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Thermally Stimulated Depolarization Currents (TSDC) measurements on o-p-glucose have been carried
out in the temperature region from —165 °C (108 K) to 120 °C (393 K). The slow molecular mobility
was characterized in the crystalline and in the glassy states, as well as in the glass transition region.
The influence of aging on the measured TSDC peaks of the secondary relaxation has been discussed
and it was concluded that there are motional modes that are aging independent while others are affected
by aging. Important discrepancies were reported in the value of the steepness index or fragility (T;—nor-
malized temperature dependence of the relaxation time) obtained by different, and well-established,
experimental techniques. A careful discussion of the possible origins of these discrepancies is presented.
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1. Introduction

Carbohydrate glasses are thought to play a protective role in the
dormant states of desiccation-resistant organisms. Simple saccha-
rides in the amorphous solid state are believed to protect biomac-
romolecules and cells during freezing, dehydration, and storage.!-?
Different hypotheses for this ability have been formulated, but the
problem is not yet elucidated. The mechanism by which these sug-
ars help to protect the integrity of biomacromolecules seems to be
a consequence of two factors: (a) specific hydrogen-bonding inter-
actions between the sugar and the macromolecule outer surface
which helps to maintain the three-dimensional structure of the
protein® and (b) tendency to provide a viscous glassy state, allow-
ing to a non-specific restriction of conformational flexibility of the
macromolecule. In this context, the study of the evolution of the
molecular mobility from high temperature down to the glassy state
is a relevant aspect to the understanding of the biopreservation
ability. On the other hand, amorphous carbohydrates are impor-
tant substances in the industrial area. In particular, they are often
used in pharmaceutical, cosmetic, and food industries to effectively
encapsulate, stabilize, and ultimately control the release of labile
active materials.>® Furthermore, carbohydrates exhibit advanta-
geous properties: they are readily available with high purity and
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low toxicity, they are good glass-formers with generally high glass
transition temperatures (Tg). This set of properties makes them
adequate materials to store pharmaceutical and food products at
room temperature and allow them to be shipped without cooling,
avoiding the inconvenience of dry ice packing. Despite the frequent
use of sugars as protecting agents, little is known about molecular
mobility in glassy sugars.

Recent studies of molecular dynamics of amorphous carbohy-
drates using the Thermally Stimulated Depolarization Currents
(TSDC) relaxation technique complement those previously pub-
lished using other relaxation techniques such as NMR’~® and
dielectric relaxation spectroscopy (DRS).'°"!2 These TSDC studies
show several features in common with glass-forming materials in
general, but showed also some intriguing results concerning the
glass transition in some disaccharides as trehalose, cellobiose and
gentiobiose,'® and also in salicin.!* Furthermore, it has been re-
cently shown, on the basis of TSDC data, that different types of sec-
ondary relaxations are differently influenced by aging.!*>!>1% In
fact, as will be discussed later, part of the secondary mobility ap-
pears as aging independent, while another part is clearly affected
by aging. These findings will give an interesting contribution to
the emergence of a fully coherent view of the molecular origin of
the secondary relaxations, namely of the Johari-Goldstein relaxa-
tion. In the case of sugar melts, both pyranose/furanose and o/
equilibria exist, and this isomerization complicates the interpreta-
tion of the relaxation behaviour.!'”'%!® The pyranose/furanose
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isomerization is likely to have a stronger effect in the dielectric
experiments given that it implies a more extensive structural rear-
rangement. For p-glucose, only pyranose forms are reported, in
opposition to p-fructose where a large amount of furanose forms
(up to 46%) can exist in the melt depending on the thermal his-
tory."” The equilibrium between the two anomers o and P in
melted glucose occurs at a ratio o/B of 0.8 according to some
authors,'® and of 1.0 according to others.!” The equilibration time
in the melt is relatively fast: 15 min at one degree above the melt-
ing temperature.!2°

