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Abstract

Temperature modulated differential scanning calorimetry (TMDSC), the most recent develop-
ment that adds periodic modulation to the conventional DSC, has recently seen a fast growth due
to availability of commercial instrumentation. The use of the technique necessitates a total control
of all of the experimental parameters. The papers focuses on recent applications to investigate
polymers [1].
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Introduction

Temperature modulated differential scanning calorimetry (TMDSC) is now rec-
ognized as a very powerful analytical technique in pharmaceutical and food applica-
tions [2-5]; for example, to determine the purity of crystalline forms or to localize
glass transitions. The technique, however, has been intensively used to investigate
polymers. This paper reviews some particular aspects or advantages of using
TMDSC for characterizing polymer materials; it has to be seen as a note providing
advice and recommendation to properly use this technique.

In the last thirty years, the precision and the resolution of calorimetric methods
such as AC-Calorimetry (alternating-current calorimetry), introduced by Sullivan
and Seidel in 1968 [6], have increased significantly. The first real measurements of
the so-called ‘modulated method’ have been obtained by Corbino in 1910 [7]; he
showed how to use the resistance of an electrically conducting sample to determine
the oscillation of the temperature. His technique, calledrt®thod’, was based on
the thermal diffusion in a sample, using a metallic film to simultaneously induce the
heating and detect the temperature.

The difference that allows to distinguish between ‘modulated temperature’ meth-
ods comes from the form of energy applied to impose the perturbation of the tem-
perature; the modulation can be generated for example, by Joule effect [8], through
light [9] or by electron bombardment [10].

The rapid evolution of both methodology and technology has led to recent appli-
cations of modulated temperature calorimetry, particularly the combination of the
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technique with differential scanning calorimetry [11] to yield a commercial line of
instruments (TMDSC for example, in the case of TA Instruments). Different terms
such as ‘periodic’, ‘oscillating’, ‘dynamic’ or ‘alternating’ have thus been used to de-
scribe similar techniques based on different types of instruments.

The use of temperature modulated DSC to characterize polymers deals mostly
with detection of weak transitions, determination of heat capacities in quasi-isother-
mal mode and separation of superimposed phenomena. We report here some recent
results obtained when investigating samples of medium density polyethylene
(MDPE) and of polystyrene (PS).

Brief description of the technique

The mathematical development necessary to describe the technique is well
known [11] and different approaches have been proposed [12].

The total differential heat flow obtained after deconvolution of the modulated
heat flow represents the sum of two distinguishable contributions, because the re-
sponse to the imposed temperature modulation is different depending on the phe-
nomena submitted to the temperature changes. One component, called reversing
heat flow, is linked to the heat capacity change; the modifications that depend on the
temperature scanning rate can be cycled by alternating heating and cooling effects.
The second component is linked to the kinetics and is called non-reversing heat flow,
by opposition to the first one; modifications appearing in this signal depend only on
the temperature.

The specific heat capacity measured with a conventional DSC, under the con-
ditions of negligible temperature gradient within the sample, is approximately pro-
portional to the temperature difference between the sample and the reference or to
the heat flow difference. Calculation of the sample heat capacity is possible through
calibration data, at the working temperature, via the following relation:

a5~
A&~y

(1)

MG = Mal,0, Cp(Al,0y)

wherem is the mass of material and the quantiiespresent the amplitudes of the
heat flow (or temperature) differences signals for different situations corresponding
to: sample, calibration and baseline runs designated respectivedy by and ‘b'.
Usually, the baseline rumy) is obtained with two empty aluminium pans. In a meas-
uring run @), the sample is in one of the aluminium pans, whereas in the calibration
run @) the sample is replaced by the standard sapphirgOgAlhaving a well
known specific heat capacity [13].

