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Abstract

The temperature modulated differential scanning calorimetry (MDSC®) technique has been used to

characterise the low frequency molecular mobility of indomethacin and maltitol just above their re-

spective calorimetric glass transition temperature Tg. Analysis has been made using the concept of

complex specific heat. Spectroscopic information are thus obtained through the temperature depend-

ence of the isochronal real and imaginary parts C ′ and C ′′. This gives access to the fragility index m

and the stretched exponent β. The comparison with dielectric spectroscopy has been performed to

check the coherence of spectroscopic information. Measurements on maltitol enable to demonstrate

the useful complementarity of the technique when the low frequencies dielectric relaxations are oc-

culted by the presence of conductors default.
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time, specific heat spectroscopy

Introduction

The molecular mobility is a fundamental feature of the physical state of active sub-

stances and excipients. Its characterisation is determinant for the control and the pre-

diction of their bioavailability with regard to the stability and solubility of materials.

This concerns particularly the amorphous and glassy states. Many molecular pro-

cesses, such as those that occur during crystallisation and chemical reactions in

supercooled liquids and glasses, depend on the degree of mobility of the molecular

species involved. The importance of the characterisation of these slow relaxation pro-

cesses in pharmaceutical and food sciences has been stressed in numerous papers

[1–3]. It has been shown recently [4] that Modulated DSC® (MDSC®) gives the possi-

bility to perform specific heat spectroscopy analysis over one decade of frequency in

the range 0.01 Hz–0.1 Hz which allows to investigate the dynamics of glass-forming

liquids. The object of this paper is to study the applicability of modulated differential
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scanning calorimetry to the investigation of molecular mobility of two model pharma-

ceutical compounds: indomethacin and maltitol. We emphasise in particular on the ca-

pacity of MDSC to determine the activation energy, the fragility and non-exponential

parameter of glass forming systems. MDSC spectroscopy which is concerned with the

determination of a complex heat capacity, exhibits some similarities with dielectric

spectroscopy. A comparison of these two techniques is performed on the two investi-

gated pharmaceuticals to test the MDSC data coherence and the complementarity of

these two spectoscopies.

Principles of a specific heat spectroscopy analysis with MDSC

The MDSC technique has been described in several papers [5, 6]. The various ways to

analyse the signals and the information they provide are described in some details [4,

7–9]. We focus here on the capability of MDSC to perform a spectroscopy of the

enthalpic relaxation. Since MDSC offers one decade of frequency in the range

0.01–0.1Hz, we thus consider only the vicinity of the thermodynamic glass transition

of the compounds. Furthermore, performing the measurements upon cooling allows to

avoid possible spontaneous heat flows associated to kinetic effects that are, for exam-

ple, cold recrystallization or the rapid enthalpic recovery observed upon heating an an-

nealed glass.

Signals

MDSC is a scanning technique in which a small sinusoidal temperature change Tsm

(pulsation ω) is added to the conventional DSC temperature ramp T t( ) (linear rate q).

The experimentally accessible perturbations and responses are :

• The programmed temperature of the heating block [10]:

T(t)=T t( )+Tsm=Ti+qt+Asinωt (1)

where Ti is the initial temperature of the run and A the amplitude of the temperature modu-

lation, and the equivalent modulated heating rate:

& ( ) & cos( )T t q T t= + o ω ( & )T Ao = ω (2)

• The heat flow [4] involves a linear part and an out of phase sinusoidal modulated

part to which may add a heat flow contribution ( &Qkin) induced by possible spontaneous

kinetic effects that we will not consider here:

& ( ) ( ) & ( )cos( ) ( & )Q t qC qT Q T t Q= + − +p o kinω ω ϕ (3)

The first term in the relations (2) and (3) corresponds respectively to the classical

DSC temperature perturbation and heat flow response, far from any kinetic event.

C qTp ( ) is the ordinary heat capacity of the sample which, upon scanning, depends on

q near a glass transition. Examples of the signals obtained on indomethacin (studied in

more detail below), and recorded when scanning the glass transformation range upon
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cooling, are shown in Fig. 1a. The characteristic features of the approach of the glass

transition shown by this measurement are (Fig. 1b for details):

– The classical jump of the average heat flow < >&Q at Tg(q= –0.5 K min–1)=303 K

(or equivalently the drop of C qTp ( ))

– The jump of the modulated heat flow amplitude &Qo at a temperature somewhat

higher Tω=314.8 K. This jump is narrower and better resolved than that of the classi-

cal DSC signal.

– A peak in the phase lag ϕ at Tω.