The observation of a diversity of relaxation behaviour in carbo-
hydrates may have implications for their ability to protect biolog-
ical molecules and structures against the stresses induced by
freezing and drying. It is commonly considered that the main
structural or a-relaxation is coupled with deteriorative processes.
Below T, however, some kind of motions give rise to the secondary
relaxations and it may be that some of these motions are coupled
to the protective and chemical stabilization activity of carbo-
hydrates during freezing, drying, and storage. In the present paper,
we use the Thermally Stimulated Depolarization Currents (TSDC)
relaxation technique to study the molecular mobility of o-p-glu-
cose in the crystalline state, and of glucose in the amorphous solid
state (obtained by cooling the equilibrated melt). Our results will
be discussed and compared with those obtained by other experi-
mental techniques.

2. Experimental
2.1. Materials

o-p-Glucose was purchased from Acros (purity 99+%) and used
as received. The melting peak of our samples, obtained by DSC,
showed an onset at T,,=159.5°C and a maximum at Ty =
162.0 °C (heating rate 10 °C min~'). The values To,=158.29 +
0.106 °C (DSC, 10 °C min~"),2! T, = 143 °C and Tpmax = 158 °C (DSC,
5°Cmin ')?? and Tmax =143 °C (DSC, 5°C min ')*> were previ-
ously reported in the literature. The melting enthalpy, also
obtained by DSC, was AgsH = (34.8 +0.2) k] mol~! (mean over six
determinations; the reported uncertainty corresponds to the stan-
dard deviation of the mean). The values previously reported in the
literature are AgsH=32.3kJmol ' obtained by DSC?? and
AgusH = 31.4 k] mol~! obtained using a ‘radiation’ calorimeter.?*

2.2. Thermally stimulated depolarization currents

Thermally Stimulated Depolarization Current (TSDC) experi-
ments were carried out with a TSC/RMA spectrometer (TherMold,
Stamford, CT, USA) covering the range from —170 to +400 °C. For
TSDC measurements, the sample was placed between the elec-
trodes of a parallel plane capacitor and immersed in an atmosphere
of high purity helium (1.1 bar). The TSDC technique is adequate to
probe slow molecular motions (20-3000 s). The fact that the relax-
ation time of the motional processes is temperature dependent,
and becomes longer as temperature decreases, allows to make it
exceedingly long (frozen process) compared with the timescale
of the experiment. In order to analyse specific regions of the TSDC
spectrum the partial polarization (PP) procedure, also called ther-
mal windowing or cleaning or sampling, is often used. This PP
method, where the polarizing field is applied in a narrow temper-
ature interval, allows decomposing a complex distributed relaxa-
tion into its single motional modes. In the limit of a very narrow
polarization window, the retained polarization (and of course the
current peak, that is, the result of a partial polarization (PP)
experiment) would correspond to a single, individual dipolar
motion.?>?® The physical background of the TSDC technique is

presented elsewhere.?”-?8 The basic description of the TSDC exper-
iment, and the discussion of the nature of the information it pro-
vides, is presented in detail in recent publications.?>26:29:30

2.3. Differential scanning calorimetry (DSC)

The calorimetric measurements were performed with a 2920
MDSC system from TA Instruments Inc. Dry high purity He gas
with a flow rate of 30 cm®/min was purged through the sample.
Cooling was accomplished with the liquid nitrogen cooling
accessory (LNCA) which provides automatic and continuous
programmed sample cooling down to —150 °C. The samples of
~8-15mg were introduced in aluminium pans, hermetically
sealed using a sample encapsulating press. An empty aluminium
pan, identical to that used for the sample, was used as the
reference. The baseline was calibrated scanning the temperature
domain of the experiments with an empty pan. The temperature
scale of the instrument had been previously calibrated by taking
the onsets of the fusion peaks of the five standards (n-decane,
n-octadecane, hexatriacontane, indium, and tin). The calibration
of the heat flow scale was checked by measuring the enthalpy of
fusion of indium.3! More calibration details are given elsewhere >?

