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Abstract

The reversing heat capacity of polystyrene has been measured in the glass transition region as a function of frequency
by temperature-modulated DSC using infra-red light for the modulation. The mean temperature was controlled by the
calorimeter operating in the standard DSC mode. The additional power transferred to the specimens is obtained by infra-red
diodes with their mean power controlled by a pulse-width modulation method. This method allows to synthesize sinusoidal
temperature-profiles with negligible distortion with frequencies of up to 0.125Hz. The experiments were carried out using
multi-frequency temperature-profiles composed by superposition of four sinusoidal modulations of periods of 243, 81, 27,
and 9 s, which cover the frequency range from the 1st to the 27th harmonic. To study the kinetics in the glass transition region,
the thermal history was produced by cooling the samples at different rates. The results and the advantages of the new method
are discussed and compared to a series of less-precise separate single-frequency analyses.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction changing to the liquid state at their glass transition
_ temperature,Ty. Depending on the thermal history,

tic, time-dependent transformation on heating when measurable by their enthalpy, and Gibbs function,
_ _ G. Both are linked to the heat capacity, = dH/0T
wactor of the US Government under the sontact No. DoE. 20 Cp = —T(G/9T?), and are measurable by
AC05-000R22725. Accordingly, the US Government retains a C‘?‘lonmetry' There are a number c_)f Calor!memc te_Ch_
non-exclusive, royalty-free license to publish or reproduce the pub- NIqUES, of which the Stan.dard 'dlfferer?tlal scanning
lished form of this contribution, or allow others to do so, for Us calorimetry (DSC) has gained increasing popularity
Government purposes. over the years. The standard DSC which employs a
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heating a glass with a given thermal history with dif- provided by the manufacturer where not used in the
ferent heating rates. A first approximate description of present experiments. The temperature was calibrated
such behavior was linked to the hole model of the glass in the usual manner with the melting temperatures of
transition and described, using a simple, first-order ki- indium and water at heating rates of 10 K minThe
netics expressiofi]. With the invention and develop-  heat-flow rated, as measured by the temperature dif-
ment of temperature-modulated differential scanning ferenceAT = T, — Ts, was initially set by the heat of
calorimetry (TMDSC)[2], the frequency-dependence fusion of indium, and then corrected with calibration
of the heat capacity could be measured directly and runs with AbOs in form of a sapphire single crystal.
similarly analyzed3-8]. A pseudo-isothermal analy-  Dry nitrogen gas with a flow rate of 15 ml mif was

sis at different frequencies and amplitudes of temper- purged though the DSC cell. No additional cooling
ature modulation of the glass transition of polystyrene was necessary in the temperature range of interest.
was carried out and described as a relaxation process The polystyrene used was purchased from Aldrich
[6]. A number of other modulation techniques have Chemical Co. Its glass transition temperature is about
been developed since the introduction of TMDSC. 373K under standard analysis conditions of heating
Of special interest is the multi-frequency modulation at 10K mir?, and the mass-average molar mass is
with a complex sawtootf®] which permits the mea-  equal to 280,000 Da, measured by size-exclusion chro-
surement of an apparent heat capacity as a function ofmatography by the supplier. The same sample of a
frequency in a single experiment. This method with weight of about 22 mg was used for all experiments.
complex sawtooth modulation has been used to mea-

sure the frequency dependence of the heat capacity in2.2. Complex sawtooth modulation

the glass transition region of polystyref]. This

first experiment with a complex sawtooth indicated The complex sawtooth modulation mode consists
the need for data with higher frequencies than possible of a series of linear heating and cooling segments,
using the standard temperature control of a heat-flux chosen to produced 1st, 3rd, 5th and 7th harmonics
DSC. Beside the use of conventional heaters, radiantwith practically equal amplitude, the 9th harmonic
energy as a heating source has been used to modulat®f somewhat lower amplitude, and almost negligible
the temperature, called light-modulation calorimetry higher harmonics. The details of the method and a ta-
[11,12]. In comparison with conventional heaters, the ble of the 14 program steps for the temperature modu-
light-modulation applied to standard DSC (LMDSC) lation were given previouslff]. The multi-frequency
has the advantage of a wider choice of operating sawtooth modulation in our experiment covers fre-
frequencies. quencies from B8 x 102 to 0.021 Hz with corre-

In the present work, both, multi-frequency sawtooth sponding periods of 420, 120, 84, 60, and 46.67s.
modulation and the use of radiant energy have been The upper frequency limit is determined mainly by
combined to find the apparent, reversing heat capacity a time constant®y, x Cy, a product of the thermal
of polystyrene as a function of frequency in the glass resistivity between heater and sample and the heat
transition region. capacity of the calorimeter. Quasi-isothermal exper-

iments were performed at several base temperatures,
To, after heating to about 393 K, followed by cooling