The underlying cooling rate q is responsible for the sample falling out of equilib-

rium at Tg(q). Tω reveals a different ergodicity breaking temperature associated to the

somewhat shorter time scale of the oscillating perturbation.

Phase lag

The frequency dependence of the phase lag ϕ is shown on Fig. 2. We may notice:

• An important non-zero phase lag ϕht over the whole temperature range which is

attributed [11, 12] to heat transfers (ht) both between the sample and the thermometer
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Fig 1 Temperature evolution of the main MDSC signals for indomethacin: the modu-
lated temperature &T and modulated heat flow Q (A=0.5 K, ω/2π=1/100 s–1,
q= –0.5 K min–1) (a). The signals which allows to determine the complex heat
capacity Cp

* ( )ω are calculated from &T and &Q (the phase lag ϕ is not corrected) (b)



and in the sample itself. The following relation has been recently proposed [13] to ra-

tionalize this contribution:

ϕht= –ωRCp (4)

where R is the thermal resistance of the heat flow path between the sample and the

heater and Cp is the heat capacity of the sample.

• A step change ∆ϕ in the phase angle observed when passing the peak which in-

creases with frequency. Its origin is also attributed to the heat transfers. Its amplitude

can be related to the heat capacity jump ∆Cp at Tg using (4):

∆ϕ= –ωR∆Cp (5)

• A continuous shift of the phase lag peak maximum (Tω) towards higher temper-

atures when the modulation frequency increases. In an other way, the peak position is

not influenced by the underlying rate q.

These observations clearly reveal the relaxational origin of the phase peak. The

purely relaxational part ϕ0 of the phase lag can be extracted from the measured phase

angle ϕ using:

ϕ0=ϕ – ϕht (6)

J. Therm. Anal. Cal., 68, 2002
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Fig. 2 Phase lag ϕ evolution for indomethacin as a function of temperature in the vicinity
of Tg (q = –0.1 K min–1), at different frequencies (1/100 to 1/40 s–1 in steps of
1/20 s–1). ϕ is the superposition of the phase lag ϕht due to heat transfers and of the
phase lag ϕ0 (the phase angle peak) due to structural relaxation. From this curve no
single peak in the phase lag but a superposition of a peak and a step (∆ϕ) can be
observed. ∆ϕ is all the more large since the period of modulation is weak



(ϕ0 is expected to be zero far from Tg). Using (5), it has been proposed [13] to perform

this correction by subtracting a curve which is proportional to the measured heat ca-

pacity and scaled in such a way that it fits to the measured phase angle outside the

glass transition region. Example of this correction is shown in Fig. 3. The temperature

and frequency evolution of the relaxational part ϕ0 allows us to undertake a specific

heat spectroscopy analysis with MDSC technique.

Complex heat capacity

A complex heat capacity Cp

* ( )ω can be introduced to link linearly the sinusoidal mod-

ulated part of the heat flow response & ( )Q tsm to the sinusoidal modulated part &Tsm of the

temperature rate. In complex notation, & ( )Q tsm can be written as follow [4, 6]:

& ( ) & cos( ) ( ( ) & )*Q t Q t C Tsm o o p o

–i tReal e= − =ω ϕ ω ω (7)

where

C C iC C ip p o

* *( ) | ( )|exp( )ω ω ϕ= ′+ ′′= (8)

is the frequency dependent heat capacity. The properly corrected MDSC thermal

curves give access to the module | ( )| & / &*C Q Tp o oω = and relaxational phase ϕo.

The real and imaginary part of Cp

* ( )ω are given by:

C
Q

T
C

Q

T
′= ′′=

&

&
cos ;

&

&
sin

o

o

o

o

o

oϕ ϕ (9)

Examples of numerical data which are necessary to obtainCp

* ( )ω in the course of

a routine MDSC scan are provided by Figs 1b and 3. As was previously discussed [4],
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Fig. 3 Phase angle correction between heat flow rate and cooling rate of MDSC measure-
ments of indomethacin in the glass transition region (q= –0.1 K min–1, A=0.5 K and
ω/2π=1/100 s–1). a – The total loss phase angle derived from &T and &Q.
b – The corrected phase angle ϕo obtained by subtracting ϕht and ∆ϕ (Eq. (6)) to ϕ



the signal can be displaced and distorted to give an effective smearing when the two

characteristic times of the technique, respectively related to the scanning rate and the

modulation, are too close. This smearing effect can be largely avoided using low

enough values of q (values of q lower than 0.5 K min–1 are recommended). The reader

is referred to [14] for a comparison of specific heat spectroscopic data obtained from

MDSC and the alternating current calorimetry technique [15]. It is demonstrated that

the MDSC phase lag measurements give appropriate data for the shape of the suscep-

tibility as well as their temperature evolutions.

