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Dielectric spectroscopy was employed to study the effects of water on the primarya-relaxation and the
secondaryb-relaxation of xylitol. The measurements were made on anhydrous xylitol and mixtures of xylitol
with water with three different water concentrations over a temperature range from 173 K to 293 K. The
a-relaxation speeds up with increasing concentration of water in xylitol, whereas the rate of theb-relaxation is
essentially unchanged. Some systematic differences in the behavior ofa-relaxation for anhydrous xylitol and
the mixtures were observed. Our findings confirm all the observations of Nozakiet al. [R. Nozaki, H. Zenitani,
A. Minoguchi, and K. Kitai, J. Non-Cryst. Solids307, 349(2002)] in sorbitol/water mixtures. Effects of water
on both thea- andb-relaxation dynamics in xylitol and sorbitol are explained by using the coupling model.
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I. INTRODUCTION

There are many studies of miscible mixtures of two glass-
formers on the changes of the primarya-relaxation of either
components. Examples include miscible binary polymer
blends [1–3], mixtures of polymer with a small molecule
glass former[4,5] (i.e., a diluent). Seldom seen is the study
the effects of mixing on both the primarya-relaxation and
the secondaryb-relaxation in parallel, particularly when the
secondary relaxation of one of the glass formers is intermo-
lecular in origin[i.e., a Johari-Goldstein(JG) relaxation] [6].
Such study is not only interesting in its own right but also
may have implications on the interpretation of component
dynamics of a blend(mixture) and the origin of the JG re-
laxation. Dielectric measurements of mixtures of some glass
formers with water have been recently reported. The glass
formers of these studies include glycol oligomer[7], alcohol
[8], glycerol[9], and sorbitol[10]. Of particular interest to us
is the work of Nozaki and co-workers[10]. They measured
the dielectric relaxation spectra of anhydrous sorbitol and
mixtures of it with various amounts of water, and character-
ized the dynamics of both thea-relaxation and the JG
b-relaxation. For all mixtures, the measurements were made
above the glass transition temperature and the broadband di-
electric spectra were capable to capture both thea- and the
JGb-relaxation. An increase in the concentration of the more
mobile water enhances thea-relaxation rate of sorbitol and
decreases significantly the glass transition temperature,Tg.
This effect on thea-relaxation is unsurprising because it
follows the same pattern as in other blends[1–4]. However,
the sorbitolb-relaxation rates in mixtures up to 34% molar
fraction of water are only increased slightly from that of
anhydrous sorbitol. This difference between thea- and the
JGb-relaxation is interesting and worth consideration from a

theoretical point of view in the context of both blend dynam-
ics and glass transition dynamics.

In this work, we present dielectric relaxation measure-
ments of xylitol and its mixtures with water. Xylitol belongs
to the same family of polyalcohols as sorbitol, but the mol-
ecule has one less carbon atom than sorbitol. It also has a JG
b-relaxation, which is still there on addition of water, as we
shall show. Our results confirm all observations of Nozakiet
al. [10] in sorbitol/water mixtures. In particular, the
a-relaxation rate increases by orders of magnitude with ad-
dition of water, while theb-relaxation rate is essentially un-
changed. Thus the effects seen by Nozakiet al. [10] are
general. A theoretical interpretation of the general result is
given by using the coupling model[11–14].

II. EXPERIMENT

Xylitol was obtained from Fluka. Glass beakers contain-
ing samples of pure xylitol were placed in a humid chamber
of pure water at room temperature. Each sample absorbed
water during different elapsed times, and the concentration
of water was determined by the weight difference before and
after it was put in the chamber. The determination was con-
firmed by the thermobalance technique. Three mixtures were
obtained. For convenience in comparing the results with
sorbitol/water mixtures later on, we follow Nozakiet al. [10]
and introduce the quantityNwpx=x/ s1−xd, where x is the
molar fraction of water in the mixture[10]. Isothermal mea-
surements of the dielectric permittivity«*svd=«8svd
− i«9svd were made by using the Novo-Control Alpha dielec-
tric spectrometers10–2–107 Hzd and the Agilent 4291B im-
pedance analyzers106–1.83109 Hzd. The sample was
placed in a parallel-plate cell(diameter=20 mm, gap
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=0.1 mm). The temperature was controlled using a nitrogen-
gas cryostat, with temperature stabilization better than 0.1 K.