2. Experimental details and results to 343K with a rate of 10 K min’.
Due to the thermal resistance between the pan and
2.1. DSC equipment and samples sample, as well as pan and thermocouple, and the

thermal conductivity of the sample, the obtained heat
A commercial Thermal Analyst 29 €0system from capacity is frequency-dependent, and therefore, ap-
TA Instrument in the standard DSC mode was used propriate corrections must be done for the calculation
for all measurements. The temperature of the sam- of the heat capacity. Using a model of heat conduct-
ple and reference is regulated by the original temper- ing between the temperature sensor and the pan, and
ature controller in its standard mode. The sinusoidal then the pan and the sample, the correction of the heat
modulation software and corresponding evaluation as capacity determination in a temperature-modulated
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DSC was considered in detail by Moon et Hl3], transition region leads to an increase of the standard
but a suitable equation could not be derived. deviation, S.D., as is illustrated Fig. 1c. The param-
Assuming steady state and stationarity, the heat eterz¢ in this region is much larger since it now cor-
capacity can be calculated from the amplitude of respond not only to a time constant of the calorimeter,
modulated temperature of the samphe;, and the but also contains a contribution of the sample itself.
amplitude of the heat-flow rat&. In the pseudo- as  To obtain a heat capacity independent of the time
well as quasi-isothermal method of TMDSC an ap- constant of the calorimeter, the valuewfof Eq. (2)
parent, reversing heat capacity can then be evaluatedcalculated in the region outside the glass transition,

from the following equatiorj14]: was extrapolated for data inside the glass transition.
The frequency-corrected apparent specific heat ca-

Ap 1
Cp= A_TSZK(CU) @) pacity throughout the glass transition region is then

) ~illustrated inFig. 1d. It can be seen that while the heat
Wherela) is the angullar frequgncy of the modulation in - capacity below the glass transition is frequency in-
rads =. The correction functiork (w) was suggested  gependent, in the glass transition, the heat capacity

to have the form decreases with frequency. Near the liquid region,
K(w) = /1+ 202 ) the change with frequency is larger. Above the glass

transition, the heat capacity is again frequency inde-
where 7. (=RnC;) is a time constant to be calcu- pendent.
lated from the heat capacity of the empty reference  The frequency-dependent heat capacity may be fit-
calorimeter (pan)C;, and the Newton’s law of ther-  ted to a complex function, characteristic for two or
mal resistance. It was found that better accuracy can more subsystems, and characterized by a time neces-

be obtained by evaluation af, experimentally[15]. sary for the exchange of energy between these sub-
At higher frequencyr¢ is a non-linear function of  systems, an enthalpy-relaxation timenthapy The
frequency itself. approximation for the experimental data at 376K is

The procedure of the frequency correction is shown drawn as a solid line ifrig. 1d. The relation is ob-
in the four parts ofFig. 1. The heat capacity as tained by fitting parameters of the real,, and the
measured, without correction, is obtained from the imaginary part”, as depicted by the dashed lines

ratio C,(meas) = Ag/(ATsw), Where Arsw repre- A
Cp

sents the modulation amplitude of the heating rate. C/,, =— "7  and

To determine the amplitude of the modulated temper- 1+ (vTenthaipy®

ature and the heat-flow rate at different frequencies, a (VTenthalpy®/? Ac) 4

Fourier-transform was made and the five harmonics €» = 7 o (42)
+ (W'enthalp))

of the complex sawtooth are usedHqs. (1) and (2). ]
The measured values of heat capacity are depicted in@ COmMponents of heat capacity

Fig. 1a in the temperature range from below to above . _ /.. 24 (24 ¢ 4b

" : =,/ inf
the glass transition as a function of the frequency of P (€p)"+ () i (4)
the harmonicsu(= w/27). The time constant. is depicted by the solid line, whetereplaces the square

obtained from a plot of the inverse of the squared, in EqQ. (2),c,inf is @ heat capacity for infinitely high
measured heat capacity versus the square of the fre-frequency, i.e., the heat capacity of the glass, Aogl

quency[15]: is the difference between the heat capacity of the liquid
1 1 A and the glass. The best fitting was foundfgfinaipy=
Cy(meas) C_,Z,[l + it (@)] (3  35sandyr=1.8,Ac, =0.38JK g tandcyin =

1.247JK1g 1. The data in the frequency domain
as is illustrated irFig. 1b. From thd=ig. 1b one can  displayed inFig. 1d can be easy transformed to the
see that only data outside the region of the glass tran- heat capacity as a function of temperature for each
sition can be approximated by a linear function. This frequency, as shown iRig. 2.

