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Calorimetric and relaxation properties of xylitol-water mixtures
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We present the first broadband dielectric spectroscopy (BDS) and differential scanning calorimetry
study of supercooled xylitol-water mixtures in the whole concentration range and in wide frequency
(10−2–106 Hz) and temperature (120–365 K) ranges. The calorimetric glass transition, Tg, decreases
from 247 K for pure xylitol to about 181 K at a water concentration of approximately 37 wt. %.
At water concentrations in the range 29–35 wt. % a plentiful calorimetric behaviour is observed.
In addition to the glass transition, almost simultaneous crystallization and melting events occurring
around 230–240 K. At higher water concentrations ice is formed during cooling and the glass transi-
tion temperature increases to a steady value of about 200 K for all higher water concentrations. This
Tg corresponds to an unfrozen xylitol-water solution containing 20 wt. % water. In addition to the
true glass transition we also observed a glass transition-like feature at 220 K for all the ice containing
samples. However, this feature is more likely due to ice dissolution [A. Inaba and O. Andersson, Ther-
mochim. Acta, 461, 44 (2007)]. In the case of the BDS measurements the presence of water clearly
has an effect on both the cooperative α-relaxation and the secondary β-relaxation. The α-relaxation
shows a non-Arrhenius temperature dependence and becomes faster with increasing concentration of
water. The fragility of the solutions, determined by the temperature dependence of the α-relaxation
close to the dynamic glass transition, decreases with increasing water content up to about 26 wt. %
water, where ice starts to form. This decrease in fragility with increasing water content is most likely
caused by the increasing density of hydrogen bonds, forming a network-like structure in the deeply
supercooled regime. The intensity of the secondary β-relaxation of xylitol decreases noticeably al-
ready at a water content of 2 wt. %, and at a water content above 5 wt. % it has been replaced by
a considerably stronger water (w) relaxation at about the same frequency. However, the similarities
in time scale and activation energy between the w-relaxation and the β-relaxation of xylitol at water
contents below 13 wt. % suggest that the w-relaxation is governed, in some way, by the β-relaxation
of xylitol, since clusters of water molecules are rare at these water concentrations. At higher water
concentrations the intensity and relaxation rate of the w-relaxation increase rapidly with increasing
water content (up to the concentration where ice starts to form), most likely due to a rapid increase
of small water clusters where an increasing number of water molecules interacting with other water
molecules. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3692609]

I. INTRODUCTION

Water covers almost two thirds of the surface of our
planet and it is the most important substance on earth, with-
out which life, as we know it, would not be possible. Wa-
ter exhibits also many peculiar properties, such as unusually
high surface tension and heat capacity, and a density maxi-
mum at a temperature of 4 K above its melting temperature.
Both these peculiar properties of water and its related biolog-
ical importance are due to the hydrogen bonds between the
molecules. Thus, hydrogen bonds play an essential role not
only for the structural and dynamical properties of water but
also for the properties of other hydrogen bonded liquids as
well as aqueous solutions and mixtures of hydrogen bonded
liquids. However, despite intensive research in recent years on
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hydrogen bonded liquids the detailed role of hydrogen bonds
is still only poorly understood and therefore further structural
and dynamic studies are needed to clarify the many mysteri-
ous properties of these intermolecular interactions. Both pure
water and different types of aqueous mixtures are important
model systems to understand the physical and chemical nature
of hydrogen bonds.

One such model system is xylitol mixed with water. This
system has, furthermore, many applications in food materi-
als, such as chewing gum, mints, jellies, and chocolate,1, 2

as well as in hygienic products such as toothpastes and
mouthwashes.3, 4 These applications have stimulated a few
studies of xylitol-water mixtures in the supercooled state,
with the aim to elucidate how the α- and β-relaxations of
xylitol are affected by the introduction of water.5, 6 In an-
hydrous materials the secondary β-relaxation process is of
Johari-Goldstein character.7 When water is added to the ma-
terial this β-relaxation becomes difficult to observe due to
the presence of a water (w) relaxation in the same fre-
quency range.8–14 In Ref. 6 the authors observed that the
α-relaxation speeds up with increasing concentration of
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water, while the Johari-Goldstein β-relaxation remained prac-
tically unchanged. There has also been similar studies on
other aqueous mixtures, such as water mixed with sorbitol,5, 15

