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The relaxational processes in amorphous solid gentiobiose and cellobiose are studied by thermally stim-
ulated depolarization currents (TSDC) in the temperature region from 108 K up to 423 K. The slow molec-
ular mobility was characterized in the crystal and in the glassy state. The features of different motional
components of the secondary relaxation have been monitored as a function of time as the glass structur-
ally relaxes on aging. It is concluded that some modes of motion of this mobility are aging independent,
while others are affected by aging. The value of the steepness index or fragility (Tg–normalized temper-
ature dependence of the relaxation time) was obtained by differential scanning calorimetry (DSC) from
the analysis of the scanning rate dependency of Tg.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The use of carbohydrates in biopreservation,1,2 particularly in
the cryopreservation of cells, has revived research on this impor-
tant class of biomolecules. Moreover, carbohydrates are recently
considered as green raw materials for the chemical industry.3 Both
crystalline and amorphous states are important in the field of food
and pharmaceutical technology. The amorphous form of drugs and
excipients is of pharmaceutical interest since it has been reported
to improve solubility, accelerate dissolution and bioavailability,
and promote therapeutic activity.4,5 There is a general idea that
as long as the temperature remains below Tg, some undesirable
chemical reactions that lead to deterioration may not proceed.
However, evidence does exist that even below Tg there are amor-
phous materials that still exhibit significant molecular mobility.6,7

In the glassy state the system is in a non-equilibrium state, with re-
spect to both crystalline and ‘equilibrium’ glassy state.6 As a conse-
quence, it will evolve at a rate that depends on the temperature
and the thermal history of the glass; the evolution that occurs be-
low the glass transition temperature is referred to as structural
relaxation or physical aging.8 Thus, in order to prevent the molec-
ular processes responsible for destabilization of an amorphous
substance over the normal life-time of a pharmaceutical or food
product, we need to know the time scales of molecular motion un-
der a variety of conditions.9 Furthermore, the mobility associated
ll rights reserved.
to the secondary relaxations is believed to be related to the protec-
tive and chemical stabilization activities during thermal stress.10

Gentiobiose and cellobiose are reducing disaccharides consist-
ing of two units of D-glucose linked, respectively, by a b(1?6) and
a b(1?4) glycosidic bond (Fig. 1). Cellobiose is produced from cel-
lulose using specific bacterial enzymes and is hydrolyzed by cello-
biosidase and cellulose. Humans cannot hydrolyze cellobiose and
because of this non-digestibility in human intestines, cellobiose is
fermented by intestinal microbes, promoting a good balance of
intestinal microflora and decreasing gastrointestinal infections.11,12

The detection and quantification of cellobiose are important in food
and beverage industries and in alternative energy research.13

Gentiobiose, on the other hand is found to be incorporated into
the chemical structure of crocin, the chemical compound that gives
saffron color.14

Furthermore, cellobiose and gentiobiose are structurally related
to trehalose, also a disaccharide with a linkage between two D-glu-
cose units. In this context, we have recently studied by thermally
stimulated depolarization currents (TSDC) the slow molecular
mobility in amorphous glucose15 and trehalose.16 The study of
the slow molecular mobility in structurally related molecules,
and the characterization of the glass transition in those substances,
will help us understand the ability of some sugars for biopreserva-
tion. This paper reports our investigation on the temperature
dependency of the relaxation time in the amorphous state of cello-
biose and gentiobiose by thermally depolarization currents (TSDC),
and a complete characterization of the glass transition of these two
glass formers by differential scanning calorimetry (DSC). From
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Figure 1. Chemical structures of gentiobiose (left) and cellobiose (right).
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these results the time scales for molecular mobility of these disac-
charides in the supercooled and glassy states, as well as in the crys-
talline state, are characterized.

2. Materials and methods

2.1. Materials

D-Gentiobiose or 6-O-b-D-glucopyranosyl-D-glucopyranose, CAS
number [554-91-6], purity better than 98%, was from Biochemika
(lot number 1202873). D-cellobiose or 4-O-b-D-glucopyranosyl-D-
glucopyranose, CAS number [528-50-7], purity better than 98%,
was from Acros Organics. The chemical formula is C12H22O11 for
both substances, and the molecular weight MW = 342.30 g�mol�1.