3. Results and discussion

The slow molecular mobility of glucose will be characterized
using the following methodology: (i) the partial polarization (PP)
procedure is used to get the dielectric manifestation of narrowly
distributed motional modes, that is the partial polarization peaks;
(i) the PP peaks are analyzed (using the so-called Bucci method>3)
in order to obtain the temperature dependent relaxation time, 7(T),
of each motional mode; (iii) fitting each 7(T) line to an appropriate
kinetic equation (Arrhenius, Eyring, Vogel, etc.) provides the
kinetic parameters which characterize the different motional
modes (activation energy and prefactor, activation enthalpy and
entropy, etc.). An usual representation of the kinetic data is a graph
of the activation energy (or enthalpy) of the motional modes as a
function of the corresponding temperature location (temperature
of maximum intensity of the PP peak, Ty,ax). This is the so-called
Starkweather plot where it is useful to include a reference line,
the so-called Starkweather line*3> or zero entropy line, that
depicts the behaviour of non-cooperative relaxations. As will be
seen later, the Starkweather plot is a useful way of presenting TSDC
data in order to highlight the degree of cooperativity of the differ-
ent motional processes.

3.1. Mobility in the amorphous state

Glucose in the solid amorphous phase was prepared by melting
the crystal of o-p-glucose at 170 °C and cooling the isotropic liquid
(recall that the melting peak observed in DSC shows a maximum
Tmax = 162.0°C for a heating rate of 10°C min~'). The samples
must be carefully heated around their melting temperature since
it is easily caramelized at higher temperature. The substance dis-
played excellent glass-forming ability, with a wide supercooled
liquid temperature region and high thermal stability against crys-
tallization. The calorimetric glass transition temperature of our
samples, considered as the onset of the glass transition signal,
was Ty=34.4+03°C (average of five determinations at 10 °C
min~!, where the uncertainty indicated corresponds to the stan-
dard deviation of the mean), which can be compared with the val-
ues T, =34.77 £ 1.38 °C*! and T, = 36 °C® previously reported. Our
TSDC results discussed later showed a glass transition global peak
with maximum intensity at Tyax = 35.9 °C (at 8 °C min~'). Further-
more, the most intense partial polarization mode of the glass



H. P. Diogo, J. J. Moura Ramos/ Carbohydrate Research 343 (2008) 2797-2803 2799

transition distribution shows maximum intensity at Tpax = 30.3 °C
(at 4°C min~!). Those temperatures are in good agreement with
the calorimetric results. Let us also consider the value Ty =27 °C
obtained from the temperature dependence of the band position
of the OH stretching.>”-*® Finally, the heat capacity jump in the
glass transformation range was found to be AC,=(0.74%
0.02)]°C'g'=(133.7%2.9)] °C"" mol~! (average over 12 exper-
iments, the uncertainty indicated is the standard deviation of the
mean), in reasonable agreement with the values ACp=0.77
0.02]°C g 12" AC=0.79]°C ' g "3%and AC,=0.63]°C 1 g 122
previously reported.

3.1.1. Secondary relaxations

The sub-T, mobility, and particularly the so-called p-relaxation
(Johari-Goldstein)?? is a residual mobility in the glassy state that is
believed to be important in achieving stability, and thus consti-
tutes a crucial issue from the point of view of biopreservation.
The TSDC results we obtained below the glass transition tempera-
ture show that the sub-T, mobility in amorphous glucose appears
in the TSDC spectrum in a wide temperature region from —165 °C
(the lower temperature available to our equipment) to the glass
transformation range. Note that in the crystalline o-p-glucose, no
signal of mobility was observed in this temperature range. Figure
1 shows the results of several partial polarization experiments car-
ried out in the temperature region of the secondary relaxation. It
reveals a clear structure of the relaxation peaks, consequence of
a hierarchy of the molecular motions. In fact, three different groups
of motional modes can be considered from the observation of Fig-
ure 1, named a, b, and c in the order of increasing temperature. In
the lower temperature side, the motional modes of group a show
dielectric strengths that decrease with increasing temperature. In
the temperature region between —70 °C and —40 °C another group
of motional modes are observed (group b) and, finally, above
—35°C (group c) show dielectric strengths that strongly increase
with increasing temperature.

