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Abstract

The structural relaxation behaviour of a maltose glass was investigated by differential scanning calorimetry. The
ageing of the material, on storage below the calorimetric glass-transition temperature, 7,, was followed, as a function
of time, through the measurement of the enthalpy recovered on reheating. The observed relaxation behaviour was
well described by the Tool-Narayanaswamy method, which included the effect of non-exponentiality and non-linear-
ity on the observed behaviour. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

If an organic liquid is cooled below the
melting temperature of the crystalline solid
T, then, providing crystallisation does not
intervene, liquid viscosity will increase with
increasing undercooling. At the glass-transi-
tion temperature 7, there is a change in mate-
rial characteristics, from liquid-like to
solid-like, with a sharp change in heat capac-
ity, which is dependent on the timescale of the
measurement. Typically, a material is consid-
ered to be solid-like if the shear stress relax-
ation time is of the order of 100 s, which
occurs when the shear viscosity is about 10'2
Pa s [1]. On further cooling below the glass-
transition temperature, the viscosity and asso-
ciated relaxation times continue to increase.
This increase with undercooling can have two
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main forms. While network liquids, such as
silica, show an Arrhenian dependence, organic
molecular liquids, including carbohydrate liq-
uids, generally show a viscosity (1) depen-
dence on temperature, 7, described by the
semi-empirical Vogel-Tammann—Fulcher
(VTF) equation

n=A exp[B/(T - Ty)] (1)

where 4, B and T, are constants. For these
‘fragile’ liquids the viscosity and associated
relaxations show a marked temperature de-
pendence in the vicinity of T, [1].

The structure of an undercooled liquid is
time and temperature dependent. At very long
times it will have a fully relaxed, ‘equilibrium’
structure. If this liquid is cooled, further struc-
tural relaxations and rearrangements within
the undercooled liquid will occur until, given
sufficient time, a new ‘equilibrium’ structure is
obtained. This relaxation behaviour has been
extensively studied, particularly for polymers
and inorganic glasses, and reviewed [2—-6]. The
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changes in bonding between molecules and
their configuration are associated with
changes in volume, enthalpy, heat capacity
and material properties, including mechanical
behaviour and transport properties, such as
diffusivity [6]. The progress towards °‘equi-
librium’ can be characterised through the no-
tion of a fictive temperature, 7, the actual
temperature at which a particular structure
would be fully relaxed at very long times
[2-6].

While the relaxation behaviour of the differ-
ent thermodynamic quantities for the under-
cooled liquid can differ somewhat, the
availability of differential scanning calorime-
try has meant that the relaxation behaviour is
often characterised through the measurement
of heat capacity. There are various phe-
nomenological approaches for describing the
observed behaviour, a widely applied one be-
ing the Tool-Narayanaswamy method
([2,3,5,6] and references therein).

The dependence of structural relaxation on
time, ¢, can be described by an empirical relax-
ation function, ¢, of the form

(1) = exp[ — (1/7))"] 2)

and f (0 < f <1) is a measure of its non-ex-
ponentiality. 7, is a characteristic time which
is dependent on both temperature, 7, and, to
an extent, liquid structure (characterised by
T, and has been successfully obtained using
the expression

o= A exp[xAh*/RT + (1 — x)Ah*/RT]  (3)

where 4, x (0 <x <1) and Ah* are constants
[2,5-9]. These relationships can be used to
calculate the time dependence of T following
a temperature change. During cooling and
heating the fictive temperature 77 is related to
the temperature, heating or cooling rate and
relaxation rate parameters through the rela-
tionship [2,8]

T(T) =

T, + [TdT/{l — exp[ — <JTdT”/Q‘L'O>ﬁ:|}

(4)

where T, is a starting temperature, well above
T,, where relaxation is sufficiently rapid that,
in the initial stages of cooling, equilibration is

obtained, Q is the heating or cooling rate, and
T and T” are dummy temperature variables.
In practice, this equation has to be evaluated
numerically and so, following the computa-
tional approaches described by Hodge and
Berens [8], the integrals are replaced by sum-
mations. The cooling and heating of a sample
can be considered as a succession of n steps in
which case