Techniques, experimental protocols and materials

Calorimetry

A DSC 2920 TA Instruments equipped with a refrigerated cooling system (RCS) was

used for the calorimetric measurements. The samples were encapsulated in alu-

minium crimped pans. The samples weight was in the range of 7–10 mg which is a

low enough value to allow the sample to follow the imposed thermal oscillations [7].

The temperature and enthalpy were calibrated using indium as a standard. The modu-

lus of the complex heat capacity was calibrated from the | ( )|*Cp ω measurements of

sapphire in the studied temperature range. In order to minimize the heat conductivity

problems, this calibration was performed at the lowest possible frequency of

1/100 s–1. Since the measurements at the other frequencies are more affected by the

conductivity, the higher frequencies calibration data were rescaled to the lower fre-

quency data. The heat transfer contribution to the phase lag (ϕht) was estimated ac-

cording to the Weyer et al. suggestion [13] deduced from Eq. (4):

ϕ ht p= −b k C| |* (10)

in such way that it fits to the measured phase angle on both parts of the relaxation

peak – example of correction is shown in Fig. 3. Since the available frequency range

is narrow (1/20–1/100 s–1), the measurements were performed in an isochronal way.

The measurements were performed upon cooling and consisted in repeated tempera-

ture scans around Tg, at various frequencies and using the same underlying linear rate

q= –0.1 K min–1. The amplitude and frequency were chosen so that the amplitude of

the modulated temperature rate is kept constant for each experiment: & /T Ao = =ω π 100.

Dielectric measurements

Dielectric measurements were also performed in order to assess the coherency and

possible complementarity of both techniques. The analyser DEA 2970 of TA Instru-

ments was used. It provides nearly 7 decades of frequency (3 mHz–100 KHz) and al-

lows an extended investigation at the approach of Tg (ν(Tg)≈10 mHz). A Liquid Nitro-

gen Cooling Accessory provided testing capability from 120 to 700 K and a dried

airflow minimised hydration of the samples. To parallel as much as possible MDSC
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measurements, the dielectric investigations were also performed in isochronal modes

with the same cooling rate.

Materials

The indomethacin (1-[4-chlorobenzoyl]-5-methoxy-2-methylindole-3-acetic acid)
and the maltitol (D-Glucitol-4-o-α-D-Glucopyranosil) were obtained from Aldrich
Chemical Company Inc. Both samples were first dried under vacuum. Indomethacin
was initially in the γ crystalline phase that we have checked to melt at about 435 K
[16]. Upon cooling, the undercooled liquid resists against parasitic recrystallisation
even at very low cooling rate. The calorimetric glass transition was observed at
Tg≈315 K with a cooling rate of 5 K min–1. These values agree with the published ones
[17]. Upon reheating, cold crystallisation is not observed anymore. Spectroscopy
measurements close to Tg could thus be performed in succession without further melt-
ing of the sample. Once melted (Tm=420 K), maltitol can also be undercooled without
further crystallisation and presents a glass transition at about 320 K [18].

Low frequency spectroscopy and molecular mobility of
indomethacin

The real (C′) and imaginary (C′′) parts of the Cp

* ( )ω for indomethacin are calculated
by treating the data such as those of Fig. 1a–b according to Eqs (6)–(8). Figure 4a
shows their temperature evolution at five different periods of modulation 100–20 s in
steps of 20 s. The real part C′ drops by about a factor 1.4 which is also what is ob-
served at Tg from measurements of Cp(q) alone. The temperatures of this drop how-
ever occur distinctly above Tg(q) and they strongly depend on the measurement peri-
ods. The imaginary part C′′ has a peak at the same temperature (Tω ) where the real
part C′ drops. The C′ and C′′ curves show the characteristic forms for the complex
susceptibility of a relaxation process. Their evolutions show that the relaxation times
in the liquid increase as T is lowered. (Tω) is the temperature where the characteristic
enthalpy relaxation time of the sample τ(Tω)=1/ω is the most probable. The high tem-
perature limit of C′ includes the contribution of all activated degrees of freedom of
the metastable liquid. The ‘static’ value of the specific heat is thus recovered. At low
temperature, the slowest structural relaxations (so-called α or primary relaxations)
are frozen on a time scale shorter than τ(Tω) and only the fastest relaxations and vibra-
tions contribute to the low temperature limit.

From the measurements we can obtain spectroscopic information about the acti-

vation energy and the (non) exponentiality of the slow (α) relaxations. The available

modulation periods limit the domain of investigation to the temperatures just above

Tg which are however that of the metastable liquid in equilibrium.