The FT-IR spectra from 4000 to 600 cm�1 obtained for both
crystalline substances are in good agreement with the ones previ-
ously reported.17 Moreover, the absence of the band at 1680 cm�1,
which is attributed to water bending, is an indication of the low
water content of the samples.

Elemental analysis led to the following results for the mass frac-
tions of C and H in C12H22O11 (average of two determinations).
Calcd: C, 42.11, H, 6.48. Found for gentiobiose: C, 42.46; H, 7.61.
Found for cellobiose: C, 41.90; H, 6.76.

X-ray powder diffraction analysis (XRPD) of the samples was car-
ried out over the range 5� < 2h < 35�, on a D8 Brucker employing a Cu
Ka-radiation. Elemental analysis was obtained with a Fisions Instru-
ment EA1108 apparatus. The Fourier-transform infrared spectra (FT-
IR) of the samples were recorded in KBr disks, using a Jasco 430 spec-
trophotometer calibrated with polystyrene film. The XRPD powder
pattern obtained for crystalline cellobiose was indexed in space group
P21 with a = 1096.0(8) pm, b = 1303.6(7) pm, c = 508.7(8) pm,
b = 90.74� in good agreement with those previously obtained by sin-
gle crystal X-ray diffraction at 25 �C (a = (1097.2 ± 0.004) pm, b
= (1304.8 ± 0.005) pm, c = (509.1 ± 0.003) pm, b = (90.83 ± 0.05)�).18

Amorphous gentiobiose was obtained by quenching from the
melt, and amorphous cellobiose was prepared by freeze drying a
0.083 M aqueous solution using a Lyoalfa commercial apparatus,
model 6-80, provided by Telstar Industrial, Barcelone, Spain. The cel-
lobiose solution was first frozen in liquid nitrogen, and the primary
drying was carried out for 20 h at �(82 ± 5) �C under a vacuum of
10�2 mbar. The sample was subsequently dried in an oven at
�100 �C for one day to remove residual water. The substances are
kept at room temperature inside a desiccator over P2O5 for several
days before the DSC and TSDC measurements. XRPD data collected
for lyophilized cellobiose and quenched gentiobiose did not show
any Bragg peaks associated with the lattice geometry, which ensured
that the samples were amorphous. A glove box was used to fill the
DSC crucibles with the sample and to crimp them.

2.2. Methods

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 with an effective area of
�38 mm2 (thickness of �0.5 mm). The sample is immersed in an
atmosphere of high purity helium (1.1 bar). The fact that the relax-
ation time of the motional processes is temperature dependent and
becomes longer as the temperature decreases enables to immobi-
lize them by cooling. This is the basis of the TSDC technique, which
is particularly adequate to probe slow molecular motions. In order
to analyze specific regions of the TSDC spectrum, different meth-
ods of polarizing the sample can be used, namely the so-called
TSDC global polarization experiment and the partial polarization
(PP) experiment (often called thermal sampling, windowing, or
cleaning). The PP method, where the polarizing field is applied in
a narrow temperature interval, enables to resolve a global peak
into its individual relaxation modes.19 The thermal sampling pro-
cedure allows to retain (or to freeze) a polarization that arises from
a narrow variety of dipolar motions. 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 mo-
tion.19,20 Several references explaining the physical background
of TSDC are available.21–24 Moreover, several papers are helpful
explaining the experimental procedures used in TSDC and the
physical meaning of the data provided by this technique.19,20,25,26

Particularly, supporting materials attached to Ref. 16 can be useful
to readers not familiar with the TSDC technique.

