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Abstract

The heat capacity of maltitol was measured with an adiabatic calorimeter. The crystalline form was measured from 100 to 425 K
(T 5 420 K), the glass form from 249 K to T (around 311 K) and the liquid form from T to 400 K. The heat of melting is 55.068 kJm g g

21mol . The calorimetric glass transition occurs at about T 5 311 K with a sudden jump of the heat capacity DC (T ) of about 243.6 Jg p g
21 21mol K . The excess entropy between the under-cooled liquid and the crystal was calculated from the heat capacity data and was used

to estimate the Kauzmann temperature T , which was found to be 50 K below T . DC (T ) and T values for maltitol were comparedK g p g K

with those of other compounds such as sugars, polyols and hydrogen-bonded liquids. It was found that the glass former maltitol is a
‘fragile’ liquid from the thermodynamic point of view.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction This dynamic definition of the fragility index was
tentatively correlated to the thermodynamic characteristic

When cooled without crystallisation below the melting of the calorimetric glass transition [8], which is observed
temperature, an under-cooled liquid vitrifies at a tempera- to vary strongly from one type of glass former to another.
ture called the glass transition temperature, T . The Namely, the more fragile (i.e. the more non-Arrhenius) theg

rearrangement motions of the molecules that are present in glass is, the larger the ratio C /C appears to be,p,liq p,crys

the under-cooled liquid then become frozen-in on the time where C and C , respectively, are the heat capaci-p,liq p,crys

scale of the experiment below T . This induces a change in ties of the liquid and the crystal. Such thermodynamicg

the thermodynamic behavior, which is characterised by a behaviour can be related to the position of T with regardg

more or less pronounced drop in the heat capacity [1]. to the iso-entropic Kauzmann temperature T [9]. TheK

The relaxation time of molecular movements t, which latter is closer to T if the relative amplitude of the Cg p

occurs in an under-cooled liquid, follows a non-Arrhenius jump is large and the departure from pure Arrhenius
temperature dependence, which is more or less pronounced behaviour is significant. However, such a correlation is not
depending on the substance. This has been attributed to without exceptions, nor yet clearly established. Indeed,
resistance against the structural changes occurring in glass some defects may additionally contribute to the heat
formers. A fragility index has been introduced to quantify capacity in the glass transition temperature range. For
this resistance. It is defined as the slope m measured at T some molecular hydrogen-bonded glass formers, which areg

of the relaxation curve in an Arrhenius plot [2]. Depending of intermediate fragility, the relative change in the heat
on the value of m, ranging from 16 (pure Arrhenius capacity at T is even larger than for fragile liquids [8].g

behaviour) to 200 (strong Vogel–Fulcher–Tamman behav- The purpose of the present study was to determine if this
iour [3,4]), glass formers are classified as being ‘strong’ or feature, assigned to hydrogen bond contributions [8], is
‘fragile’ [5–7]. commonly observed in molecular liquids with numerous

hydrogen bonds. The heat capacity of maltitol (1,4-O-a-D-
glucopyranosyl-D-glucitol) was measured precisely in all*Corresponding author. Tel.: 133-3-2043-6487; fax: 133-3-2043-
the condensed states (liquid, metastable liquid, solid and4084.
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substance, which is widely used in low calorie and dietary energising period to the mid-point of the heating period. C
foods [10–14], was chosen for this study because of its is the total heat capacity of the system sample vessel.
complex molecular structure with numerous hydrogen dT /dt is the temperature drift calculated for the second
bonds [15]. The compound itself also offers a practical half of the equilibration period by a linear fit of the
advantage for the investigation of glass former behavior as temperature time curves. Deviations of temperature drifts

21no interfering re-crystallisation effect is observed. (0.5–1 mK s ) are usually found in an empty vessel
Some scarce thermodynamic data for maltitol were experiment or in a temperature region where the compound

found in the literature, namely the temperature and en- is in thermodynamic equilibrium (no exo- or endo-thermal
thalpy of melting [16–18], the glass transition temperature effect). The regions where no relaxation processes take
and the heat capacity jump at T were measured by Roos place are used to make a polynomial fit of the heatg

and Siniti [17,18]. Also, some investigations of the relaxa- exchange with the surroundings. This fit is then applied to
tion enthalpy processes in glass were carried out by Siniti the part of the measurement where relaxation effects occur.
[18]. However, precise thermodynamic heat capacity C The precision of the heat capacity measurement is on thep

data have not yet been determined for this compound. order of 0.02% or better (depending also on the amount of
The precise thermodynamic measurements which are compound).