The activation energy was found to be distributed between 30
and 65 k] mol !, in agreement with the value of the Arrhenius acti-
vation energy 42 k] mol~' obtained by Dielectric Relaxation Spec-
troscopy'® and 59 k] mol~! determined by DSC.*® Furthermore,
the pre-exponential factors are of the order of the Debye time
10735 or, stated differently, the motional components of this
mobility have negligible activation entropy. It is worth to recall
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Figure 1. Partial polarization components of the sub-T; molecular mobility of
amorphous glucose. The polarization temperatures, Tp, were from —140 to —125 °C
and from —70 to —10 °C, with intervals of 5 °C. The other relevant experimental
conditions were strength of the polarizing electric field, E = 450 V mm™'; polariza-
tion time, tp=5 min; width of the polarization window, AT =2 °C; heating rate,

r=4°Cmin~.

350

300 |

250

0 " I " " " "
-150 -100 -50 0 50 100
Tmax / °C

Figure 2. Activation enthalpy, AH”, of a series of motional modes of the crystalline
a-p-glucose (filled lozenges) and of the amorphous solid glucose (open triangles
and circles), as a function of the peak’s location, Tp,. The line is the zero entropy line.

that the quantity 7p = =176 x 107 s (with Ty=273.15K),
often called Debye time, represents the characteristic time, at room
temperature, of a process with no activation Gibbs energy. It is the
pre-exponential factor of the Eyring equation, so that the deviation
of the Arrhenius prefactor, 7o, from 7p correlates to the activation
entropy associated with reorientation in the relaxation process.*!
High values of the activation entropy, or smaller value of 7q relative
to Tp, can be interpreted to arise from cooperativity of the orienta-
tional motion. Figure 2 shows the so-called Starkweather plot® in
which the line is the zero entropy line. The open triangles corre-
spond to motional processes of groups a, b, and c in Figure 1. They
show negligible activation entropies and can thus be considered as
modes of motion of the secondary relaxations. The motional modes
corresponding to group c are motions that are activated at temper-
atures close to the glass transformation range and appear as a pre-
peak in the lower temperature vicinity of the a-peak (see below).

The secondary relaxation of amorphous glucose is thus broad
and distributed in energy, composed by a complex mixture of
motional modes, all of them local, low amplitude, and non-cooper-
ative. The origin of this distribution is ascribed to a variety of
microenvironments that exist in the solid glassy state, but the
identification of the molecular motions associated with those
processes is still a matter of debate. According to some authors*>43
the secondary relaxation in glucose arises from motions of the exo-
cyclic hydroxymethyl, CH,OH, groups rather from intermolecular
degrees of freedom. An opposite scenario®>** envisages the
B-relaxation as a molecular reorientation which occurs in high free
volume and high entropy regions immersed in an otherwise rigid
glass matrix. It is to be noted in this context that an important
13C NMR study with specifically labelled anhydrous glucose® con-
cluded that the mobility of the glucose ring and of the exocyclic
hydroxymethyl group are strongly correlated so that the mobility
of the CH,OH group alone should not be used to explain the
B-relaxation process.

3.1.2. Effect of aging on the secondary relaxations

Considering the complexity of the secondary relaxations pres-
ent in amorphous glucose, we decided to focus a particular atten-
tion on the influence of aging on its different segments. Figure 3
shows the results of four global experiments (wide polarization
window) that were designed to this purpose.