Non Arrhenius character: fragility index m

Figure 4b shows the relaxation time, on a log scale, vs. inverse peak temperature Tω
–1.

Data follow an Arrhenius law

J. Therm. Anal. Cal., 68, 2002
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as expected for the narrow investigated frequency domain. Fitted values of the activa-

tion parameters are: activation energy E≈54000 K, prefactor τo≈10–72 s. These values

have no direct physical meaning, they however reveal an overall non Arrhenius tem-

perature dependence of the relaxation times. It has been proposed [19, 20] to charac-

terize this non Arrhenius behaviour by a fragility, or stepness index m, defined as

m
T T

E

T
= =

=
d

d s)g
T=T

g
g

log

( / ) ( ln( )

10

100 10

τ
τ

(11)

E is the apparent activation energy at Tg where Tg is arbitrarily identified with the

temperature at which the relaxation time equals 100 s. m is the slope measured at Tg in

an Arrhenius plot where the temperature is rescaled to Tg. This definition which al-

lows to compare the degree of non Arrhenius behaviour of different glass formers is

directly accessible to MDSC specific heat spectroscopy measurements. For
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Fig. 4 Real and imaginary parts of the complex specific heat Cp

* ( )ω as a function of re-
ciprocal temperature on cooling (q= –0.1 K min–1) for indomethacin (a).
Enthalpic relaxation times evolution in a log scale as a function of the reciprocal
temperature. The full line is the result of a fit with an Arrhenius law (b).
Insert: schematic representation of the evolutions in temperature of the real and
imaginary part of the complex heat capacity. The position of the maximum in

′′C Tω ( ) corresponds to the inflection point in ′C Tω ( ). The ∆C ′ and ′′Cmax values are
used hereafter to determine the stretched exponent β



indomethacin, we find m=77 which is a typical value of a fragile glass former (m≈16

for the strong liquids (SiO2) and m>100 for the most fragile liquids (polymers [19])).

This value is in good agreement with the fragility deduced from dynamical mechani-

cal analysis [21, 22].

Non exponential relaxation

The relaxations of the glass formers are usually non exponential and it has been

shown that this tendency is more pronounced as the glass former is more fragile [23].

The description of the non exponential character is often made using the fractional

exponent β of the Kolhrausch–Williams–Watt (KWW) relaxation function of any in-

vestigated quantity:

φ τ β
( ) exp( ( / ) )t t= − (13)

In our case the relaxation which is followed is that of enthalpy. From the fluctua-

tion-dissipation theorem [24] the frequency dependent specific heat Cp

* ( )ω is directly

related to the Fourier transform of the time derivative of φ(t). When operating in the

frequency domain, the value of β can be extracted from Cp

* ( )ω , β being related to the

width of the imaginary part C′′. The present method is operated in the isochronal

mode and the shape of the susceptibility C Tω
* ( ) curves not only depends on the

stretched exponent β but also on the effective value of the activation energy in the

temperature domain of the loss peak. The number of required parameters thus in-

creases uncertainty in a fit procedure. As was proposed by Böhmer et al. [25], β can

be estimated in a way that is free from an assumption about the tempera-

ture-dependence of the relaxation time. In the ideal case of an exponential Debye re-

laxation function, the magnitude of the loss peak C′′ normalized by the dispersion

step ∆C C C′= ′ − ′= =∞ω ω0 is 0.5 (insert Fig. 4). ′ ′C Cmax /∆ becomes smaller when β de-

creases with increasing departures from exponential decay. This correlation has been

tabulated by Moynihan et al. [26] by evaluation of the Fourier transform of the deriv-

ative of the decay (KWW) function and shown to quickly give an accurate value of β.

This analysis gives β≈0.55 for indomethacin, close to Tg. This reveals the non expo-

nential character which correlates well with the rather fragile character of the com-

pound [23].

Confrontation of calorimetric and dielectric spectroscopic data

Dielectric spectroscopy is often used to study the dynamical properties of amorphous

molecular substances [27]. Its relevance in the investigation of pharmaceutical com-

pounds has been shown in reference [28]. It has been used recently in parallel with the

MDSC technique as a mean of characterising the thermal transitions in indomethacin

[29]. It is interesting to compare the results of the specific heat and dielectric

spectroscopies from the point of view of the shapes of the relaxation functions and the

temperature evolution of the peak frequencies. Figure 5 shows confrontation of the

isochronal specific heat (C Tpω
* ( )) and dielectric (ε ω

* ( )T ) susceptibilities. The general

J. Therm. Anal. Cal., 68, 2002
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shapes of the real and imaginary parts of the susceptibilities clearly look quite similar to

one another. In addition, there is a perfect continuity in their temperature evolutions.