III. RESULTS

The complex permittivity of neat xylitol at different tem-
peratures both above and belowTgs255 Kd has been obtained
in previous works[15–18]. From the measurements, the di-
electric dispersions of thea-relaxation andb-relaxation as
well as their most probable relaxation frequenciesfa,max and
fb,max and the corresponding relaxation times,ta and tb,
were determined. Shown in Fig. 1 as an example is the di-
electric loss«9 (normalized by the maximum loss«max9 of the
a-relaxation) of xylitol at T=266 K in the anhydrous form
and in three mixtures with water. The rise of«9sfd at low
frequencies is due to ionic conductivity. On the addition of
water, thea-relaxation loss peak shifts to higher frequencies
and broadens at the same times. These trends continue with
increasing water content up toNwpx=1.099. The dc conduc-
tivity originates from ionic impurities in the sample. It is
possible that additional ionic impurities are introduced into
the samples during the preparation of the mixtures. This
complication makes any comparison of the dc conductivity
ambiguous, and therefore we do not analyze the change of
the dc conductivity. The shift of the peak frequencyfa,max on
addition of water is considerable, already three decades at
this temperature. Similar data were taken at other tempera-
tures and the results of xylitol and xylitol/water mixtures are
shown altogether in Fig. 2. Actually, we have plottedta

against 1000/T, whereta is 1/s2pfa,maxd. The data are fit to
the Vogel–Fulcher–Tammann equation, log10stad=A+B/ sT
−T0d, and the fits are shown as lines in Fig. 2. These fits are
extrapolated to lower temperatures and the dielectric glass
transition temperatureTgx is determined for each system by
the definitiontasTgxd=100 s. The decrease ofTgx with water
content is shown in Fig. 3 in a plot againstNwpx=x/ s1−xd.
The trend is the same as found in sorbitol/water mixtures by

Nozaki et al. [10]. From these fits, we also obtain the steep-
ness index[19], defined by

m= Ud log ta

dsTgx/Td
U

T=Tgx

. s1d

Here,ta in seconds is given by the Vogel-Fulcher-Tammann
fit to the data in Fig. 2 andTgx is the dielectric glass transi-
tion temperature at whichtasTgxd=100 s. There is a decrease
of m with increasing water content(Fig. 4), as seen previ-
ously in sorbitol/water mixtures by Nozakiet al. [10].

The dielectric data of the JGb-relaxation in anhydrous
xylitol and its water mixtures were obtained at temperatures
below Tgx. Representative examples of theb-loss data atT
=203 K are shown in Fig. 5. Theseb-loss peaks were ob-
tained after each spectrum was fitted by two Havriliak–
Negami functions, one for thea-relaxation and the other for
the b-relaxation. Although the normalized JG loss peak be-
comes narrower with the addition of water, the peak fre-
quencyfb,max is only changed slightly. The same is true for
other temperatures as can be seen in Fig. 2 wheretb of neat
xylitol and the mixtures are included. Again,tb is
1/s2pfb,maxd.

IV. DISCUSSIONS

Our dielectric relaxation data of xylitol /water mixtures
confirm in all respects the findings of Nozakiet al. [10] in
sorbitol/water mixtures. The most intriguing feature of the
results obtained in both studies is the contrasting effects that
added water has on thea-relaxation and JGb-relaxation.
While there are large decreases ofta, little changes occur in
tb. To address this difference one needs a theory of mixture
(blend) dynamics that can address both thea-relaxation and
JG b-relaxation. Most theories of dynamics of mixtures are
tailored exclusively for thea-relaxation. However, the cou-
pling model is different[13,16]. The coupling model(CM)

FIG. 1. Dielectric spectra of water-in-xylitol
mixture at labeled concentrationsNwpx measured
at the temperatureT=266 K.
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for the a-relaxation dynamics of a single glass former had
been extended to treat thea-relaxation dynamics of each
component of a mixture of two glass former[3,4]. Recently,
the CM has also been extended to tackle the origin of the JG
b-relaxation and its relation to thea-relaxation[13,14,20].
Thus, the CM is able to address both issues. It has the po-
tential to resolve the current problem that water has drasti-
cally different effects on thea-relaxation and the JG
b-relaxation, and rationalize the various features discussed in
the previous section.