glycerol,8, 16 fructose,17 glucose, fructose and sucrose,18 and
n-propylene glycol.9 In all these studies the addition of wa-
ter to the glass-forming material gives rise to a specific water
relaxation in the glassy state of the solution. However, this w-
relaxation, due to reorientational motions of water molecules,
has shown slightly different behaviours in the different sys-
tems and the water has also had different effects on the glass
transition related α-relaxation.10 In Ref. 10 it was observed
that when water was mixed with propylene glycol (PG), hav-
ing two hydroxyl (OH) end-groups, both the α- and the w-
relaxation became faster with increasing water concentration
at temperatures near Tg, but an opposite behaviour was ob-
served for the α-relaxation in propylene glycol monomethyl
ethers (n-PGME), having only one OH end-group. This slow-
ing down of the α-relaxation in n-PGME with increasing
water content (up to a certain water concentration) can be ex-
plained in terms of a water induced grows of effective relax-
ing entities.19 In pure n-PGME the molecules tend to form
pairs connected with their OH end-groups,20 and these pairs
of molecules relax as single entities. However, when water is
added the water molecules have a larger tendency to interact
with the OH end-groups of the n-PGME molecules, thereby
forming bridges between two n-PGME molecules. This in-
creases the size of the effective relaxing entities, which, in
turn, slows down the α-relaxation and increases the related
glass transition temperature.19, 21

In this study we have used differential scanning calorime-
try (DSC) and broadband dielectric spectroscopy (BDS) to
study the calorimetric and relaxation behaviours of xylitol
and xylitol-water mixtures in the broad temperature range
120–365 K. As far as we are aware of, this is the first such
study over the whole concentration range, and this has led
to that we have observed new calorimetric and relaxation be-
haviours in the supercooled regime. Thus, compared to the
previous xylitol-water studies5, 6 we have gone to consider-
ably higher water concentrations (only water concentrations
up to 10 wt. % was studied with BDS in Ref. 5) and have
therefore been able to study the concentration behaviour of
the w-relaxation in more detail, as well as investigating what
is happening at high water contents when the solution be-
comes partially crystalline. At such high water concentrations
our DSC studies show a complex calorimetric behaviour sim-
ilar to what previously16 have been obtained for the related
glycerol-water system. At high water concentrations, where
the solution is partially crystalline (i.e., ice particles have been
formed), we observe two glass-transition-like features. How-
ever, in analogy to the interpretations made in Ref. 16 only
the feature at the lower temperature is due to a true glass
transition, whereas the other feature is due to dissolution of
ice with increasing temperature. Furthermore, at moderate
and high water concentrations the BDS data show that the
secondary dielectric relaxation, caused by water, is strongly
dependent on the water concentration. This finding is in con-
trast to what could be concluded from the limited concentra-
tion range studied in Ref. 5, but in agreement to what has
been found for other aqueous mixtures, such as n-propylene

glycol,9, 10 ribose,22 and deoxyribose22 mixed with water. The
reason for the rapidly increase of its relaxation rate and inten-
sity with increasing water concentration is discussed.

II. MATERIALS AND METHODS

We have investigated mixtures of xylitol (C5H12O5)
(≥99% purity, purchased from Sigma, C.A.S number (87-99-
0)) and double distilled water (Milli-Q water) over a broad
concentration range from pure xylitol up to 80 wt. % water.
The boiling, melting, and glass transition temperature for pure
xylitol are 489 K, 367 K, and 247 K, respectively.23, 24 Dielec-
tric measurements were performed on a broadband dielectric
spectrometer from Novocontrol, equipped with a Novocon-
trol Alfa-S High Resolution Dielectric Analyser. The mea-
surements were performed in the frequency and temperature
ranges 10−2–106 Hz and 120–365 K, respectively. The tem-
perature was controlled using a nitrogen gas cryostat, with
temperature stabilization better than ±0.2 K. Frequency scans
were made at every fifth degree. Before each measurement the
sample was ultrasonificated long enough (several minutes) to
get a homogenous liquid before it was placed between two
gold-plated brass electrodes of diameter 20 mm. The sample
thickness was for all measurements 0.1 mm as determined by
silica spacer fibres.