When the frequency decreases, the loss peak ε ω
* ( )T narrows and its width at half maxi-

mum recovers that of the C Tpω
* ( ) curve. The magnitudes of the normalised peaks height

also become identical: ′′ ′≈χ χmax / .∆ 03. As a consequence, for the same frequency both

spectroscopies give identical values of the stretched exponent β. Since dielectric spec-

troscopy extends the data toward high temperature, it also reveals a very slight increase of

β when temperature increases. The dielectric and specific heat relaxation times both de-

termined from the position of the peaks maximum are shown in an Arrhenius plot. This

figure shows that the low temperature MDSC data fall into line with the dielectric ones.

Furthermore, the tendency of a global non-Arrhenius behaviour foreseen from the

unphysical values of the MDSC data refinements is confirmed. In supercooled liquids a

Vogel–Fulcher–Tamman (V.F.T.) equation:

J. Therm. Anal. Cal., 68, 2002
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Fig. 5 Confrontation of dielectric (c) and specific heat (b) spectroscopies: the
isochronal real ′ε ω ( )T and imaginary ′′ε ω ( )T parts of the dielectric susceptibility
of indomethacin are measured on cooling (q = –0.1 K min–1). The curves, repre-
sented as a function of the reciprocal temperature, refer to frequencies
100 KHz–1 Hz in steps of one decade, in the order of decreasing temperature.
Dielectric and enthalpic relaxation times are determined from the position of the

′′ε ω ( )T and ′′C Tω ( ) maxima and are reported in an Arrhenius plot (a)



τ τ=
−







vf

o

o

exp
DT

T T
(14)

is generally found to give an accurate representation of τ(T) on a wide frequency range.

To is a positive temperature and the dimensionless parameter D is called the strength in-

dex [23]. When To=0, the familiar Arrhenius equation results. The fragility parameter ex-

tracted from the V.F.T. refinement gives m=79. This value is closed to the value deter-

mined from the MDSC measurements by calculating the slope of the relaxation time at

Tg. It confirms the coherency between MDSC and dielectric spectroscopies.
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Fig. 6 The imaginary part of the enthalpic ′′C Tω ( ) and dielectric ′′ε ω ( )T susceptibilities
for maltitol at different frequencies. In the frequency domain accessible with
MDSC, the dielectric relaxation processes are occulted by the high ionic con-
ductivity contribution of maltitol. The corresponding relaxation times (taken at
the maximum of the loss curves) are reported in an Arrhenius plot. Data are
taken on cooling at a rate of q= –0.5 K min–1



Complementarity of MDSC and dielectric measurements: the
case of maltitol

Indomethacin is a favorable case to test the validity of MDSC spectroscopy data since di-

electric measurements are also available in close frequencies range. This has been used in

this paper to demonstrate the coherency of both spectroscopy. There are however fre-

quent situations where dielectric measurements can not be achieved at low frequency due

to parasitic conductivity limitations – and also of course when the molecules are

non-polar. These are cases where MDSC is likely to provide valuable information about

the molecular mobility close to Tg. We illustrate that point on the case of maltitol which is

largely used as a dietary food and excipient in pharmaceutical science. MDSC spectra

have been published recently [4]. We put these data in parallel (Fig. 6) with dielectric

isochronal measurements as was done for indomethacin.

A noticeable feature of the temperature evolution of the loss factor ′′ε ω ( )T con-

cerns the important high temperature conductivity contribution which makes the pri-

mary dielectric α relaxation data of maltitol only accessible within a restricted fre-

quency range. When the frequencies are lower than 10 Hz, the conductivity effects

become so large that the relaxational contribution no more appears on the dielectric

response. On the other hand, a relaxation peak is perfectly resolved on the ′′C Tω ( )

curves in this frequency domain.

The relaxation times of maltitol deduced from these two techniques are com-

pared in Fig. 6. Whereas the determination of the fragility index m and the stretched

exponent β is not possible from the dielectric data alone, the MDSC data allows to

obtain β(Tg)=0.42 and m=75. This value of the fragility agrees with that deduced from

mechanical measurements [30]. In addition to the complementarity of the two tech-

niques revealed by this figure, we can again observe the coherency of the relaxation

times measured. MDSC can be then considered as an excellent substitute technique to

the dielectric analysis when dielectric spectroscopy fails to characterise the molecular

mobility. This property is particularly useful in all the situations where the electric

conductivity is important which is the case of most of hydrated compounds. Gen-

erally, these high ionic conductivity systems are also those which present the best

thermal conductivity. They give therefore a MDSC signal greatly well resolute.
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