A. a-relaxation

The important parameter in the CM originating from in-
termolecular interaction is the coupling parametern that

characterizes the cooperative and dynamically heterogeneous
dynamics of thea-relaxation. In a pure glass-former A, the
coupling parameter can be identified withnA in the stretch
exponent of the Kohlrausch-Williams-Watts function that de-
scribes the time development of thea-relaxation correlation
function,

fstd = expf− st/taAd1−nAg, s2d

wheretaA is relaxation time of neat glass former A. From the
standpoint of a glass-former A molecule, on mixing with
another glass-former B to form the mixture A1−xBx, the re-
placement of some of the A molecules by B molecules in its
environment will change the intermolecular interactions and
constraints, and hence its coupling parameter. The new envi-
ronments in the mixture are not identical for all A molecules

FIG. 2. Temperature dependence of the
a-relaxation and theb-relaxation time obtained
for anhydrous xylitiol and xylitol-water mixtures
with different concentrations of water. Solid lines
are fits to Vogel-Fulcher-Tammann law.

FIG. 3. Tg plotted againstNwpx for water-in-
xylitol and water-in-sorbitol mixtures.(The data
for water-in-sorbitol mixtures were taken from
Ref. [10].)
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due to the inevitable fluctuations in concentration. There is a
distribution of environmentsi of different compositions,
which in turn engenders a distribution of coupling param-
etershniAj for the A molecules and similarly for the B mol-
ecules in the mixture. If B molecules(e.g., water) are much
more mobile than A molecules(e.g., sorbitol or xylitol), the
presence of the former in the environment of an A molecule
mitigate the intermolecular interaction/constraint acting on
it. Hence, allniA in the distribution are smaller than the cou-
pling parameternA of the neat glass-former A, i.e.,

niA , nA . s3d

The differences betweenniA and nA become larger when
there are more mobileB molecules in the mixture.

In the CM, there is a relation between the independent(or
primitive) relaxation time,t0A, of an A molecule to the co-
operativea-relaxation time,taA, in the neat glass-former A.
The relation is

taA = ftc
−nAt0Ag1/1−nA ; S t0A

tc
DsnA/1−nAd

t0A, s4d

wheretc is the crossover time from independent relaxation to
cooperative relaxation and has the approximate value of 2
310−12 s for small molecule liquids[21]. We have assumed
in Eq. (4) that the independent(or primitive) relaxation time,
t0A of an A molecule in the mixture is the same as in the
pure glass-formerA. In the mixture, Eqs.(2) and(4) applies
to eachi in the distribution. For eachi the a-relaxation cor-
relation function is given by

fistd = expf− st/taiAd1−niAg, s5d

whereniA is its own coupling parameter,taiA its cooperative
a-relaxation times, and they are related by

taA = ftc
−nAt0Ag1/1−nA ; S t0A

tc
DsniA/1−niAd

t0A. s6d

The dielectric response of the mixture is the superposition of
the one-sided Fourier transform of Eq.(5) each weighed by
the probability of the occurrence ofi in the distribution. For

the most probable environmentî in the distribution, let us
denote its coupling parameter byn̂aA, the a-relaxation time
by t̂aA, and the correlation function by

f̂std = expf− st/t̂aAd1−n̂aAg. s7d

This (i.e., i = î) is just a special case;t̂aA can be calculated by
Eq. (6) and it is given by the expression

FIG. 4. Steepness index,m, plotted against
Nwpx for water-in-xylitol and water-in-sorbitol
mixtures.(The data for water-in-sorbitol mixtures
were taken from Ref.[10].)