In the case of TMDSC the calibration equation takes the form [14]

(CC) = A2V (R + ¢ @

whereCs andC, represent the heat capacities of the sample and of the reference re-
spectively (these quantities include the contribution of the sample and of the pans
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which can be regarded as identical on the two sidas},the temperature difference
amplitude between sample and refererdggthe sample temperature amplitude (in
Kelvin) andw designates the modulation frequencyttg2with p being the modu-
lation period in s)K is the temperature-dependent Newton’s law constant.

When calibrating with sapphire, Eq. (2) leads to the following equation:

Aur

Pw Ars

(Cs - Cr) = KC (3)

whereAye refers to the amplitude of the differential heat flow, Kagis the calibra-
tion constant for heat capacity measurements.

The heat capacity of the sample obtained using Eq. (3) allows the determination
of the contributions of the reversing and of the non-reversing heat flows respectively,
notedHF,, andHFon.rey to the total heat flowdF,y; using the following relations:

HF e, signal=average temperature scanningxta¢@t capacity signal (conven-
tionally, on heating a negative sign is necessary because an endothermic effect in the
sample, i.e. heat consumption, creates a negalileetween the sample and the ref-
erence).

HF on-revSignal =HF;signal —HF ., signal

Experimental

Instruments

Two thermal analyzers were used for the present investigation. A temperature
modulated differential scanning calorimeter TMDSC 2920 from TA Instruments. A
refrigerated cooling system (RCS) provided with the instrument was used to cool the
measuring system and operate it in the range 200-620 K. Argon from RCS was cir-
culated (120 ml miff) in the cooling head. An argon flow (35 ml mihwas also
used to purge the cell. The other instrument was a DSC 821 from Mettler-Toledo, ca-
pable of modulation, equipped with an auto-sampler changer. Dry nitrogen flow was
also used to purge the cell; a gas flow of 10 ml*hivas monitored and adjusted
with a gas controller. Liquid nitrogen was used for the cooling system.

Materials

The experiments were carried out with a sample of medium density polyethy-
lene (MDPE) of about 55% crystallinity, provided by the Institut Francais du Pétrole
(I.F.P.) in the form of films (~0.2 mm thickness); this polymer had a number-average
molecular mass M11460 and a mass-average molecular mags68500. The
polystyrene (PS) sample, of the atactic type witlr#. 1000 and M=260000, was
provided by Scientific Polymer Products, in the form of pellets. In order to calibrate
the instruments for heat capacity, a sapphire disc of 22.160 mg was used. With the
two instruments, DSC 2920 and DSC 821, the temperature calibration was based on
3 standard points, water (273.15 K) indium (429.75 K) and tin (505.08 K).
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Results and discussion

Assessment of experimental parameters
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To fully control the technique, different aspects of the method have to be taken
into account. Like DSC, TMDSC must be calibrated for temperature and heat with
standard materials, usually metals due to their good thermal conductivity. For heat
capacity calibration, it is common to use sapphire to obtain the cokgigtttis pri-
mordial to determine this constant with good precision, non only to calculate the
heat capacity of the sample but also to separate correctly the two contributions to the

total differential heat flow.
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Fig. 1 Temperature dependence of the heat capacity corétgnthen the period varies
from 60 to 100 s, with a fixed modulation amplitude of 1 K. Measurements were taken
with the TA TMDSC 2920

Equations (2) and (3) evidently show tlias, must depend on the frequency of
modulationw and thus on the corresponding perdrhis period dependency is
clearly seen on Fig. 1, in the case of quasi-isothermal mode (for which the average
temperature scanning rate is zero), using the DSC 2920. For the experiments re-
ported on this figure, the amplitude of modulation was 1 K and the period varying
between 60 s and 100 s; each point represents the average of the last 10 min of a
20 min run, to be sure that equilibrium has been reached. As a matter of fact, a higher
period requires a shorter time to reach equilibrium. For an experiment performed
with a period of 30 s, the time necessary to achieve the equilibrium is 8 min whereas
with a period of 50 s, this time is reduced to 6 min. These results are in good agree-
ment with those reported by Varma-Nairal.[15], in the case of a non-linear ramp
of temperature (i.e. in a non-isothermal mode). The shape &f{peurves reflects
the temperature dependenceéef,due to the variation of the heat exchange between
the block on the one side and the sample and the reference on the other side.

