertainty of the glass-transition 
temperature from TMDSC is in the order of 1 K, 
mainly caused by the uncertainty of maximum deter- 
mination. For the 3w-method there is an additional 
influence of the stationary temperature gradient result- 
ing in a total uncertainty of about 2 K. In the frequency 
region around 0.1 Hz the uncertainty increases for 
both methods because the signal-to-noise ratio 

decreases. Further investigations are necessary to 
clarify the discrepancy. 

The dynamic glass-transition temperature 
T, = T,(w) is determined as the maximum tempera- 
ture of the imaginary part of heat capacity Ci(w, T) 
(TMDSC) or of the product p~Ci(w, T) (3w-method) 
as a function of temperature for given angular fre- 
quency w = 27rv. To obtain the width of the glass- 
transition interval a Gaussian function is fitted to the 
data, see Figs. 1 and 2. Using a fluctuation approach of 
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Fig. 1. Examples of real and imaginary part of complex specific 
heat capacity for polystyrene (PS) obtained by TMDSC (Perkin- 
Elmer DSC-7) with tp = 60 s; T, = 0.2 K; q0 = - 0.5 K min-‘. 
The conventional or total cp was independently measured (Setaram 
DSC 121) with q = - 0.5 K min-‘. 
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Fig. 2. Examples for heat capacity spectroscopy from the 30 
method for PS. This method gives the product of thermal 
conductivity &, density p, and heat capacity C,. It is assumed that 
the dispersion is only from C; (w, T) = Ci - iC:. 
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glass transition [4], the mean temperature fluctuation 
6T of cooperatively rearranging regions can be deter- 
mined as dispersion of the Gaussian function, 

c; = * exp[-i(y)2] 
2ST@ 

(1) 

3. Results and discussion 

The dynamic glass-transition temperatures T, from 
both methods are compared in the Arrhenius diagram 
Fig. 3. Reasonable data are available in the angular 
frequency range 10e3 to 104 rad ss’. Additional WLF- 
fits (lines) from dielectric (E”) and dynamic shear 
(compliance J”; modulus G”) spectroscopy are shown. 
For PS, the points from heat capacity are close to the 
results from dielectric spectroscopy. The temperature 
uncertainty around w = 1 rad s-’ is reflected by the T, 
differences: It seems that the curves are mutually 
shifted by about 4 K. On shifting the 3w-curves hori- 
zontally, al1 calorimetrie data fit wel1 with a WLF- 
function using nearly the same parameters as for 
dielectric spectroscopy. At the moment we do, how- 
ever, not know the exact reason for that shifting. To 
solve possible temperature calibration problems it 
may be useful to measure with both methods in an 
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Fig. 3. Activation diagram from TMDSC and 3wmethod (HCS) 
data for PS. The lines correspond to WLF fïts from dielectric (E”) 
and dynamic shear (G”; J”) spectroscopy, respectively. The inset 
shows the data from TMDSC and conventional DSC before the 
shift of 1.2 along the log(q/K sml) axis (sec text). 
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Fig. 4. Mean temperature fluctuation of a CRR from the dispersion 
of the Gaussian fit to the data from TMDSC and 3w-method (HCS). 
The line is a guide for the eyes only. 

overlapping frequency range. It seems necessary to 
expand the frequency range of the 3w-method to lower 
frequenties [9] instead of increasing the frequency 
range of TMDSC because of the limiting time con- 
stants of the TMDSC apparatuses available. 

Fig. 4 shows the mean temperature fluctuation 6T 
determined from a Gaussian-fit, Eq. (l), of the ima- 
ginary part as shown in Figs. 1 and 2. The mean 
temperature fluctuation at the conventional glass tem- 
perature (373 K) is 2.5 K [8,10]. The 6T values 
increase with increasing temperature. This indicates 
a decreasing number of cooperatively coupled parti- 
cles with increasing temperature. 