approximation is not valid in the glass transition re- From the above analysis it is seen that to obtain the
gion. Using the procedure &q. (3)within the glass relaxation time,renthaipy directly from the measured
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Fig. 1. (a) Uncorrected specific heat capacity in the temperature range from below to above glass transition of polystyrene, obtained using
Fourier transformation of the data of modulated sample temperature and heat-flow ratEasithy (b) Plot of the inverse of the squared,
measured specific heat capacity versus the square of the frequency to obtain the time egnétar¥alues of the standard deviation,

S.D., from a linear approximation of the datafig. 1b. (d) Frequency-corrected specific heat capacity depicted on the left side by the
symbols, and the approximation of the frequency-dependent specific heat capaaity76 K.

data, it is useful to carry out experiments at higher 2.3. Light-modulated DSC experiments

frequency than 0.03 Hz. The light-modulation experi-

ment can reach a frequency of 0.11 Hz, as indicated in ~ As mentioned above, the upper frequency limit is
nextFigs. 4 and fusing the same calorimeter as used determined by a time constaf®,C;, consisting of

for the complex sawtooth modulation with modifica- thermal resistivity between heater and sample, and
tions, as is described next. the heat capacity of the calorimeter. While the heat
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capacity of the calorimeter cannot be reduced, the Frequency{s'1
thermal resistivity depends on the heating source.
An additional radiant energy source near the speci-
mens decreases this resistivity and modulation may
by obtained at higher frequencies than possible in the
standard mode of operation. The radiant energy is
generated by two infrared light emitting diodes with the amplitudes shared between the harmonics in the
radiant power output, each of 100 mW. Light from a multi-frequency mode. Two kinds of experiments were
distance of 4mm is focused at the top of the sample carried out with the light-modulation, quasi-isothermal
and reference pans. The modification of the calorime- TMDSC at a series of base temperatuiies and stan-
ter is described in detail in another publicatifir6] dard TMDSC with underlying heating and cooling
and consists mainly of replacing the DSC cover with rates of(g) = 1.0 Kmin~1.
a sapphire disk to admit the radiation. The amount The main feature of the LMDSC using PWM is a
of energy transferred to the specimens is controlled linear control which allows the formation of any arbi-
by the pulse-width modulation (PWM) method. The trary temperature profile with a frequency limit that is
PWM method is known from the early years of de- determined by a new time constagt= Ri,C; where
velopment of the information transmission technique Ry, is the thermal resistivity of the sample-diode sys-
(see for instancgl7]), but has not routinely been tem. The heat capacit; is reduced to a local heat
applied to LMDSC. capacity of the surroundings of the sample and ref-
Measurements using LMDSC were carried out with erence pans within the area where the temperature is
the same sample and calorimeter as used for the com-modulated. Because of the wide frequency range cov-
plex sawtooth modulation. Multi- or single-frequency ering 27 harmonics, the corrections as used for the
programs were applied consisting of four frequencies sawtooth modulation become insufficient. The prob-
with periods of 243, 81, 27, and 9s. Each subsequentlem is illustrated inFig. 3 on the example of a mea-
frequency was chosen to be the 3rd harmonic of the surement of the heat capacity of sapphire. The details,
prior, lower frequency. Such choice is optimal to ob- again, were described earlift6]. The amplitude of
tain a wide frequency range, reaching the 27th har- the modulated temperatur&rs, and the amplitude of
monic with a minimum of unavoidable losses due to the heat-flow rate responsAg, are obtained using

Fig. 3. Principle for the frequency correction, proposed for LMDSC
as described in the text and illustrated on the example gOAl
at 369.5K.
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Fourier transforms on the recorded data of the sample 20—
temperature and the heat-flow rate. The characteristic — z&*§§§§ above
maximum of the heat-flow rate measured as a func- A AW O glass_t?r’aBnSltlonC i
tion of frequency is the result of the response to the |-~ gn‘;{'};pmr m\sH \VC{%"TT-;M
temperature modulation which can be described as A O——0 " TA— M T=383K 1
o T O~ T=379K ]
AT - B~ glass transition
! _ T -
A0 =T 0w v oo TeamsK
< L =

V)2 A ~ T T=371K

AZ(v) = ﬁ (5) s O~
VTenthal
enthalp 1.6} v/'\"—' -
whereAr is the temperature amplitude atequal to 3 ié*‘x/i below
zero. The measured temperatufg, is approximated L 0_§:§:; glass transition |
by Eq. (5)whent. = 36s,AT = 045K, anda =
1.314, as illustrated ifrig. 3 by the drawn line. Ob- 4 | . .
viously, the reference temperatufie, behaves in the 0.001 0.01 0.1 1.0 10
same manner with a set of different valuesrgf Ar, Frequency /s
« and can be calculated using the measured heat-flow
rate which is proportional t@; — Ts: Fig. 4. Frequency-corrected specific heat capacities and their rep-
resentation byEgs. (4a) and (4bin the region of the glass tran-
A A sition.