Remarkably, the constant of calibration for heat capacity does not depend on the
second parameter of modulation, the amplitude of temperatyies it is shown on
Fig. 2. In the example given on Fig. 2 the period has a fixed value, 60 s, whereas the
amplitudeAr varies from 0.4 to 1 K. However, these results clearly indicatekiqat
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Fig. 2 Variation of the heat capacity of sapphire when the amplitude varies from 0.4 Kto 1
K, with a modulation period of 60 s. Measurements were taken with the TA TMDSC
2920. The enlarged section shows that four different runs are overlapping

has to be determined for each period of modulation and this, over the whole investi-
gated temperature range.

The choice of the amplitude of modulation depends on the sample st#dlek
to be sufficiently high to increase the sensitivity of the signal but not too much in or-
der to allow the sample to follow the imposed perturbation. The period of modula-
tion has to be higher than the relaxation time of the sample to allow the ‘absorption
of the modulation and its immediate restitution’ and, obviously, higher than the time
constant of the instrument used. Moreover, in order to separate precisely the two
components, reversing and non-reversing heat flows, it is also necessary to perform
5 to 6 modulations during the studied transition, in order to apply Fourier transform
calculations to the modulated signal.

The choice of the amplitude and the choice of the period are linked and depend
on the investigated temperature, as shown on Fig. 3 [16]. This is a result of the heat

amplitude / K

Fig. 3 Evolution of the couple amplitude-period of modulatientemperature, showing the
maximum values of both amplitude and period at a given temperature
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exchanges which depend also on the cooling system used; in the present study a lig-
uid nitrogen cooling system was used to monitor the modulation. Figure 3 shows the
upper limiting envelop for the values of the pair period-amplitude that must be used
depending on the investigated temperature range.

Finally, the choice depends also on the temperature scanning rate to be used. Ef-
fectively, the superimposition of a modulation, with fixed period and amplitude, to a
linear ramp yields a ‘modulated temperature’, introducing then the notion of punc-
tual temperature scanning rate with extreygsandqn,, defined as follows:

21
Q(maxormin): q=* AT F (4)

whereq is the average scanning rate.

This particularity allows, contrary to DSC, to use low average scanning rates to
increase the resolution of the signal. In this way, separation of multiple peaks is pos-
sible without loss of sensitivity, thanks to the advantage of having local high scan-
ning rates.

A patrticular selection of the experimental parameters can lead to a special mode
called ‘heat only mode’ for which the temperature scanning rate is always positive.
In other words, there is no cooling during the modulation, allowing, when necessary,
to control the heating in a continuous way without erasing or modifying (by cooling)
the ‘instantaneous history’ of the sample. Moreover, when the average scanning rate
gis equal to zero, the quasi-isothermal mode created allows the determination of the
heat capacity of the sample closed to equilibrium conditions.

Following strictly the conditions described above in order to avoid any distortion
of the modulated signal, the reproducibility of measurements will depend greatly on
the preparation of the sample. Effectively, it is essential to insure a perfect thermal
contact between the sample and its pan on one side (it is recommended to use films
to obtain something completely flat) and, on the other side, between the pan and the
platform on which the DSC cell is resting. For the same reason, thick or massive
samples must be avoided; nevertheless, the limits of the methodology in terms of
sensitivity and precision are highly depending upon the characteristics of the sample
investigated.