T,,=T, +i§1 ATJ{l - exp[— <AZ AT/ QTo’k>ﬂ:|}
| B )

During annealing the sample is held at a
fixed temperature, 7,, for a certain length of
time, which was divided into 10 logarithmi-
cally spaced steps with Eq. (5) being modified
as described [§]

g h B
Tf,n = TO+ Z AZ{I _eXp|:_< Z Ate,k/TO,k> :|}
Jj=1 k=n,
(6)
where n, + 10 >n >n, and

At k=n,+1

Ale,k — tgk—n,,)/lo . ték—nu— 1)/10

__ ¢1/10
ek — te

k>n,+1

T;, 1s then related to a normalised heat
capacity, C,, by

Con=UT4,— T, )T, —T,_)) (7

These predicted values of C,, can then be
compared with those determined
calorimetrically.

Low-molecular-weight carbohydrate glasses
find industrial application as encapsulation
matrices for labile molecules including food
ingredients, therapeutic proteins and peptides.
The time-dependent behaviour of the amor-
phous matrix is relevant to these applications.
While stability to crystallisation is often con-
sidered, ageing phenomena related to struc-
tural relaxation are also important. Com-
paratively recently the structural relaxation of
amorphous carbohydrates, including sucrose
[10], maltitol [11], maltose/water [12], starch/
water [13,14] and pullulan/water [14] mixtures,
has started to receive attention. As part of
our investigations on the glassy behaviour
of carbohydrates [15], including the character-
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isation of localised motions and liquid struc-
ture [16,17], we now examine the structural
relaxation of liquid maltose by differential
scanning calorimetry and its description by
the Tool-Narayanaswamy phenomenology.

2. Materials and methods

Sample preparation.— Amorphous maltose
was prepared from a 90% w/w aqueous mal-
tose solution (maltose monohydrate dissolved
at 140 °C) which was vacuum dried at 60 °C
for 48 h over P,O5;. The product was com-
pacted in an argon atmosphere, collapsed by
heating on a metal disc at 130 °C in an oven
flushed with dry argon in the presence of
P,Os, cooled to room temperature and stored
in a desiccator over P,O..

Calorimetry.—Samples of glassy maltose
(10 mg) were sealed in pre-weighed aluminium
pans in an argon atmosphere. DSC experi-
ments were performed using a Perkin—Elmer
DSC 7 fitted with robotic autosampler. Three
types of DSC experiment were performed: (i)
scanning rate studies in which the sample was
cooled and re-heated at the same scan rate to
determine the effect of scan rate on T, (i)
cooling rate studies to study the overshoot
observed on re-heating at 10 °C min ', and
(111) annealing studies. In the annealing studies
the samples were subjected to the following

3.5
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n

0 minute
anneal

60 80 1(I)0 120
Temperature (°C)

Fig. 1. Plot of normalised heat capacity, C,,, of amorphous

maltose as a function of temperature for an ‘unaged’ sample

(0 min anneal) and a sample aged at 85 °C for 60 min (60 min

anneal).

thermal history: heated at 40 °C min~' to
120 °C; held for 3 min at 120 °C; cooled at
25°C min~! to an ageing temperature T;
held at 7, (50 °C < T, <100 °C) for a time ¢,
(0 min < ¢, < 160 min); cooled at 25 °C min '
to 40 °C; heated at 10°C min—' to 120 °C.
The calorimetric signal of the last stage was
logged by computer. Crystallisation during
storage of the sample at temperatures close to
T,, as indicated by a fall in the heat capacity
increment, AC,, at T,, was not observed. The
calorimeter was calibrated from the melting of
indium and the heat capacity of sapphire.

Data analysis.—Data analysis was per-
formed using Perkin—Elmer Thermal Analysis
software to obtain heat capacity data, which
were then normalised after allowance for the
temperature dependence of liquid and glass
heat capacities. Ah* was estimated from the
dependence of the observed calorimetric 7, on
scanning rate [18]. The other parameters de-
scribing the relaxation (x, A4, f) were esti-
mated from the fitting of the normalised heat
capacity data to that generated from Eqgs.
(5—-7) with a FORTRAN program. The struc-
tural relaxation was characterised through the
determination of the normalised heat capacity
maximum of the overshoot, C,, ... and its
temperature 7.