Lines 1 and 2 concern the amorphous unaged sample, while
lines 3 and 4 concern the amorphous glucose aged during 48 h at
21 °C. The difference between the results 1 and 3 on the one hand,
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Figure 3. TSDC thermogram showing the secondary relaxations of amorphous
unaged (curves 1 and 2) and aged (curves 3 and 4) glucose. The relevant
experimental parameters were strength of the polarizing electric field,
E=450V mm™!, polarization time, tp =5 min, freezing temperature, To=—165 °C,
heating rate, r = 8 °C min~'. The polarization temperature was Tp = —40 °C (curves 1
and 3) and Tp = —5 °C (curves 2 and 4). The aged sample was annealed prior to the
experiment at the aging temperature of T, = 21 °C during a period of time of 48 h.

and 2 and 4 on the other, is that experiments 1 and 3 were
designed in order to activate the motional modes of the groups a
and b in Figure 1 (the polarization temperature of the experiments
is Tp = —40 °C), while in experiments 2 and 4 the motional modes of
group c (Fig. 1) are also activated (the polarization temperature of
the experiments is Tp = —5 °C).

Let us recall that this secondary relaxation is a feature of the
amorphous state given that it is absent in the crystalline form of
glucose. The results displayed in Figure 3 show that the lower tem-
perature modes of the secondary relaxation, we call fast B-relaxa-
tion (group a in Fig. 1), are not influenced by aging, but that the
higher temperature components (groups b and c in Fig. 1) are
strongly affected. Furthermore, those manifestations of the physi-
cal aging on the secondary relaxations are reversible as the aging
effects can be erased by heating above T, to the metastable liquid
state.

Given that density increases, and the free volume decreases, on
structural relaxation, it was suggested that the faster motional
modes (detected at lower temperatures), not affected by aging,
must have an intramolecular origin.!>'>16 These are local motions
that consist of internal rotations of one part of a molecule relative
to the other part, or conformational modifications of a cyclic unit,
which occur without significant interference of the neighbouring
molecules. In the case of glucose, these local motions could be
associated to the pendant hydroxymethyl group,'®#? probably cor-
related with the mobility of the glucose ring.® On the other hand,
the slower motional modes, affected by aging, have probably an
intermolecular origin and, in the case of glucose, they seem to cor-
respond to two different kinds of molecular motions (modes
belonging to group b and to group c inFig. 1). Let us emphasize that
the depolarization peaks of group c in Fig. 1 (as well as those of
groups a and b) correspond indeed to mobility components of
the secondary relaxation of glucose: first of all because the polari-
zation temperature of those partial polarization peaks is less than
—5 °C, much lower in comparison with the glass transition temper-
ature of glucose which is Tg=35°C; second because from the
observation of Figure 2 it becomes clear that the secondary relax-
ation (the motional modes with negligible activation entropy) ex-
tends at least to temperatures up to ~15°C. We are thus in the
presence of two aging dependent mobility modes that constitute
the so-called slow P or Johari-Goldstein relaxation.>®

3.1.3. Glass transition relaxation and fragility

Figure 4 presents the results of a series of partial polarization
experiments carried out in the temperature region of the glass
transformation.

An important feature of the motional processes associated with
the glass transition relaxation is, as noted before, the so-called
deviation from the zero entropy behaviour,? that is illustrated in
Figure 2. The open circles on the right-hand side, that correspond
to the motional modes in the temperature region of the glass trans-
formation (some of them corresponding to the peaks in Fig. 4),
show a strong departure from the line which describes the behav-
iour of local and non-cooperative relaxations. This indicates the
cooperative nature of the molecular mobility that is released on
heating through the glass transformation range.

The peak with higher intensity in Figure 4, was obtained with a
polarization temperature Tp = 26 °C, and is the manifestation of a
mobility component that is characteristic of the glass transition
of glucose. It shows a maximum intensity at Ty =30.3°C (at
4 °C min~") which is identified with the glass transition tempera-
ture provided by TSDC. The analysis of this singular peak allows
the determination of the activation energy for the structural relax-
ation, and also of the fragility index of the glass-forming system.?®
The relaxation time at T, was found to be 7(Ty) = (45.1 £0.6) s and
the activation energy of the structural relaxation E,(Ty) = (245.9 +
4.4) k] mol~! (both values are a mean over fifteen determinations,
and the reported uncertainty corresponds to the standard devia-
tion of the mean).