The TA Instrument DSC Q1000 was used to study ther-
mal events in our samples, i.e., glass transitions, crystal-
lizations, and melting events. The samples (3–25 mg) were
placed in hermetically sealed aluminum pans and cooled from
313 K to 93 K at a rate of −30 K min−1, before the actual
measurements were performed during reheating at a rate of
10 K min−1. The glass transition temperature of each sample
was determined as the onset of the step in heat capacity.

III. RESULTS AND DISCUSSION

A. Differential scanning calorimetry measurements

The calorimetric glass transition for xylitol and its mix-
tures with water are shown in Fig. 1. The Tg of pure xylitol
is located at 247 K, which is in good agreement with previ-
ous studies.23, 24 With increasing water concentration Tg de-
creases steadily until the water content is sufficiently high
(≥37 wt. %) to cause ice formation already during the cool-
ing procedure (not shown) of the samples. At intermediate
water concentrations (29–35 wt. %) there is no crystallization
during the cooling scan, such that Tg continuous to decrease
down to 181 K (see Fig. 2 for the concentration dependence
of Tg). In the heating scan almost simultaneous crystallization
and melting events occur around 230–240 K (denoted pro-
cess 2 in Figs. 1 and 2). The amount of water that crystallize
and thereafter melt increases dramatically in the concentration
range from 29 to 37 wt. % water, and the two events become
also more separated in temperature. At 37 wt. % water two
glass transition temperatures are actually observed, the lower
one is located at 181 K, i.e., close to the Tg of the sample with
35 wt. % water, whereas the higher Tg is located at about
200 K, see also Fig. 2. The value of the higher Tg is observed
also for a sample of 20 wt. % water, as shown in Fig. 2, as



104508-3 Elamin et al. J. Chem. Phys. 136, 104508 (2012)

FIG. 1. DSC heating scans of xylitol-water mixtures at different weight frac-
tions of water. (a) Low water concentrations up to 37 wt. %. (b) High water
concentrations from 37 wt. % up to 80 wt. %. Tg denotes the glass transi-
tion temperature, processes 2 is due to almost simultaneous crystallization
and melting events, and process 3 arises from dissolution of ice. The curves
have been vertically shifted for clarity (0 wt. % no shift, 5 wt. % shifted by
−0.03 W/g, 29 wt. % shifted by −0.02 W/g, 31 wt. % shifted by −0.12 W/g,
35 wt. % shifted by −0.09 W/g, 37 wt. % shifted by −0.19 W/g, 46 wt. %
shifted by −0.09 W/g, 64 wt. % shifted by −0.29 W/g, 80 wt. % shifted by
−0.55 W/g).

well as for all the samples of higher water content, i.e., for
all the samples which undergo partial crystallization already
during the cooling scan. This Tg reflects the glass transition
of a maximally freeze-concentrated solution, which then con-
tains 20 wt. % water. Thus, for all the samples with more than
37 wt. % water the unfrozen solution contains 20 wt. % water,
and the remaining water is located in ice particles. The pres-
ence of two Tg for the solution with 37 wt. % water then indi-
cates that one macroscopic part of the sample is unfrozen and
has a water concentration close to these 37 wt. %, whereas the
other part of the sample is partially crystalline with an effec-
tive concentration of unfrozen water of about 20 wt. %. This
observation further implies that the concentration of 37 wt. %
water is really the upper limit for which crystallization can be
avoided at a cooling rate of 30 K min−1.

At the highest water concentrations, above 37 wt. %, we
can see in Fig. 1(b) that there is another glass-transition-like

FIG. 2. Concentration dependences of the glass transition temperature, as
obtained from DSC and BDS, and the two calorimetric processes 2 and 3
due to almost simultaneous crystallization and melting events and ice dis-
sociation, respectively. The inset shows a Gordon-Taylor fit to the concentra-
tion dependence of the glass transition temperature in the concentration range
where no ice is formed.

feature at about 220 K (denoted process 3 in Fig. 2). How-
ever, from the careful analysis and discussion made by Inaba
and Andersson in Ref. 16 it is most likely that this calorimet-
ric feature is not due to a glass transition, but rather due to
dissolution of ice. As for the samples with 29–35 wt. % wa-
ter, where no crystallization occur during the cooling scan,
cold crystallization occurs near 220 K. Thus, the total amount
of ice increases further from the amount produced during the
cooling scan. However, upon further heating this supplemen-
tary ice will no longer be stable due to that dissolution is
energetically more favourable. The reason for this is that the
ice particles formed during the cold crystallization will melt
according to the extrapolated equilibrium melting line of the
xylitol-water system.