3. Results and discussion

Fig. 1 shows the observed calorimetric be-
haviour, plotted as normalised heat capacity,
C,., versus temperature, for an unaged and
an aged sample (60 min at 85°C) of amor-
phous maltose. A T, of 98.4 °C was obtained
from the midpoint of the heat capacity incre-
ment observed on re-scanning an unaged
quenched sample, in agreement with previous
reports [15,16]. A small recovery peak was
also observed. The dependence of the size of
the overshoot (C,,, ....) on cooling rate was
examined (Fig. 2). Although it decreased in
height with increased rate of cooling, even at
the fast rate of 80°C min~' it was still
present, and resulted from relaxations occur-
ring during the time spent, during cooling and
heating, below T,. The aged sample had a
more prominent relaxation peak.
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Fig. 2. Effect of quench rate on the normalised heat capacity maximum, C,,, . for an ‘unaged’ maltose glass.
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Fig. 3. Plot of normalised heat capacity maximum,
(x); 3, (@) 7, (%); 15, (M); 60, (A) and 160 (@).

The time and temperature dependence of
the structural relaxation during ageing is
shown in Fig. 3, where C,, .., is plotted as a
function of ageing temperature, 7,, in a series
of isochronal plots for ageing times, 7,, up to
160 min. At a constant ageing time, as 7,
decreases, C,, ma.. increases, going through a
maximum, and then decreasing with further
temperature reduction. The temperature of
this maximum decreases with increase in age-

ing time.

as a function of ageing temperature after ageing time (min) of: 1,

For the initial fitting of the relationships
described in Egs. (4) and (5), it is necessary to
have an estimate of the various parameters x,
A, p and Ah*. The latter was obtained from
the temperature dependence of 7, on DSC
scanning rate for samples with an appropriate
thermal history and was estimated to be 462
kJ mol ~!' [18]. This value can be compared to
that obtained (240-330 kJ mol ') from the
temperature dependence of the main dielectric
relaxation, on frequency in the region of 7'/



170 T.R. Noel et al. / Carbohydrate Research 319 (1999) 166171

T, ~1.12 [16]. This indicates that A2* for the
structural relaxation is changing as T, is ap-
proached, a characteristic of liquids exhibiting
VTF-type behaviour. The former value, ob-
tained calorimetrically, was wused for the
fitting. To test the applicability of the ap-
proach, the usefulness of a single set of
parameters to describe the experimentally ob-
served relaxation behaviour was examined.
This is shown in a plot of normalised heat
capacity, C,. versus temperature for an age-
ing time of 60 min at 85°C (Fig. 4(a)) and
60 °C (Fig. 4(b)). The relationships used
provide a good description of the experimen-
tally observed behaviour over the range of

35 ()

temperatures and ageing times examined with
In4A= —146.5, x=0.58, and S =0.86. The
physical significance of the values of the
parameters obtained is more difficult to assess.
For studies on the same compound the re-
ported values are to some extent variable, in
part due to the fitting procedures employed,
but also due to differences in experimental
protocol and material variations. However,
tabulations of the parameters for different
materials are becoming available [5]. It is ex-
pected that as more carbohydrate liquids are
examined, the utility of the approach and the
significance of the values of the parameters
obtained will be further assessed. From a
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Fig. 4. Comparison of experimental (—) and calculated (---) normalised heat capacity, C,, as a function of temperature for
amorphous maltose after ageing for 60 min at ageing temperatures of: (a) 85 °C and (b) 60 °C. Fitting parameters given in text.
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practical viewpoint, the ageing of a maltose
glass is well described by the relationships
employed, which include the effect of non-lin-
ear and non-exponential relaxation on the ob-
served behaviour. There is prospect for the use
of this approach to describe the ageing of
maltose and dextrins matrices relevant to their
industrial use particularly as encapsulation
matrices.

4. Conclusions

The ageing of a maltose glass, as assessed
calorimetrically, is dependent on thermal his-
tory. A phenomenological model of Tool and
Narayanaswamy, which included non-expo-
nential and non-linear effects on the structural
relaxation, gave a good description of the
observed behaviour.
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