The relaxation time r (r = Uw) related to glass 
transitions observed by conventional DSC in cooling 
mode (vitrification) at a rate q = - 10 K/min is often 
supposed to be of the order of 100 s. Temperature- 
modulated calorimetry allows a direct comparison of 
vitrification and dynamic glass transition (relaxation 
in thermodynamic equilibrium) and, therefore, a more 
precise determination of 7. Comparison of dynamic 
glass-transition temperatures, where the frequency w 
is known from the experiment, with vitrification tem- 
peratures, where the cooling rates q is known, allows a 
direct comparison of the influence of q and w. Low 
frequency TMDSC data and linear cooling at moder- 
ate rates results in two sets of glass-transition tem- 
peratures within the overlap interval. To bring both 
sets in accordance, see inset in Fig. 3, the log(q/ 
(K s-l)) scale for the vitrification temperatures has 
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Fig. 5. Quasi-isothermal measured modulus of complex specific 
heat capacity from TMDSC (Setaram DSC 121; tp = 600 s; 
T, = 0.25 K; mp = 230 mg) and conventional DSC in cooling 
mode (Perkin-Elmer DSC-7; 4 = - 10 K min-‘, mp = 27 mg) 
with the same glass-transition temperature. The dashed line added 
indicates the vitrification which is due to an underlying cooling rate 
of about 0.03 Kmiñ’ connected with the quasi-isothermal 
TMDSC measurement (see text). 

to be shifted by an amount of 1.2 f 0.1. From the 
formula [4] 

9 W- 
a . ST (2) 

using ST = 2.5 K, we get a = 6 f 2. This is in agree- 
ment with Ref. [l l] and measurements on other 
polymers [ 121 and other glass-forming compounds 
[131. 

The curve shapes within the glass-transition region 
can be compared too. In Fig. 5, the specific heat 
capacity resulting from a linear cooling runponven- 
tional DSC, vitrification) and the modulus Icil of 
complex specific heat capacity from a quasi-isother- 
mal TMDSC experiment with the same glass-transi- 
tion temperatures are shown. The conventional DSC 
curve is wider than the TMDSC curve, as expected 
from model calculations taking the influence of non- 
equilibrium into account [ 14-161. The reason for this 
differente is that the TMDSC curve is measured more 
or less in the equilibrium state of the melt. To support 
this, the corresponding vitrification curve caused by 
the underlying cooling rate of about 0.03 K min-’ in 
the quasi-isothermal TMDSC experiment was esti- 
mated, see dashed line in Fig. 5. It is constructed by 
shifting the measured conventional DSC curve 

(q = - 10 K min-‘) to the expected glass-transition 
temperature for q = - 0.03 K min-’ (log(q/ 
(K s-‘)) = - 3.3), see inset of Fig. 3. Only smal1 
vitrifìcation effects (widening) can be observed at 
the low temperature side of the TMDSC curve. Com- 
paring the DSC and the TMDSC curve of Fig. 5, the 
DSC curve (vitrification) is broadened by a factor of 
1.9, in agreement with prior estimations [lol. 

4. Summary 

The combination of results from TMDSC and 3w- 
method in the glass-transition region allows heat 
capacity spectroscopy in a frequency range of seven 
orders of magnitude. In an Arrhenius diagram, the 
curve of the calorimetrie data is close to that from 
dielectric measurements. 

As the frequency-dependent calorimetrie data are 
obtained in the equilibrium state of the liquid, no 
influence of non-equilibrium (vitrification) must be 
taken into account. The equilibrium temperature dis- 
persion of the transformation interval is directly 
related to the mean temperature fluctuation of coop- 
eratively rearranging regions (CRR) [4]. As expected 
from the fluctuation approach to the glass transition, 
the mean temperature fluctuation of the CRRs 
increases with increasing temperature. This indicates 
a decreasing size of the CRRs with increasing 
temperature. 
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