In Fig. 2 the calorimetric glass transition temperature is
also compared with the dynamic glass transition, i.e., the tem-
perature where the viscosity related structural (α) relaxation
reaches a time scale of 100 s,25 as obtained by BDS (see
below). Comparisons can be made for solutions with water
concentrations up to 29 wt. %, where good agreements be-
tween the two differently obtained Tg-values can be found, as
also shown in Table I. At higher water contents a substantial
amount of ice is formed in the dielectric measurements, and
comparisons with calorimetric Tg can therefore not be made.
The inset of Fig. 2 shows a Gordon-Taylor fit to the concen-
tration dependence of the glass transition temperature in the
concentration range where no ice is formed. Possible implica-
tions of this fit are further discussed below.

B. Broadband dielectric spectroscopy measurements

The imaginary part of the permittivity as a function
of frequency is shown in Fig. 3 for the sample containing
20 wt. % water. At the lowest temperatures up to 190 K
only one dielectric loss peak, due to a relaxation process, can
be observed. More exactly this loss peak is caused by the
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TABLE I. Shape parameters a and b from the Havriliak-Negami function used to describe the structural α-
relaxation of xylitol-water mixtures. The values are averaged over the whole temperature range where the α-
relaxation could be clearly observed. Also shown are the glass transition temperatures determined from BDS and
DSC, as well as the fragility index m.

Shape parameter a Shape parameter b Fragility index m Tg (BDS) K Tg (DSC) K

Xylitol 0.93 ± 0.04 0.30 ± 0.05 87 247 247
Xylitol 2 wt. % H2O 0.92 ± 0.06 0.29 ± 0.05 81 243 245
Xylitol 5 wt. % H2O 0.78 ± 0.02 0.37 ± 0.03 78 234 238
Xylitol 13 wt. % H2O 0.66 − 0.05 0.42 − 0.04 76 221 221
Xylitol 20 wt. % H2O 0.53 ± 0.05 0.44 ± 0.06 72 208 203
Xylitol 26 wt. % H2O 0.38 ± 0.03 0.85 ± 0.06 78 200 198
Xylitol 29 wt. % H2O 0.46 − 0.05 0.72 ± 0.06 82 195 190
Xylitol 31 wt. % H2O 0.54 ± 0.06 0.82 ± 0.08 . . . . . . 187

water (w) relaxation mentioned above, in accordance with
previous studies of aqueous solutions.8–12 With increasing
temperature a second loss peak moves into the experimental
frequency window at the same time as the w-relaxation moves
to higher frequencies. This second peak is due to the structural
α-relaxation. In Fig. 3 it is also evident that the temperature
dependence of the α-relaxation is much stronger than for the
w-relaxation at low temperatures, and therefore the two pro-
cesses merge at about 230 K, where only one broad relaxation
process can be clearly observed. At these high temperatures
also conductivity and polarization (evident from the real part
of the permittivity, not shown) effects are giving strong con-
tributions to the data in the low frequency region.

In Fig. 4 we focus on the concentration dependence of the
w-relaxation, by showing the imaginary part of the permittiv-
ity as a function of frequency for samples of different water
contents at a given temperature of 190 K. However, due to the
presence of an intrinsic secondary (β) relaxation of pure xyli-
tol at almost exactly the same frequency as the w-relaxation it
is not possible to determine whether the observed loss peak at
low water contents should be considered as the β-relaxation
of xylitol or as a relaxation process caused by the added

FIG. 3. Dielectric loss spectra of glass forming xylitol with 20 wt. % water
at selected temperatures given in the figure.