The differential scanning calorimetry (DSC) measurements
were performed with a 2920 MDSC system from TA Instruments
Inc. The samples of �8–15 mg were introduced in aluminum pans,
hermetically sealed using a sample encapsulating press. The mea-
suring cell was continually purged with high purity helium gas at
30 mL/min. An empty aluminum pan, identical to that used for the
sample, was used as reference. The baseline was calibrated scan-
ning the temperature domain of the experiments with an empty
pan. The temperature calibration was performed taking the onset
of the endothermic melting peak of several calibration standards.
The temperature calibration for the different heating rates was
performed considering the heating rate dependence of the onset
temperature of the melting peak of indium and benzoic acid, as ex-
plained elsewhere.27 The enthalpy scale was also calibrated using
indium (enthalpy of fusion: DfusH = 28.71 J g�1).

3. Results and discussion

The DSC melting peak of our samples of gentiobiose occurred
with an onset at Ton = (185.2 ± 0.1) �C and a maximum intensity
at Tmax = (194.9 ± 0.2) �C, which compares well with the value of
the melting temperature Tm = 196 �C reported in the literature.28

In this work the melting enthalpy was DfusH = (54.7 ± 0.5) kJ mol�1

(average of six values). The calorimetric glass transition tempera-
ture was found to be Tg = 86 �C (on heating at 10 �C min�1), signif-
icantly lower compared with the value Tg = 100.8 �C found in the
literature.28 The heat capacity jump at the glass transition is
DCp = (0.73 ± 0.01) J K�1 g�1 = (249.9 ± 3.4) kJ mol�1 (average of 58
experiments, where the uncertainty indicated corresponds to the
standard deviation of the mean).

According to the literature,29 the melting of cellobiose is accom-
panied by decomposition. We found an onset at Ton = (236.4 ± 0.7) �C
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Figure 3. Activation enthalpy of the partial polarization peaks of the slow mobility
of amorphous gentiobiose and cellobiose, as a function of the peak location, Tm. Full
symbols (circles for cellobiose and triangles for gentiobiose) are relative to the slow
mobility represented in Figure 2. Open symbols (circles and triangles, respectively,
for cellobiose and gentiobiose) are relative to the mobility found at higher
temperature, which is represented in Figure 4. The continuous line corresponds
to the zero entropy prediction.
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and a maximum intensity of the DSC melting peak at
Tmax = (241.9 ± 0.7) �C, in good agreement with the values published
in the literature.29–31 The calorimetric glass transition temperature
in the lyophilized cellobiose was found to be Tg = 99 �C with a heat
capacity jump DCp = (0.38 ± 0.01) J K�1 g�1 = (132.2 ± 3.3) kJ mol�1.
This Tg value is higher than some values reported in the literature
(Tg = 62 �C and Tg = 77 �C31), but in reasonable agreement with the
one published by Miller and co-workers28 (Tg = 108.1 �C).

3.1. Molecular mobility in amorphous cellobiose and
gentiobiose

The amorphous samples were studied by TSDC in the tempera-
ture range between �165 �C and 125 �C (108–398 K). Both amor-
phous samples show a broad sub-Tg relaxation peak that extends
from the lower accessible temperature (�165 �C) to room temper-
ature, as presented in Figure 2. Let us note from the figure that this
broad and well-defined sub-Tg relaxation peak, which is not pres-
ent in the crystalline phases, displays a clear structure with differ-
ent intensities in different temperature regions, revealing a
hierarchy of the molecular motions.

The activation enthalpies of the partial polarization components
of the molecular mobility shown in Figure 2 are displayed in Figure 3
for gentiobiose (full triangles) and cellobiose (full circles) as a func-
tion of the peak’s location, Tm. The activation enthalpies were found
to be distributed between 29 and 48 kJ mol�1 for both molecules, in
agreement with the values of the Arrhenius activation energy of
(32.8 ± 0.5) kJ mol�1 for cellobiose and (34.0 ± 1.0) kJ mol�1 for gen-
tiobiose reported by Meißner32 and obtained by dielectric relaxation
spectroscopy.