FIG. 5. Theb-relaxation process in water-in-xylitol mixtures.
The main plot presentsb-relaxation after fitting spectra by two
Havriliak–Negami functions(solid lines) and subtracting the
a-relaxation part. The spectra directly from experiments are shown
in the inset.
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t̂aA = ftc
−n̂At0Ag1/1−n̂A ; S t0A

tc
Dsn̂A/1−n̂Ad

t0A. s8d

Becauseî has the highest probability of occurrence, the one-
sided Fourier transform of Eq.(8) is largely responsible for
the maximum of the observeda-loss peak of the mixture
located atfa,max=1/ta,max. Thus, the experimentally deter-
mined ta,max in Fig. 2 should correspond to the calculated
t̂aA, if the coupling model applies.

Since tc is short, in the entire experimental temperature
range, the ratiost0A/ tcd is much larger than unity. It follows
immediately from Eqs.(4) and(8) thatt0A andt̂aA are much
longer thant0A, and the effect of intermolecular coupling in
slowing down thea-relaxation of A molecules in both the
neat glass former and the mixture is clear. From Eq.(3),
n̂aA ,nA. It follows that the exponents,fn̂aA / s1−n̂aAdg, in
Eq. (8) for the mixtures is smaller than the exponent,
fnA/ s1−nAdg, in Eq. (4) for the neat glass-former A. This
property, together witht0A being assumed to be thesameat
the same temperature for the neat glass-former A and its
mixtures, leads us to the following results.

(i) t̂aA of a mixture is shorter thantaA.
(ii ) The separation betweent̂aA of a mixture andtaA of

the neat glass-former A, measured by the difference
log10staAd−log10st̂aAd, increases with decreasing tempera-
ture because of the increase int0A in Eqs.(4) and (8).

(iii ) At a fixed temperature, the ratiost̂aA /taAd decreases
with increasing concentration of the glass-former B in the
mixture because of decreasingn̂A.

(iv) Eachfistd in Eq. (5) has a narrower dispersion than
fstd of the neat glass-former A[Eq. (2)] becauseniA ,nA

[Eq. (3)]. However, the dispersion of thea-relaxation origi-
nating from A molecules in the mixture is a superposition of
the fistds in the distribution. This complication makes it im-
possible to determinen̂A from the dielectric spectrum of the
mixture, unlikenA the neat glass-former A. The two factors
have opposite effects on the width of the dispersion, and they
cancel each other to some extent.

We are now ready to compare the results given above
with experimental data of mixtures of xylitol and sorbitol
with water. A stands for sorbitol or xylitol molecules, and B
for the more mobile water molecules in the mixtures A1−xBx.
Our present data of xylitol/water mixtures shown in Figs. 1
and 2 are in accord with the results(i)–(iv), and so are the
data of sorbitol/water mixtures published by Nozakiet al.
[10]. A more quantitative comparison is made by first using
Eq. (4) to calculatet0A from the data oftaA (open circles in
Fig. 2) andnA of neat xylitol. From previous work[13,14],
the valuenA =0.46 has been determined at the lower tem-
peratures of the neat xylitol data in Fig. 2. Aftert0A has been
determined in Fig. 2s* d, we use Eq.(8) to calculatet̂aA of
the mixtures, treatingn̂A as an adjustable parameter. The
results of t̂aA calculated withn̂A =0.32sjd, 0.24smd, and
0.08s.d and shown in Fig. 6 match the experimental data
tmax of the mixtures withNwpx=0.758shd, 0.835snd, and
1.099s,d water. Better agreement than that shown is not
expected because possible temperature variations of the cou-

pling parametersnA in neat xylitol andn̂A in the mixtures
have not been taken into account.

We have arrived at the result that the coupling parameter
n̂A in the mixture A1−xBx decreases with increasing water
contentx by fitting the calculatedt̂aAsTd to the experimental
data at temperatures above the glass transition temperature of
the mixturesTgx. An independent support of this conclusion
can be obtained by comparing the steepness(“fragility” ) in-
dex defined by Eq.(1) and calculated from the Vogel–
Fulcher–Tammann fits to the data shown in Fig. 2. The steep-
ness index plotted againstNwpx in Fig. 4 shows a decrease
with Nwpx, like that found by Nozakiet al. [10] in sorbitol/
water mixtures. Thus, from the empirical fact thatm de-
creases with a decreasing coupling parameter[19] n, we in-
fer from Fig. 4 thatn̂A in the mixture A1−xBx decreases with
increasing water contentx. The fact that the steepness index
of sorbitol sm=109d is larger than xylitolsm=96±2d is an
example of the empirical correlation[19] becausenA =0.52
for sorbitol whilenA =0.46 for xylitol.