water. Thus, the exact “crossover concentration” from a xyl-
itol dominated process to a water dominated cannot be fully
established. An indication of that this “crossover” occurs at a
very low water concentration is, however, obtained from the
observation that the intensity of the loss peak does not in-
crease with increasing water content at the lowest water con-
centrations. This is clearly seen in Fig. 4, which shows that
the intensity of the secondary relaxation is lowest when 2
wt. % water has been added to xylitol. Thus, a small quan-
tity of added water seems to efficiently suppress the intrin-
sic β-relaxation of xylitol, as previously also has been ob-
served for small quantities of water added to tripropylene
glycol.26 It is not until the water concentration has increased
to 5 wt. % as this secondary relaxation has become as strong
as the β-relaxation of pure xylitol. This observation suggests
that the contribution from xylitol to this process decreases
rapidly with increasing water content, and that the process
is dominated by water even at such a low water concentra-
tion as 5 wt. %. However, it should be noted that this as-
sumed water relaxation at a water content of about 5 wt. % is

FIG. 4. Dielectric loss spectra of xylitol and xylitol-water mixtures of dif-
ferent water contents, at T = 190 K. The weight fraction of water in each
sample is given in the figure. The inset shows how the intensity of the w
(or β) relaxation changes with the water concentration. Partial crystallization
is responsible for the decrease in intensity at concentrations above 20 wt. %.



104508-5 Elamin et al. J. Chem. Phys. 136, 104508 (2012)

considerably more similar (similar peak shape, relaxation
time, and activation energy) to the intrinsic β-relaxation of
pure xylitol than to the typical relaxation of water in confine-
ments or solutions of high water concentrations.12 This indi-
cates that the w-relaxation is, at least partly, caused by the
same underlying dynamics as is responsible for the intrinsic
β-relaxation of xylitol. At higher water concentrations the in-
tensity of the w-relaxation increases rapidly with increasing
water content up to about 26 wt. % water, where it starts to
decrease. The reason for this decrease is probably that ice par-
ticles start to form at these relatively high water contents (29
and 31 wt. %), as indicated by the almost simultaneous crys-
tallization and melting events on heating in the DSC measure-
ments. However, despite that ice particles most likely have
been formed at these water concentrations the w-process con-
tinues to speed-up (i.e., shift to higher frequencies) with in-
creasing water content. The reason for this speeding-up of
the w-relaxation, despite that the amount of unfrozen water
has decreased, is likely that the water molecules interacting
with the ice particles exhibit a faster relaxation than water
molecules mainly or partly interacting with xylitol molecules.
However, as will be shown below, also the α-relaxation con-
tinues to speed-up with increasing water content up to 31 wt.
% water, which suggests that the amount of ice is rather low at
this water concentration, in contrast to water contents above
37 wt. % for which the calorimetric Tg increases dramatically
when ice is formed during the cooling scan, as shown above.

We use standard fit functions to describe the spectra:
a power law for the dc-conductivity, a Havriliak-Negami
function27 for the α-process and a Cole-Cole function28 for
the w-relaxation, as shown in Fig. 5. Thus, for each sample
and temperature the total fit function is given by

ε′′(ω) = σ

iε0ω
+ �εα

(1 + (iωτα)a)b + �εw

1 + (iωτw)a , (1)

FIG. 5. Dielectric loss spectra of glass forming xylitol with 20 wt. % water
at 215 K. The solid line is the resulting fit to the experimental data, using
Eq. (1). See the main text for further details about the fitting procedure.

TABLE II. Some fit parameters for the fast w (or β) relaxation of xylitol-
water mixtures. The shape parameter a is from the Cole-Cole function and
τ 0 and Ea are from the Arrhenius equation describing the temperature depen-
dence of the relaxation time.

τ 0 (s) Shape parameter a Ea (kJ/mol)

Xylitol 10−20 0.17 ± 0.02 64
Xylitol 2 wt. % H2O 10−20 0.17 ± 0.03 64
Xylitol 5 wt. % H2O 10−20 0.19 ± 0.02 69
Xylitol 13 wt. % H2O 10−22 0.23 ± 0.03 74
Xylitol 20 wt. % H2O 10−20 0.34 ± 0.03 68
Xylitol 26 wt. % H2O 10−19 0.38 ± 0.02 62
Xylitol 29 wt. % H2O 10−19 0.44 ± 0.03 59
Xylitol 31 wt. % H2O 10−16 0.48 ± 0.03 47