The fragility of a glass-forming liquid refers to the loss of the
short range order with increasing temperature across the glass
transition, and is defined as the Te-normalized temperature depen-
dence of the structural relaxation times:*>

-[aw .., zaml

(1)

In this definition, E,(Tg) is the apparent activation energy in the
equilibrium state (i.e., in the supercooled liquid) at (or just above)
T,. The fragility values of glucose published in literature are very
scattered: m=31% and m=70?'" from DSC data, m=54"
m=52"m=87m=96,"2 and m = 101** from Dielectric Relaxa-
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Figure 4. Partial polarization (PP) components of the glass transition relaxation of
glucose. The polarization temperatures, Tp, were from 16 to 22 °C with intervals of
2 °C and from 23 to 29 °C with intervals of 1 °C. The sequence of the peaks is such
that T,ax increases as Tp increases. The other experimental conditions were strength
of the polarizing electric field, E = 450 V mm™'; polarization time, tp = 5 min; width
of the polarization window, AT =2 K; heating rate, r =4 K min~. The inset shows
the peaks corresponding to the lower temperature partial polarization modes of the
glass transition distribution, obtained with polarization temperatures T, =0, 5, 10,
and 12 °C.
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tion Spectroscopy (DRS) data, and m = 105 calculated by Angell et
al.*¢ from previously published viscosity data.*” From our TSDC
data we obtain*® m=43+1 (mean over 15 determinations; the
reported uncertainty corresponds to the standard deviation of the
mean), indicating that glucose is a relatively strong glass-forming
liquid, with a TSDC fragility slightly lower than that of glycerol.*

A significant scatter of the fragility values obtained from differ-
ent experimental techniques is sometimes observed. In the case of
indomethacin, values near m = 60 are obtained by TSDC>® and by
DSC,2! while m =81 is obtained from dielectric relaxation data.’!
Discrepancies of the same order of magnitude have also been re-
ported in the case of sorbitol and fructose.>> However, the discrep-
ancy is much more striking in the case of 4,4’-methylenebis(N,N-
diglycidylaniline) (MBDA), a highly functionalized epoxide. The
steepness index or fragility, m, of MBDA was determined by three
different and independent procedures based on TSDC data, leading
to values in very good mutual agreement: m = 47.>> However, the
value obtained from the heating rate dependence of the onset tem-
perature of the DSC signal gives m = 78,53 whereas the value based
on dielectric relaxation data is m = 102.>* The strong differences in
the fragility values obtained using different experimental tech-
niques (namely DSC, DRS, and TSDC) and different methodologies
based on the same technique, is a troubling problem that needs
to be looked straightforward in order to understand the origin.

It is to be noted that the determinations by dielectric relaxation
spectroscopy often imply important temperature extrapolations,
which can introduce significant uncertainties, all the more since
the molecular mobility in the temperature domain of the glass
transformation clearly displays a non-Arrhenius behaviour. In the
case of TSDC, the influence of aging effects taking place during
heating scans performed at relatively low rates should also be con-
sidered. An important difference between the two dielectric tech-
niques TSDC and DRS is that TSDC looks at the glass transition
from the lower temperature side (no polarization can be retained
above Tg), while DRS analyses the glass transition using data
obtained at temperatures higher than T, (supercooled liquid). As
a consequence, physical aging can interfere in an undesirable
way in the case of TSDC results, in temperature regions that in-
clude the glass transformation region (and temperatures not far
below). This interference should be particularly important in the
case of very fragile systems and for heating scans performed at rel-
atively low rates. However, the results of experiments carried out
at different heating rates in MBDA>3 as well as in indomethacine®
seem to discard this suspicion. The contamination by aging can
also occur in DSC results for the same reasons invoked in the case
of TSDC. Furthermore, it was very clearly demonstrated®? that the
shape of the DSC signature of the glass transition is very sensitive
to the whole thermal history of the sample, that is, on the previous
cooling rate and on temperature and time of residence below Tg.
In fact, it was found that the heating rate effect on the different
points of the heat capacity jump (on the characteristic tempera-
tures as the onset, endset, and midpoint temperatures) is signi-
ficantly different, leading to different values of the activation
energy of the structural relaxation, and consequently of the fragil-
ity index. Finally, we must realize that the temperature depen-
dence of the enthalpic relaxation can be different from that of
dielectric relaxation. In order to understand the scattering of the
fragility values we need to study several highly complex and fragile
glass-forming systems by independent techniques, and try to
find some correlation between the molecular structure, the liquid
complexity and the observed differences.