To avoid possible errors (in the case of modulated mode) of the order of magni-
tude of+2a, — see Eq. (1) — on the estimation of the baseline, when using Eq. (2), it
was necessary to overcompensate the temperature-dependent asymmetry of the cell
by increasing the mass of the sample pan [17]. On Fig. 4 are represented the results
of the artificial asymmetry created (in the case of the TA DSC 2920) when varying
Am=ms—m during heating runs of 5 K mifyms andm, are the masses of the empty
aluminium pans holding respectively the sampénd the reference At the tem-
perature of the experiment, 315 K, the value of the imbalance (i.e. the value for
which the obtained differential heat flow is zero) is of the order of —-0.43 mg (Fig. 4).
This means that to insure a necessary negative heat flow during the heatixig, the
value must be higher than —0.43 mg. In other words, to be on the safe side, it is rec-
ommended to use for all measurements under modulation, in the case of the TA DSC
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Fig. 4 Plot of the differential heat flows the differencéAm between the masses of the sam-
ple and reference pans in the case of the TA TMDSC 2920. Measurements were made
during heating runs realized at 5 K minvalues have been taken at 315 K. The endo-
thermic and exothermic sides have been indicated

2920, aAm much larger than —0.43 mg. As a matter of fact, Boller et Wunderlich
have shown [17] that the asymmetry is a function of both, mass difference and tem-
perature. At the temperature of 355K for examplm,has a value of —0.51. There-

fore, aAm of about 1.5 mg seems to be sufficient to overcome the effect of tempera-
ture-dependent asymmetry. This asymmetry is proper to each instrument and has to
be determined before any experiment realized under modulation.

Determination of heat capacities using the quasi-isothermal mode

The heat capacity at constant pressure is a calorimetrically measured quantity. As
seen previously, the choice of the experimental parameters like the sample mass and
the heating rate for a given run depends largely on the sample. As regards the mass
of sample, the value depends on the sensitivity of the calorimeter used and must be
selected accordingly; best results were obtained with 3 to 9 mg of MDPE with the
TA DSC 2920 and with 20 to 30 mg with the Mettler-Toledo DSC 821 [18]. Usually,
the determination of heat capacities by conventional (non-modulated) DSC suffers
from a well-known drawback: it crucially depends on the long-term stability of the
baseline of the instrument and measurements are not done under quasi-isothermal
conditions. In order to circumvent these difficulties, different dynamic methods us-
ing non-linear temperature profiles, were developed. For our study with MDPE, the
TA DSC 2920 was used in the modulated temperature mode. Figures 5a and b show
the results for heat capacities obtained in quasi-isothermal conditions during succes-
sive fusions and crystallizations of one sample of 6.091 mg of MDPE (a), and the
comparison between two different samples of 6.091 and 5.974 mg respectively (b).
For the representation of the results in Figs 5a and b the values in the liquid state
have been ‘corrected’; that is to say, shifted to be identical to the ‘reference’ values
given by the ATHAS Databank [19]. This, in order to compare all the different runs
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Fig. 5 Quasi-isothermal runs on successive 3 heatings and 3 coolings of one sample of 6.091
mg of MDPE (a). Comparison of the results for the second runs obtained with two
samples of MDPE, of 5.974 and 6.091 mg respectively. The points correspond to dif-
ferent runs; full curves are drawn through the points. Dash lines represent the values

corresponding to crystallized solid and liquid phases respectively. Measurements were
taken with the TA TMDSC 2920 (b)

in some normalized way. Each point represents an average value of the last 10 min
of a 20 min time-period experiment to be sure that real stability (i.e. equilibrium) has
been reached during the measurement. This kind of measurement allows a better de-
termination of the heat capacity curve as a function of temperature, because the re-
sults are more reproducible than those obtained with the conventional method. This
is certainly true also for fusion and crystallisation due to the possibility to reach a
steady state at each temperature. In Fig. 5a, the first heating is distinguishable from
the other runs this, because of a different unknown thermal history; the sample was
indeed studied ‘as received’. For the Fig. 5b, only the second runs of the same kind
of experiment realized for Fig. 5a are represented to allow a comparison of samples
with the same thermal history. As a consequence of the sequence fusion-crystal-
lization, a small amount of locally reversing melting can be observed, which crystal-
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lizes again during every cooling cycle, like it has been observed with (polyethylene
terephthalate) PET and (polyethylene oxyde) PEO [20-22].