presented in this paper allow us to determine the heat The quantity of sample loaded in the calorimeter vessel
capacity jump at T and the temperature dependence of the was 3.96678 g (0.01152 mol). Helium gas (1000 Pa) wasg

configurational entropy. The ‘thermodynamic’ fragility of charged into the dead space of the sample vessel to
maltitol was deduced and compared with that of other enhance the thermal equilibrium between the sample and
glass formers. It is especially interesting to discuss this the vessel. The calorimeter vessel was closed with an
point by reference to other sugars and hydrogen-bonded annealed gold gasket and mounted in an evacuated space
glass formers. surrounded by two temperature-regulated shields within

the cryostat. The temperatures of the inner adiabatic shield
and the wire heater body were kept as close as possible to
the temperature of the vessel. A calibrated platinum2. Experimental
thermometer within the vessel enabled measurement of the
temperature of the sample, leading to a precision of aboutCommercial maltitol (1,4-O-a-D-glucopyranosyl-D-
0.0002 K. The cryostat was filled with liquid nitrogen. Aglucitol), the purity of which was stated to be 98%, was
few millimetres of dry helium were admitted into thepurchased from Aldrich and was dried before use.
system in order to obtain a short cooling time, and wereThe heat capacity of maltitol was measured in the
pumped out before the measurement was started.temperature range between 100 and 425 K using a home-

made adiabatic calorimeter described elsewhere [19].
The heat capacity measurement was carried out using a

3. Results and discussionstandard intermittent heating method, i.e. repetition of
equilibration (from 600 to 1000 s) and heating intervals

3.1. Heat capacity and enthalpy data(808 s). During the heating period, the sample temperature
is raised by an increment between 2 and 3 K. The heating

Since, once melted, the under-cooled liquid does notperiod is followed by an equilibration period, in which the
crystallise, the heat capacity of the crystalline sample wassample temperature is measured as a function of time. The
first measured between 100 and 425 K with an average ratefirst 1–2 min of this period are required for the sample cell

21of 0.128 K min . The molten sample was then re-cooledto reach a uniform temperature distribution. Then the
21from 425 to 249 K at about 4.3 K min . The heatcalorimetric temperature drift observed for the later part of

capacities of the glassy state and the metastable liquidthe period reflects the combined effect from the small heat
were determined on re-heating from 249 to 400 K at aboutleakage due to the incomplete adiabaticity and from any

210.068 K min . To access high temperature measurements,enthalpy relaxation that the sample might show, such as
the liquid nitrogen was removed. The sample–vesselmelting, crystallisation and glass transition.
system was then maintained for 12 h at 320 K. Owing toThe heat capacity of the sample is given by
the fact that the life-time of the metastable liquid is long,

Q 1 qexch the heat capacity was measured precisely in all the]]]C 5p T metastable domains by the intrinsically slow adiabatic
where q 5 C(dT /dt). DT is the temperature increase calorimetry technique.exch

caused by supplying a known quantity of electric energy Q The molar heat capacity data for the liquid, crystal and
during the energising period. In most heat capacity mea- glass are listed in Table 1. Figs. 1 and 2 reproduce
surements, Q is of the order of 30 J. DT is calculated using graphically the evolution of the heat capacity and the
extrapolation of the temperature time curve recorded in the corresponding enthalpy increment with temperature for all
second half of the equilibration period before and after the condensed states.
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Table 1
21 21 21Experimental molar heat capacities of maltitol, C (M 5 344.316 g mol , R 5 8.31451 J mol K )pm

T /K C /R T /K C /R T /K C /R T /K C /Rpm pm pm pm

The sharp heat capacity peak with a maximum at 420 K crystal (see Table 2), the enthalpy difference between the
liquid and the crystal at the melting point (T 5 420 K)is due to the first-order solid–liquid phase transition, which m