It is well known that the fragility values obtained by TSDC,
m(tsdc), are in general lower that those obtained by DRS, m(drs),
and that the difference between those values tends to be higher
for fragile glass formers.* In order to understand these differences
we need to recall that TSDC looks at the glass transition from the

Table 1
Values of the TSDC fragility, m(tsdc), of the DRS fragility, m(drs), of the ratio
m(drs)/m(tsdc), and of the experimental non-linearity parameter, X,

m(tsdc) m(drs) selected m(drs) m(tdsc)/m(drs) Xexp
Fructose 34 92;!2 5310 70 0.49 0.755
Glucose 43 96;'2 87;4 5810 87 0.49 0.497%!
PET 81°8 166;°861 15652 160 0.51 0.49°8

lower temperature side (from the glassy state), in opposition to
Dielectric Relaxation Spectroscopy that mainly uses data obtained
at temperatures higher than Tg.49 An essential feature of the glass
transition relaxation behaviour is non-linearity, which accounts
for the effect of the structure of the glass on the relaxation
time.>>>7 The equation of Tool-Narayanaswamy-Moynihan
(TNM), a generalized form of the Arrhenius equation:

XAh" (1 —x)Ah"
T= To exp W +R—Tf

where 1o, x (0 <x< 1) and Ah™ are constants, arises from a model
that aims to describe the non-linearity. The constant x is the so-
called non-linearity parameter which specifies the structure of the
glass, and Ah’ is the activation energy at T, of the equilibrium melt.
Cooling below T, freezes the equilibrium melt into a constant struc-
ture glass (characterized by the fictive temperature, T¢), so that the
temperature dependence of the relaxation time arises solely from
the first term in Eq. 2. As a consequence, and according to the
TNM model, the slope of the Arrhenius plot at Tg/T =1 will change
from Ah" at higher temperatures (equilibrium melt) to xAh" at low-
er temperatures (constant structure glass). This is the so-called
‘return to Arrhenius’, such that the temperature independent prod-
uct xAh” corresponds to the activation energy of the motions in the
frozen, non-annealed glass, which can be, in this context, identified
with E,(Tw), the activation energy determined by TSDC.°®-%C This
idea appears as a reasonable hypotheses that explains, at least in
some cases, the discrepancies between the fragility values obtained
by TSDC, m(tsdc), and by DRS, m(drs). A very small value of the x
parameter indicates an extremely non-linear relaxation. The exper-
imental determination of the non-linearity parameter exists only
for a small number of glass-forming systems, and comparison of
the values of the ratio m(tsdc)/m(drs) with those of x is made in
Table 1.

Despite the scattering of the fragility values obtained from
dielectric relaxation spectroscopy by different authors, it is clear
from Table 1 that m(tsdc) is smaller than m(drs). Furthermore,
the fact that the values of the ratio m(tsdc)/m(drs) compare well
with those of the experimental x indicate that it is reasonable to
consider the fragility index determined by TSDC as a characteristic
of the glassy state at the temperature of the boundary with the
glass transformation range.

)

3.2. Mobility in the crystalline state

In the crystalline phase, a slow molecular mobility was detected
by TSDC. Figure 5 shows some partial polarization peaks of this
mobility. The very high reproducibility of the experimental results
leads us to believe that this relaxation peak originates from dipolar
reorientation motions rather than from material discontinuities
(Maxwell-Wagner effects).