Since the points are in the proximity of the line describing the
zero entropy behavior, we conclude that we are in the presence
of a secondary relaxation, that is, that these molecular mobility
modes corresponding to the peaks in Figure 2 are low amplitude
motions with a localized and non-cooperative nature.

Besides the secondary relaxation referred before, the TSDC
spectrum of gentiobiose and cellobiose also showed another sub-
Tg process in the temperature range between 20 and 90 �C (293–
363 K, see Fig. 4). However, this relaxation peak showed a poor
reproducibility, with intensity and shape changing significantly
even if the experimental protocol was the same, so that we cannot
ensure that it corresponds to a true dipolar relaxation. A relaxation
with similar features was reported previously for trehalose16 and
D-salicin.33 The analysis of the partial polarization peaks indicated
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Figure 2. Partial polarization components of the slow mobility of amorphous gentiobios
268 K in the case of gentiobiose and from 133 to 268 K in the case of cellobiose, w
Ep = 450 V mm�1; polarization time tp = 5 min; width of the polarization window DT = 2
that the motional modes have activation enthalpies distributed be-
tween 70 and 120 kJ mol�1 and negligible activation entropies. In
Figure 3 the empty triangles refer to amorphous gentiobiose and
the empty circles refer to amorphous cellobiose. Pre-Tg signals
have also been observed by DSC, which seem to correspond to
thermally activated processes (the temperature location of the sig-
nals increases with increasing heating rate).34,35 The attribution of
these signals at the molecular level is however a controversial
subject.

Another unexpected TSDC result found in amorphous cellobiose
and gentiobiose is the absence of any relaxation peak attributable
to the glass transition relaxation. In fact, no depolarization signal is
observed in the temperature region where the glass transition peak
should appear (90–100 �C). This behavior found for cellobiose and
gentiobiose was also observed and reported before for trehalose16

and D-salicin.33 There are some indications in the literature that
eventually corroborate (but do not explain) our intriguing observa-
tion. For example, the statements that ‘in contrast to glucose, tre-
halose samples did not exhibit a-relaxation peaks’36 and, in the
same paper, that ‘attempts to remove this component (conductiv-
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e (left) and cellobiose (right) obtained with polarization temperatures from 143 to
ith intervals of 5 K. Experimental conditions: strength of the polarization field
K; heating rate r = 4 K min�1.



280 300 320 340 360
0

500

1000

1500

2000

2500

3000

3500

4000

4500

280 300 320 340 360 380
0

100

200

300

400

500

600

700

800

900

1000
I x

 1
014

 /A

I x
 1

014
 /A

T /K T /K

Figure 4. Partial polarization components of the slow mobility of amorphous gentiobiose (left) and cellobiose (right) obtained with polarization temperatures from 303 to
353 K in the case of gentiobiose and from 293 to 323 K in the case of cellobiose, with alternated intervals of 2 and 3 K. Experimental condition: strength of the polarization
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ity) by purification of the sample or subtraction of the dc conduc-
tivity failed to reveal any underlying a-peaks’. Let us finally note
that cellobiose, gentiobiose, and trehalose are disaccharides with
two glucose constituent units, but with different position and type
of glycosidic linkage between them, suggesting that their common
behavior arises from structural factors. Moreover, it was also found
that the primary or a-relaxation, which is directly connected to the
glass transition, was not observed in cellulosic materials studied by
dielectric relaxation spectroscopy,37,38 and it was not detected by
TSDC in ethyl cellulose39 since it was hidden by a conductivity tail.
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Figure 5. Partial polarization components of the slow mobility of crystalline gentiobios
428 K in the case of gentiobiose and from 343 to 403 K in the case of cellobiose, w
Ep = 450 V mm�1; polarization time tp = 5 min; width of the polarization window DT = 2
3.2. Molecular mobility in crystalline cellobiose and gentiobiose

A complex relaxation peak was found in both crystalline cello-
biose and gentiobiose. The partial polarization peaks in Figure 5
correspond to the motional modes of gentiobiose (left) and cellobi-
ose (right) in the crystalline phase. A conductivity tail is apparent
at high temperatures. The analysis of the partial polarization peaks
shown in Figure 5 indicates that all mobilities found in crystalline
cellobiose and gentiobiose have similar kinetic parameters: activa-
tion enthalpies distributed between 70 and 125 kJ mol�1, negligi-
300 320 340 360 380 400 420 440

0

80

160

I x
 1

0 14
/A

T /K

Cellobiose

e (left) and cellobiose (right) obtained with polarization temperatures from 273 to
ith intervals of 5 K. Experimental conditions: strength of the polarization field
K; heating rate r = 4 K min�1.