where ω = 2π f is the angular frequency, σ is the dc con-
ductivity, τα and τw are the relaxation times for the α and w
(or β) relaxation, respectively, �εa and �εw are the dielectric
strengths of the same processes, and a and b are the shape pa-
rameters that determine the symmetric and asymmetric broad-
ening of the relaxation peaks, respectively. Some fit parame-
ters for the α and w (or β) relaxations are given in Tables I
and II, respectively. In Table I it can be seen that the shape pa-
rameters a and b change substantially with increasing water
concentration. However, as seen in Fig. 6, where the peak fre-
quency and peak intensity of the α-relaxation have been nor-
malized to the same value for all water concentrations, the dif-
ference in shape of the of the α-relaxation is not as dramatic
as the changes of the shape parameters may indicate. The sub-
stantial increase of the symmetric broadening (decrease of
a) with increasing water content is to some extent compen-
sated by a decrease of the asymmetric broadening (increase
of b) on the high frequency side of the peak. The apparent
increase of the symmetric broadening may, on the low fre-
quency side of the peak, partly be caused by an increasing
contribution from conductivity with increasing water content.

FIG. 6. Concentration dependence of the shape of the structural (α) relax-
ation. All dielectric loss peaks have been normalized to the same peak inten-
sity and peak frequency as the loss peak of the sample with 20 wt. % water.
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FIG. 7. Temperature dependences of the relaxation processes obtained for
xylitol-water mixtures with weight fractions of water as given in the figure.
The low temperature dependence of the w (or β) relaxation time has been
fitted by the Arrhenius equation (Eq. (3)), while the VFT equation (Eq. (2))
was used to describe the temperature dependence of the α-relaxation time.
The fits are given by solid lines. Note that the temperature dependence of
the observed w (or β) relaxation time increases substantially at a temperature
close to the merging with the cooperative α-relaxation. Possible reasons for
this change of activation energy are discussed in the text.

From the curve fitting procedure we obtain the temper-
ature dependent relaxation times of the α and w (or β) re-
laxations, as shown in Fig. 7. As usual, the α and w (or β)
relaxations can be distinguished by their temperature de-
pendences. The viscosity related α-relaxation shows a non-
Arrhenius type temperature dependence that is well described
by the Vogel-Fulcher-Tammann (VFT) function:29–31

τα = τ0exp

(
DT0

T − T0

)
, (2)

where τ 0 is the relaxation time extrapolated to infinite tem-
perature, T0 is the temperature where the relaxation time τ

extrapolates to infinity. The parameter D determines the devi-
ation from Arrhenius temperature dependence, and is related
to the fragility of the glass forming liquid. Another estimate
of the fragility of the solutions is obtained by calculating the
fragility index m, defined as

m = d(logτα)

d(Tg/T)

∣∣∣∣
T=Tg,100 s

, (3)

which measures how rapid τα changes with temperature at the
dynamics glass transition temperature. In Table I it is shown
that the fragility index decreases with increasing water con-
centration as long as no ice is formed, i.e., up to about 26 wt.
% water. Thus, the addition of water to xylitol makes the su-
percooled liquid less fragile, in accordance to previous studies
of similar hydrogen bonded aqueous solutions,5, 22, 32, 33 likely
due to the increased concentration of hydrogen bonds, which
give rise to a network-like structure close to Tg.

The w (or β) relaxation is only observed in the deeply
supercooled and glassy regimes where it is located at a higher
frequency than the structural α-relaxation. Its temperature

dependence is given by the Arrhenius equation:

τβ = τ0exp

(
Ea

kBT

)
, (4)

where Ea is the activation energy of the relaxation process.
The values we obtain for τ 0 and Ea are given in Table II. It
should here be noted that at water concentrations up to at least
20 wt. % the activation energy of the w-process is unusually
high, compared to most water containing systems (see, e.g.,
Ref. 12). The reason for this is probably the relatively high ac-
tivation energy of the intrinsic β-relaxation of xylitol in com-
bination with a likely coupling between the w-relaxation and
the β-relaxation in this system, at least at water concentrations
up to 13 wt. % for which also the time scale of the two pro-
cesses is almost the same, as shown in Fig. 7. Thus, it seems
as the w-relaxation to a large extent is affected by the intrinsic
β-relaxation of xylitol at low water concentrations.