21is characterised by an extended region of excess heat was calculated to be DH 5 55.068 kJ mol . The valuesm

capacities on the low temperature side. This was associated of T and DH almost agree with previous data: 420 Km m
21 21with a rapid increase of the enthalpy at the melting and 56.43 kJ mol [15], 413 K and 51.647 kJ mol [16],

21temperature, 420 K. By integrating the second-order 422 K and 50.614 kJ mol [17], and 418 K and 60.496 kJ
21polynomial fit of the heat capacities of the liquid and the mol [18].
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unfreezing of some rearrangement motion of the mole-
cules. The glassy state transforms into an under-cooled
liquid, the thermodynamic characteristics of which are
very similar to those of the liquid since the slopes of the
heat capacity curves are identical. This implies that the
‘structures’ of these two liquids are similar. No crys-
tallisation took place on heating after the glass transition.

For the entire temperature range studied, the heat
capacity of the glass is abnormally higher than that of the
crystal (see Fig. 1). At 285 K, the difference between the
heat capacity of the glass and the crystal was estimated to
be 9.2% of the total heat capacity. In general, it amounts to
about 2% [20]. This excess heat capacity is expected to
reflect only the contribution of vibrational degrees of
freedom. The observed unusually large contribution leadsFig. 1. Experimental molar heat capacities of maltitol for the different

condensed states (liquid, crystal, glass). The C jump indicates the glass us to suspect that a secondary relaxation occurs below thep
21 21transition temperature T 5 311 K (DC 5 243.6 J mol K ). Theg p glass transition [21], but is not observed here.

dashed curve is the variation of the drift with temperature in the glass
transition domain.

3.2. Calorimetric fragility and configurational entropy

The change in heat capacity observed at T is a usefulg

indicator of fragility. In the ‘strong’ to ‘fragile’ classifica-
tion scheme proposed by Angell [6,7], a ‘strong’ liquid
exhibits very weak increases in heat capacity at Tg

accompanied by Arrhenius behaviour of the dynamical
relaxation process. ‘Fragile’ liquids show a large thermal
manifestation at the glass transition temperature and non-
Arrhenius behavior of the dynamic relaxation. The Cp

value of the liquid, C , relative to that of the crystal,p,liq

C , is shown as a function of T relative to T forp,crys g

maltitol in Fig. 3. The heat capacities were extrapolated
using a second-order polynomial function with the calcu-
lated coefficients reported in Table 2. C /C has ap,liq p,crys

Fig. 2. Enthalpy curves for the different condensed states (liquid, glass maximum of about 1.6 at T . This relatively high valueg
and crystal). Crystal melting is observed at T 5 420 K; the enthalpy ofm indicates that maltitol has a high degree of fragility, as

21melting is 55.068 kJ mol . other sugars such as sucrose and glucose, as shown in Fig.
4.

A sudden heat capacity jump DC was observed at 311p Nevertheless, certain hydrogen-bonded liquids provide
21 21K and was estimated to be 243.6 J mol K . Fig. 1

(dashed curve) also shows the rate of spontaneous tempera-
ture drift C(dT /dt) around the glass transition. A large
exothermic temperature drift starts to appear around 275 K,
and becomes endothermic above 311 K. The sample–
vessel system returns to normal behaviour at around 318
K. This behaviour of the temperature drift is a distinctive
feature of the glass–liquid transition. This was associated
with a change of the enthalpy slope, leading to an

Table 2
Coefficients of polynomial fits of the heat capacity for the different

2phases and the appropriate temperature ranges (A 1 A T 1 A T in J0 1 2
21 21mol K )

Phase and temperature range A A A0 1 2

Glassy state 251–270 K 262.47428 1.80079 0
Liquid phase 320–422 K 133.24411 2.60606 20.00209

Fig. 3. Relative amplitude C /C versus the normalised temperaturep,liq p,crysCrystalline phase 103–370 K 45.13473 1.08629 0.00075
T /T for maltitol.g
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entropy of the two condensed states, under-cooled liquid
and crystal, become equal at the positive temperature T .K