Ap(v) = K T (6)

1 + (UTCr)ar 1 + (Ufcs)ar

In addition, experiments with the light-modulation
where K is the experimentally found the Newton’s system using a single-frequency were carried out us-
law constant and subscripts r and s denote referenceing an underlying rate of temperature change. In the
and sample, respectively. Having these functions, the first stage of the experiment, the sample was heated
sample and reference temperatures can be correctedvith a rate of 20 K min! to 413K, above the glass
to the frequency independent values, as is illustrated transition, and kept there for more than 10 min with-
in Fig. 3by the data fofTs corrected and, corrected

[16] T T T T T T T T T T T T T
2ok | Pericdt,/s .
2.4. Quasi-isothermal and standard LMDSC with an —=—243 /.:{;5%;%0{*
underlying rate of temperature change L | 2; 4 /‘?/
[ W— A/'

The above procedure has been used to obtain the _ 1.8F 0 ‘%y —
heat capacity of polystyrene as a function of frequency ey /3/
in the temperature range of the glass transition. The [ /
quasi-isothermal experiments were performed at the 22 /’
temperatures]p, which covered the range from the oo o y T
glass to the liquid, where the heat capacity is again S g
frequency independent. The sample history was set by I a
heating to 413 K followed by cooling to 343 K with a 14k |
rate of 10 Kmirr®. The result of this experiment em- '
ploying the multi-frequency modulation is illustrated [ PR T T S T SR

343 363 383 403

in Fig. 4. Transformed to the temperature domain,
these data are shown kig. 5. These figures should

be compared td-igs. 1d and 2, to see the frequency Fig. 5. Frequency-corrected heat capacities as a function of tem-
extension relative to the TMDSC results. perature for the periods indicated. Data fréiig. 4.

Temperature / K



P. Kamasa et al./ Thermochimica Acta 396 (2003) 109-117 115

out data collection. Then the cooling and heating lation. The absolute value of the heat capacity was not
programs with underlying rates of 1 Kmih were the primary result in this experiment, and therefore
applied successively. During these runs data were no special procedure for frequency correction of the
collected continuously. The amplitude of the sample heat capacity was used. In this case the heat capacity

temperature by light-modulation of the samphe, was calculated from
and the heat-flow ratdgy were calculated using the
short-time-Fourier-transform (STFT) methdd8], me, — Ao % K (7
taking data from single, successive periods of modu- ATs
L L L L N L e D L e e e
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Fig. 6. (a) Glass transition of polystyrene obtained using underlying cooling and heating rates of 1famifour different frequencies
of LMDSC. (b) Glass transition for the cooling and heating cycles of (a) combined in single graphs.



116 P. Kamasa et al./ Thermochimica Acta 396 (2003) 109-117

T T T TTTIT T T T TTII T T T TTITT L ) |

/

387 K .

0.5 383 K

-1

0.4

g

0.3

" JIK T

0.2

0.1

t=43 s

L3 ol Ll Ll ol

0.001 0.01 0.1 1.0 10
-1
Frequency /s

Fig. 7. Imaginary part of the specific heat capaaigy,, estimated fronEq. (4a).

whereK is a correction factor for normalization of the polystyrene in the temperature region of the glass
heat capacity outside the glass transition to the valuestransition can be observed in a single complex
taken from the ATHAS data bank (Advanced Thermal sawtooth or multiple-frequency light-modulation at
Analysis System, for a description see, for example frequencies that may extend to higher values by a
[19]). The result is illustrated ifrig. 6a where cool-  factor of about 10. The analysis is best carried out
ing/heating cycles are displayed for four separate fre- in the quasi-isothermal mode. The observations for
guencies. It is seen, that under these conditions the multi-frequency sawtooth experiments are similar to
heat capacity in the region of the glass transition has those observed by single-frequency LMDSC. Notice-
the same character, independent of the direction of the able is the fact, that when using a slow underlying
temperature program. A small frequency dependency change of temperature of 1 K mih, the glass transi-
is seen when the data with different frequencies are tionis largely independent on cooling and heating. The
selected from cooling and heating cycles and are com- fast relaxation process, detected by multi-frequency
pared, as done iRig. 6b. These frequency dependen- DSC dependence on temperature, as is illustrated in
cies of the heat capacities are less obvious in the fre- Fig. 7. The imaginary part oEq. (4a)is depicted
guency range of our experiments, but shows the samefor the approximations illustrated iRig. 4. The time
trends as discovered on comparing TMDSC data with constant is estimated to be 43s.
different heating rates to quasi-isothermal TMDSC on
heating and coolingg].
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