Advantages of the separation of the total heat flow into the reversing and the
non-reversing heat flows

One of the major advantages of the technique described in this work is most
probably the possibility to access directly in a single run to overlapping effects. In
the case of an epoxy resin taken as an example [23] — see Fig. 6 —, the separation of
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Fig. 6 Total, reversing and non-reversing heat flows for an epoxy resin, obtained with the TA
TMDSC 2920 with the temperature scanning g2 K min 2,

405

425

the modulation period

p=50 s and the temperature modulation amplit&ee=0.5 K

-0.55 -0.10 ~ -0.51
Nvers‘mg heat flow
=
-0.60 % g
= F-012 — - -053 2
g > &
= —_— E
2 T < 5
= .0.65 g =
5 Total heat flow = ?::0
an £
s 17} o
E L 014 & | 055 2
= + o
-0.70 o~ g
Z
Non-reversing heat flow
-0.75 -0.16 L -0.57

360 380 400 440

Temperature / K

320 340 420

Fig. 7 Separation of the total heat flow, generated during a run with a polystyrene sample,
into its two components, reversing and non-reversing. Measurements were taken with
the Mettler-Toledo DSC 821
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the reversing and non-reversing heat flows allows to distinguish (in the reversing
heat flow) the glass transition of the epoxy resin, masked by the evaporation of water
in the non-reversing heat flow. Evidently, conventional DSC can be used also to de-
termine the glass transition but, in two consecutive runs; that is to say in a second
run, after only evaporation of water has occurred in the first one. However, this pro-
cedure does modify the thermal history of the sample since the rate of cooling con-
sequently modifies the characteristics of the sample. In this respect, temperature
modulated DSC appears to be a more powerful technique. The second example, to
illustrate this capability of the technique, is the separation of the glass transition
from the relaxation phenomena that overlap. This separation, showed on Fig. 7 for a
PS sample studied with the Mettler DSC 821, enables to not only determine the exact
temperature of the glass transition of the sample through the reversing heat flow but,
also, to quantitatively evaluate its history, in terms of thermal, mechanical or chemi-
cal contributions. This information is ‘contained’ in the peak (the minimum) exhib-
ited by the non-reversing heat flow; integration of this peak yields the amount of en-
ergy quantifying then the non-reversing changes undergone by the sample.

Recent work on PS modified by supercritical methane [1] at different high meth-
ane pressures has shown that the polymer glass transition (observed on the reversing
heat flow) does remain identical whereas the non-reversing heat flow shows differ-
ent (non-reversing) relaxation peaks corresponding to the different pressures to
which the polymer samples have been submitted [24].

Conclusions

Thanks to constant improvements in the methodology and better mastering of the
parameters involved, modulated temperature thermal analysis techniques, particu-
larly in the quasi-isothermal mode which is possible by some form of modulation of
the temperature, allow to obtain more accurate results for a better understanding of
the thermal behaviour of polymers. Furthermore, an attractive aspect of these tech-
niques is certainly the possibility to separate the total heat flow, similar to the signal
obtained in the case of the conventional DSC, into two components containing dif-
ferent pertinent informations and not directly accessible otherwise.

Good precision and reproducibility of the results necessitate the total control of
the different key parameters of the method as well as the strict control of the tem-
perature modulation to keep it without any distortion. When mastering the experi-
mental conditions (average scanning rate, period and amplitude of modulation), tem-
perature modulated DSC is a powerful technique which can also be used for example
to study first order transitions; this is typically illustrated by a previous work [25] on
the reversibility of the fusion of indium.
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