1806 S. S. Pinto et al. / Carbohydrate Research 345 (2010) 1802–1807
ble activation entropies. These parameters are consistent with a lo-
cal and non-cooperative mobility.40,41

3.3. Aging effect on the secondary relaxation of gentiobiose

It is now well established that, among the so-called secondary
mobility, the Johari–Goldstein (JG) relaxation42 has specific fea-
tures, different from the trivial intramolecular character.

The JG relaxation corresponds to a sub-Tg small amplitude
mobility, with a localized and non-cooperative nature, but it is be-
lieved that it depends on the intermolecular interactions and in-
volves certain motions of the entire molecule as a whole.43

Several criteria exist to identify a JG relaxation.43 In recent works
we proposed a methodology to distinguish the Johari–Goldstein
relaxation from the other secondary relaxations, which is based
on the study by thermally stimulated depolarization currents of
the effect of physical aging on the secondary relaxations.16,44,45

In order to study the effect of aging on different motional compo-
nents of the complex secondary relaxation of gentiobiose (Fig. 2) we
choose two different partial polarization windows (with different
temperature locations in the TSDC spectrum) as probes to monitor
the evolution of the different mobilities with aging. Prior to each
experiment the sample was annealed at Ta = 70 �C (343 K, 16� below
the calorimetric glass transition, Tg) for different periods of aging
time, ta (usually 2, 5, 15, 30, 60, and 120 min). The two probes were
the partial polarization windows with Tp = �130 �C (143 K) and
�60 �C (213 K). Figure 6 shows the results of the effect of aging time
on the probe experiments. From this figure we can conclude that the
higher temperature probe is influenced by aging while the lower
temperature mobility is not. On the other hand, the aging effect on
peak 2 in Figure 6 leads to a decrease in intensity (and area, i.e., in
dielectric strength) as the aging time increases.

Since the Johari–Goldstein relaxation is affected by the thermal
history and aging times43, we believe that the faster motional
modes, that appear at lower temperatures (peak 1 in Fig. 6), and
that are not affected by aging, have an intramolecular origin. These
are local internal rotations that occur without significant interfer-
ence of the neighboring molecules. The slower motional modes
100 120 140 160 180 200 220 240 260 280

0

2

4

6

8

10

12

14

16

I x
 1

013
 /A

T /K

1

2

Figure 6. Effect of aging on different motional components of the secondary
relaxation of gentiobiose (partial polarization probes at Tp = 143 and 213 K).
Experimental condition: strength of the polarization field Ep = 450 V mm�1; polar-
ization time tp = 5 min; width of the polarization window DT = 2 K; heating rate
r = 4 K min�1; the aging temperature were Ta = 343 K and the aging times were, in
order of decrease intensity, ta = 0, 2, 5, 15, 30, 60 and 120 min. Since the
temperature never exceeded the 343 K in all experiments, the degree of aging of
the sample accumulates, so that the effective aging time corresponds to the
successive experiments is (ta)eff = 0, 2, 7, 22, 52, 112 and 232 min.
that appear at higher temperatures (peak 2 in Fig. 6) and are af-
fected by aging have probably an intermolecular origin and corre-
spond to the genuine b-relaxation or Johari–Goldstein relaxation.