B. Johari-Goldstein b-relaxation

We have seen in the previous subsection that the large
reductions, int̂aAsTd of xylitol or sorbitol in the mixtures
with water are mainly due to the mitigation of intermolecular
coupling or the decrease of the coupling parameter fromnA
of the neat glass-former A to a smaller valuen̂A of the mix-
ture with water. The a-relaxation is intermolecularly
coupled, while the independent relaxation of the CM is not.
Thus, mixing with water has no effect on the independent
relaxation timet0A, at least as far as intermolecular coupling
is concerned. In fact, we found that no change in the inde-
pendent relaxation timet0A is needed to obtain the fits to the

FIG. 6. The open circles are the experimentally obtained
a-relaxation timestaA of neat xylitol and the line through them is
the Volger-Fulcher-Tammann fit. The stars are the independent re-
laxation timest0A of neat xylitol calculated from Eq.(4) and the
dotted line is the Volger-Fulcher-Tammann fit. Thea-relaxation
times t̂aA of the mixtures are calculated by Eq.(8) with n̂A

=0.32sjd, 0.24smd and 0.08s.d, matching well, respectively, with
the experimental datatmax of the mixtures withNwpx=0.758shd,
0.835snd and 1.099s,d.
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data in Fig. 6. However, we do not exclude a small change in
t0A due to a change in packing, hydrogen bonding, or poten-
tial when water is introduced.

A recent application of the CM is the identification oft0A
with the Johari-Goldsteinb-relaxation time,tJG. The ratio-
nale for identifyingt0A with tJG has been extensively dis-
cussed before. Experimental data on various glass-forming
substances, including sorbitol and xylitol[16,17,22], show
remarkably good correspondence betweent0A calculated by
Eq. (4) andtJG from experiment. Hence, from the insensitiv-
ity of t0A to the water content and the relationt0A<tJG, we
conclude thattJG of sorbitol or xylitol is insensitive to mix-
ing with water. The experimental data oftJG in the xylitol/
water mixtures shown in Fig. 2 and the sorbitol/water mix-
tures of Nozakiet al. [10] are in accord with this conclusion.
We reiterate the possibility of some change oftJG due to
changes in packing, hydrogen bonding, or potential when
water is introduced but the change is much smaller than that
of the a-relaxation time because the latter depends sensi-
tively on intermolecular coupling, which definitely has been
reduced.

Minoguchi and Nozaki[23] measured complex permittiv-
ity of sorbitol during isothermal crystallization. The crystal-
lites are immobile and their presence in the vicinity of sor-
bitol molecules in the amorphous region enhance the
intermolecular constraints acting on the latter and increase
their coupling parametershniAj above that of neat sorbitol,
nA. The effect is in opposite direction to the addition of wa-
ter, which decreaseshniAj to belownA. It follows from Eqs.
(4) and (6) that the increase ofhniAj abovenA has the con-
sequence of making thea-relaxation times,htaiAj, much

longer. On the other hand, this effect is absent for the inde-
pendent relaxation timet0A. Hence, as sorbitol crystallizes,
the increase int0A is much smaller than inhtaiAj. From the
relationt0<tJG, we conclude that the JG relaxation timetJG
changes little compared withtaA as sorbitol crystallizes. This
difference was found in the experimental work of Minoguchi
and Nozaki[23].

V. CONCLUSION

From the dielectric response of anhydrous xylitol and
xylitol-water mixtures of different concentrations, we found
that thea- and theb-relaxations change in different ways
with the amount of water added to xylitol. While the
a-relaxation speeds up immensely with an increasing con-
centration of water, the relaxation rate of JGb-process is
practically unchanged. The relaxation pattern observed for
water-in-xylitol mixtures is in harmony with recent findings
obtained in sorbitol-water mixtures by Nozaki and co-
workers[10]. The experimental findings on both thea- and
theb-relaxations can be rationalized by the predictions of the
coupling model.
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