In Fig. 7 it is seen that both the α-relaxation and the w
(or β) relaxation become faster with increasing water concen-
tration, except at low water contents (≤13 wt. %) where the
w (or β) relaxation is basically independent of the water con-
centration. In addition to the speeding up of the w-relaxation
at high water contents its activation energy at low tempera-
tures decreases substantially and the process becomes con-
siderably narrower in frequency (i.e., the fit parameter a in-
creases with increasing water content), as seen in Table II.
Note also that the temperature dependence of the observed w
(or β) relaxation time increases substantially at a temperature
close to the merging with the cooperative α-relaxation. Such
increase in activation energy is commonly observed when the
time scale of a secondary relaxation process approached that
of the α-relaxation, which typically occurs around the glass
transition temperature of the glass forming material. How-
ever, the physical origin of this observed change in activation
energy has been a matter of discussion.34–40 It can, of course,
be explained by a change in relaxation mechanism and associ-
ated activation energy at Tg,38 but it can in our case be equally
well explained by Williams ansatz,39 where it is mathemati-
cally shown that the observed effective β-relaxation changes
when its time scale approaches that of the α-relaxation, even
if the activation energy of the true β-relaxation remains the
same above Tg.40 Thus, the merging scenario gives rise to
the observed change in activation energy of the effective w
(or β) relaxation even if the relaxation mechanism of the true
w (or β) relaxation remains the same above Tg.

In contrast to the observations in Ref. 5, where only so-
lutions with water contents up to 10 wt. % was studied, our
results show that the intrinsic β-relaxation of xylitol is consid-
erably broader in frequency than the w-relaxation at higher
water contents, but also that the water molecules mainly in-
teracting with xylitol (as is the case at low water contents) are
significantly less mobile than water molecules mainly inter-
acting with other water molecules (as is the case at the higher
water contents). The fact that ice clusters start to form at a wa-
ter concentration of about 30 wt. % is, indeed, a good proof
that water clusters of substantial sizes are formed at such con-
centrations. In hard cylindrical confinements ice formation
is avoided for pore sizes as large as 21 Å,41 which implies
that relatively large water clusters have to be formed before
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the nucleation process starts. Thus, it is clear that the typ-
ical local environment of a water molecule changes drasti-
cally from being “isolated” in a network of hydrogen bonded
xylitol molecules, and therefore governed by the intrinsic
β-relaxation of xylitol at very low water contents, to partic-
ipating in a network of mainly surrounding water molecules,
at concentrations close to 30 wt. % water, and that this change
in local environment is reflected as a decrease in activa-
tion energy and a narrowing and speeding up of the water
relaxation.

As mentioned above, the dynamic glass transition tem-
perature can be determined from the temperature dependent
α-relaxation as the temperature where this process reaches a
time scale of 100 s.25 The so obtained Tg-values are com-
pared with the calorimetrically obtained Tg-values in Fig. 2
and Table I. The two differently obtained Tg-values are in
good agreement and shown to rapidly decrease with increas-
ing water content in the concentration range up to about
30 wt. % water where ice formation can be avoided even
in the BDS measurements. This implies that water acts as a
plasticizer for xylitol, which has been shown to be the most
common effect water has on other hydrogen bonding glass
forming liquids.6, 9, 11, 18, 42 However, in cases when added wa-
ter molecules participate in the build-up of hydrogen bonded
supramolecular structures an opposite scenario can be ob-
served and Tg increases with increasing water content, up to
a certain water concentration.10, 19, 21 Since this is not the case
for xylitol-water mixtures the results indicate that a hydrogen
bonding network is formed in pure xylitol as well as in the
water containing samples. However, from a dynamic point of
view it is important to note that H-bonds are relatively weak
and only stable on a time-scale of a ps.43 This implies that net-
works of hydrogen bonded molecules are constantly changing
and allowing the molecules to relax through the structural α-
relaxation and one or several more local relaxation processes.
In the present xylitol-water system it is clear that the added
water molecules increase the network character, and thereby
also decrease the fragility, of the supercooled liquid, but, nev-
ertheless, the lower molecular weight of the water molecules,
compared to the xylitol molecules, makes the network of
H-bonded molecules more flexible and rapidly changing at
high water concentrations. This not only speeds up the vis-
cosity related α-relaxation at a given temperature but also
produces a more local and specific water relaxation, which
decouples from the α-relaxation close to Tg.