From Figure 6 we also observe that the temperature location, Tm

(temperature of maximum intensity), of the probing peak 2 of the
Johari–Goldstein relaxation appears as essentially independent of
the aging time. This behavior was also found in other glass formers
such as trehalose16, sorbitol45, iditol44, ethyl cellulose39, and poly(-
vinyl acetate).46 Oppositely, aging affects the temperature location
of the TSDC peaks of the main relaxation.47–49 This observation
indicates that the distribution of the relaxation times of the a-
relaxation is modified by aging while that of the Johari–Goldstein
relaxation is not.

3.4. Glass transition and fragility

As underlined in a previous section the technique of thermally
stimulated depolarization currents is not able to detect any relax-
ation peak attributable to the glass transition relaxation in amor-
phous cellobiose and gentiobiose. However, the calorimetric
signature of the main relaxation of these two glass formers can
be easily and clearly obtained by differential scanning calorimetry
(DSC). We thus decided to use DSC to characterize the glass transi-
tion in cellobiose and gentiobiose.

The dependence of Tg on heating or cooling rate of a DSC exper-
iment allows the determination of the activation energy of struc-
tural relaxation at Tg, Ea(Tg)50–52, according to

d ln jqj
d 1=Tg

¼ � Ea

R
ð1Þ

where Ea is the activation energy for the relaxation times control-
ling the structural enthalpy relaxation. On the other hand, the fra-
gility index of a glass-forming system can be estimated from the
activation energy at the glass transition temperature. The fragility
parameter, m, of a glass-forming system, was proposed by Angell
and is defined as the slope of the log s (T) versus Tg/T line at the
glass transition temperature, that is, at T = Tg

53,54

m ¼ d log10s ðTÞ
d ðTg=TÞ

� �
T¼Tg

ð2Þ

where s is the structural relaxation time which slows down to �100
s at Tg. Eq. (2) can be expressed in terms of the apparent activation
energy, Ea, as

m ¼ 1
2:303

Ea ðTgÞ
RTg

� �
ð3Þ

We will thus analyze the influence of the heating rate on the on-
set temperature, Ton, of the DSC glass transition signal. In order to
use Eq. (1) to estimate the activation energy of structural relaxa-
tion at Tg, Ea (Tg), the experimental protocol was such that the
supercooled liquid was cooled down through Tg to the glassy state
(vitrification) at the same rate as the subsequent reheating for the
measuring heating ramp.50 The results of our experiments on the
influence of the heating rate on the onset temperature, Ton, of the
glass transition signal of cellobiose and gentiobiose are shown in
Figure 7 as an ‘Arrhenius plot’ (ln |q| as a function of 1/T). A rela-
tively large scattering of the data points is observed; however,
the large number of these data points reveals the general linear
tendency in both cases.

From the linear regression we obtained an activation energy of
Ea = 400 kJ mol�1 (standard deviation of ±55 kJ mol�1) for cellobi-
ose and Ea = 412 kJ mol�1 (standard deviation of ±47 kJ mol�1) for
gentiobiose. The calculated values of the fragility index were
m = 56 and 60, respectively (the values Tg = 372 K for cellobiose
and Tg = 359 K for gentiobiose, at 10 K min�1 on heating, were con-
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sidered in the calculation of m), indicating that these disaccharides
are moderately fragile liquids.
4. Conclusions

The mobility in the amorphous solid cellobiose and gentiobiose
showed a broad and complex secondary relaxation revealing a
clear structuration with two kinds of molecular motions, and with
activation energies distributed between 29 and 48 kJ mol�1. It was
found that the lower temperature components of this complex sec-
ondary mobility are aging independent and correspond to the c or
fast b-relaxation, while the higher temperature components are
affected by aging and correspond to the slow b or Johari–Goldstein
relaxation. An unexpected and intriguing feature of the TSDC ther-
mogramme of cellobiose and gentiobiose is that no depolarization
signal is present in the glass transformation region. Trehalose dis-
plays the same behavior. Research focused on this problem is
needed to understand this uncommon behavior.

The steepness index or fragility, m, of cellobiose and gentiobiose
was determined by DSC based on the scanning rate dependency of
Tg, indicating that these disaccharides are moderately fragile
liquids.
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