The temperature dependent relaxation time of the PP peaks of
this mobility was obtained by the usual Bucci method,** and the
results indicate that we are dealing with localized molecular
motions. In fact, the activation enthalpy of the different motional
modes of crystalline glucose, represented in Figure 2 as a function
of the temperature location of the corresponding peak (full
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Figure 5. Partial polarization (PP) components of the relaxation in the crystalline
phase of glucose. The polarization temperatures, Tp, were from —60 to 90 °C, with
intervals of 10°C. The sequence of the peaks is such that Tn.x increases as Tp
increases. The other experimental conditions were strength of the polarizing
electric field, E =450 V mm™'; polarization time, tp = 5 min; width of the polariza-
tion window, AT = 2 °C; heating rate, r =4 °C min~'.

lozenges), show small deviations from the Starkweather line®
Note also from Figures 2 and 5 that the molecular mobility in crys-
talline glucose is thermally activated at very low temperatures
compared with the melting temperature (Tgs= 160 °C). Further-
more, we conclude from Figure 5 that the lower temperature
motional modes of this relaxation (that broadly extend from —30
up to 50°C) show a low-dielectric strength, while the higher
modes involve the reorientation of a bigger quantity of dipole
moment. We are aware that the attribution of this mobility at
the molecular level is not easy. On the other hand, the TSDC studies
of mobility in organic low molecular weight dielectrics are rela-
tively scarce.® However, it seems reasonable to accept that the
weakening of the hydrogen bonds that occurs with increasing
temperature is at the origin of a smooth mobility, local in nature,
and characterized by low amplitude and low-dielectric strength.
On the other hand, further heating causes stronger weakening of
the hydrogen bonds and expansion of the dimensions of the unit
cell, which allows a further release of molecular mobility, with
higher amplitude but always local in nature, given that no modifi-
cation of the crystal structure is observed in this temperature
region. The wide temperature interval of this mobility in crystal-
line glucose seems to be a feature of this particular substance when
compared with other crystals like pentitols® and salicylsalicylic
acid®® where the mobility in the crystal appears in a narrower
temperature interval.

4. Conclusions

The study by TSDC of the molecular mobility in the crystalline
a-p-glucose showed a well-defined and broad relaxation (activated
between —40 and 90 °C) that corresponds to localized or non-coop-
erative motions.

The mobility in the amorphous solid prepared from the crystal-
line a-p-glucose showed a broad and complex secondary relaxa-
tion revealing a clear structure with three kinds of molecular
motions, and with activation energies distributed between 30
and 65 k] mol~'. It was found that the lower temperature compo-
nents of this complex secondary mobility are aging independent,
while the higher temperature components are affected by aging.
On the other hand, the analysis of the structural or main relaxation

indicated that the activation energy at the glass transition temper-
ature (T =30°C at 4 °C min~") is Ey(T,) = 246 k] mol ', so that the
fragility index is m = 43. This value indicates that glucose is a rela-
tively strong glass-forming liquid. Attention is drawn to the scat-
tering of the fragility values provided by different experimental
techniques and from different methodologies based on the same
technique. A brief discussion of the possible origins of these
discrepancies is presented.

The understanding of the slow molecular mobility in the amor-
phous solid state is important on different grounds, including
nucleation and crystallization processes, preservation of biomacro-
molecules, cells and tissues, and storage of pharmaceutical and
food products. The evidence for the interdependence between
the molecular mobility and the chemical stability of amorphous
materials enhanced the motivation for an active research in this
area. In this context, the technique of Thermally Stimulated Cur-
rents appears as a very useful technique helping the clarification
of the nature of the secondary relaxations and providing specific
information on the a-relaxation. The present work on glucose illus-
trates the usefulness of the technique and characterises the specific
features of the mobility of this carbohydrate.
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