If Tg is extrapolated to pure water by the Gordon-Taylor
equation16, 44 a value of about 135 K is obtained, see the in-
set of Fig. 2. Although the Gordon-Taylor equation is not ac-
curately describing the concentration dependent glass transi-
tion temperature of all aqueous solutions,45 it describes the
Tg variation of the present xylitol-water mixtures to a good
accuracy in the available (i.e., unfrozen) concentration range.
Therefore, it may not be surprising that this possible Tg-value
of bulk water is in excellent agreement with the most accept-
able value of 136 K found in the literature.46 A similar sup-
port for a Tg-value around 136 K for bulk water was obtained
by Cappaccioli and Ngai47 in a recent study of a wide range
of water containing systems. They also reached the conclu-
sion that the Johari-Goldstein β-relaxation of water (denoted

w-relaxation in this paper) is close in relaxation time to the
α-relaxation at Tg and merges with it just above Tg. Since
the here observed w-relaxation in the sample of highest wa-
ter concentration (31 wt. %) is reaching a relaxation time of
100 s at about 136 K our results support their idea40 that α

and β of bulk water may be close in relaxation time at Tg.
It should, however, be noted that a slightly lower “freezing-
in temperature” of the w-relaxation had probably been
observed if substantial crystallization could be avoided in
samples of higher water concentrations, as also indicated
for the w-relaxation in a wide range of confinements.41, 48–52

The similarity of the Tg extrapolated to pure water and the
“freezing-in temperature” of the w-relaxation furthermore
suggests that the α-relaxation of the xylitol-water solution
extrapolates to the w-relaxation with increasing water con-
tent. However, as discussed in Ref. 53 and also indicated in
this study, this w-relaxation should not be considered to be a
viscosity related α-relaxation, but a more local secondary
relaxation process of possibly the Johari-Goldstein type.54

Therefore, it is still difficult to establish whether the as-
sumed glass transition that has been experimentally observed
at about 136 K46 for bulk water should be considered as a true
Tg of bulk water or be caused by the “freezing-in” of the more
local w-relaxation, as previously has been suggested.55

IV. CONCLUSIONS

The DSC measurements showed a complex calorimetric
behaviour of xylitol-water mixtures at water concentrations
above 29 wt. %, for which different types of crystallization
and melting events occurred in addition to the glass transi-
tion. The glass transition temperature decreased steadily with
increasing water content up to 37 wt. % water, where par-
tial crystallization of the water occurs already during the pre-
cooling of the samples. At higher water contents a constant
Tg of about 200 K was obtained, corresponding to a maxi-
mally freeze-concentrated solution of 20 wt. % water. In this
concentration range, where ice was formed during both the
pre-cooling and the heating of the samples, another glass-
transition-like feature was observed at about 220 K, but this
feature is most likely due to ice dissolution, since the ice par-
ticles formed during the cold crystallization will no longer
be energetically favourable and therefore melt according to
the extrapolated equilibrium melting line of the xylitol-water
system.

The dielectric results of xylitol mixed with water show
two relaxation processes, the α and w (or β) relaxation. Both
relaxations are strongly dependent on the water concentra-
tion of the xylitol-water mixture. The structural α-relaxation
speeds up with increasing water content simultaneously as
the fragility of the supercooled liquid decreases. The decrease
in fragility is caused by an increase in the density of hydro-
gen bonds, which gives rise to a more network-like structure,
whereas the speeding up of the α-relaxation is likely due to
the substantially lower molecular weight of water compared
to xylitol.

A small quantity of water added to xylitol seems to sup-
press the intrinsic β-relaxation of xylitol, and at water con-
tents above 5 wt. % the intrinsic β-relaxation is replaced by



104508-8 Elamin et al. J. Chem. Phys. 136, 104508 (2012)

a more intense water relaxation at a similar frequency. This
w-relaxation shows an Arrhenius temperature dependence,
as typical for local secondary relaxations, and its intensity
increases with increasing water concentration up to about
26 wt. % water. At low water concentrations (up to about
13 wt. %) it is very similar to the β-relaxation of xylitol, and
therefore most likely governed by the same underlying dy-
namics as is responsible for the β-relaxation. At water con-
centrations above 26 wt. % small ice clusters are probably
formed during the dielectric measurements, and therefore the
intensity of the w-relaxation decreases.
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