T is lower than T and is closer to T for glass formersK g g

which exhibit a large heat capacity jump. T cannot beK

reached experimentally and is obtained from an evaluation
of the excess entropy DS (T ) of the liquid over theexcess

crystal, defined as

S (T ) 5 S (T ) 2 S (T )excess liq crys

Tm

C (T 9) 2 C (T 9)p,liq p,crys
]]]]]]]5 DS 2E dT 9m T 9

T

where DS is the entropy of melting, in this case DS 5m m
21 21

DH /T 5 131.1 J mol K ; S and S are them m liq crys

entropies of the liquid and crystal states, respectively.
Fig. 5 shows the temperature dependence of the excess

entropy of maltitol deduced from the heat capacities of
both the liquid and crystalline states extrapolated as a
second-order polynomial function (see Table 2 for the
coefficients). S becomes nearly constant below T dueexcess g

to the freezing of the structure. From this plot, T wasK

determined as 260.160.3 K. The uncertainty estimate is
based on the accuracy of the extrapolation of the liquid
heat capacity curve down to the temperature range of T .Fig. 4. Relative amplitude of C /C versus the normalised tempera-p,liq p,crys K

ture T /T for characteristic glass formers [7,8]. This temperature is not far from T (50 K below), asg g

commonly observed for most ‘fragile’ liquids. Moreover,
exceptions to this general pattern. For example, glycerol for ‘strong’ liquids, T is almost indistinguishable from 0K

occupies an intermediate position in the classification for K.
dynamic behaviour [22] and still exhibits a large change in In order to demonstrate the fragility of maltitol, it is
heat capacity at its glass transition, i.e. a large value of the interesting to compare the position of T relative to TK g

ratio C /C as shown in Fig. 4. It has been suggested with other glass formers. The value of (T 2 T ) /T forp,liq p,crys g K g

that such anomalous behaviour could be attributed to an maltitol is weak compared to that for glycerol (see Table
additional Schottky-like contribution to the heat capacity. 3). It is concluded that the degree of ‘thermodynamic’
It would find its origin in the breaking of the hydrogen fragility is higher in maltitol than in glycerol. Since the
bonds. According to the strength of the hydrogen bonds, heat capacity jump is larger in glycerol than in maltitol, the
such a contribution would be able to gives rive to an presence of hydrogen bonding in maltitol contributes less
artificially large heat capacity jump. For example, in the than in glycerol to the amplitude of the heat capacity jump.
case of meta-cresol, this component almost vanishes before
T is reached, while, for fluorophenol, some hydrogeng

bonds still remain broken when the glass transition is
reached [8]; another example of this behavior can be found
for glycerol [23]. This hydrogen-breaking contribution to
the heat capacity jump was quantified and located with
temperature using a ‘bond on–bond off’ model [24]. Since
maltitol is a hydrogen-bonded liquid, it is quite legitimate
to consider the possible contribution of breaking hydrogen
bonds leading to an anomalously high value of the C /p,liq

C ratio.p,crys

In order to eliminate this Schottky contribution, the
thermodynamic fragility was determined from the iso-
entropic Kauzmann temperature, T [9]. It has been shownK

that, with decreasing temperature, a large jump in the heat
capacity at the glass transition is correlated to a more rapid
decrease of the configurational entropy of the under-cooled Fig. 5. Temperature evolution of the excess entropy of maltitol. The
liquid compared to the equilibrium crystal. Then the excess of liquid over solid entropy tends to vanish at 260 K.
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Table 3 [2] R. Bohmer, K.L. Ngai, C.A. Angell, D.J. Plazek, J. Chem. Phys. 99
Fragility parameters of the dynamical relaxation process determined at T (5) (1993) 4201.g

from ‘fragile’ to ‘strong’ liquids [3] H. Vogel, Phys. Z. 22 (1921) 645.
[4] G.S. Fulcher, J. Am. Ceram. Soc. 8 (1923) 339.

‘Fragile’ to ‘strong’ T T (T 2 T ) /Tg K g K g [5] C.A. Angell, in: K. Ngai, G.B. Wright (Eds.), Relaxations in
liquids (K) (K)
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Ethanol [26] 95 71 0.253 Department of Commerce, Springfield, 1985.
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M.C. Bellissent-Funel, J. Dore (Eds.), Hydrogen Bond Networks,a Not determined because of inability to crystallize.
Kluwer Academic, 1994, p. 3.
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