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Effects of water on the primary and secondary relaxation of xylitol and sorbitol: Implication
on the origin of the Johari-Goldstein relaxation
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Dielectric spectroscopy was employed to study the effects of water on the prin@iaxation and the
secondanyB-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@fetzxation is
essentially unchanged. Some systematic differences in the behaweretdxation for anhydrous xylitol and
the mixtures were observed. Our findings confirm all the observations of Netzaki[R. Nozaki, H. Zenitani,

A. Minoguchi, and K. Kitai, J. Non-Cryst. Solid307, 349(2002] in sorbitol/water mixtures. Effects of water
on both thea- and B-relaxation dynamics in xylitol and sorbitol are explained by using the coupling model.

DOI: 10.1103/PhysRevE.70.011503 PACS nuni®er64.70.Pf, 77.22.Gm

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

There are many studies of miscible mixtures of two glass- In this work, we present dielectric relaxation measure-
formers on the changes of the primanrelaxation of either ments of xylitol and its mixtures with water. Xylitol belongs
components. Examples include miscible binary polymerto the same family of polyalcohols as sorbitol, but the mol-
blends[1-3], mixtures of polymer with a small molecule ecule has one less carbon atom than sorbitol. It also has a JG
glass formeif4,5] (i.e., a diluent. Seldom seen is the study g-relaxation, which is still there on addition of water, as we
the effects of mixing on both the primary-relaxation and  shall show. Our results confirm all observations of Nozzki
the secondarys-relaxation in parallel, particularly when the al. [10] in sorbitol/water mixtures. In particular, the
secondary relaxation of one of the glass formers is intermoa-relaxation rate increases by orders of magnitude with ad-
lecular in origin[i.e., a Johari-Goldstei@G) relaxatiorj [6]. dition of water, while thes-relaxation rate is essentially un-
Such study is not only interesting in its own right but alsochanged. Thus the effects seen by Nozakial. [10] are
may have implications on the interpretation of componengeneral. A theoretical interpretation of the general result is
dynamics of a blendmixture) and the origin of the JG re- given by using the coupling modgl1-14.
laxation. Dielectric measurements of mixtures of some glass
formers with water have been recently reported. The glass
formers of these studies include glycol oligoniié}, alcohol Il. EXPERIMENT
[8], glycerol[9], and sorbito[10]. Of particular interest to us _ i )
is the work of Nozaki and co-workefd0]. They measured Xylitol was obtained .from Fluka. Gla_ss beake_rs contain-
the dielectric relaxation spectra of anhydrous sorbitol and"d Samples of pure xylitol were placed in a humid chamber
mixtures of it with various amounts of water, and characterOf pure water at room temperature. Each sample absorbed
ized the dynamics of both the-relaxation and the JG water during dlfferent elapsed tlme_:s, an_d the concentration
B-relaxation. For all mixtures, the measurements were mad@f water was determined by the weight difference before and
above the glass transition temperature and the broadband dfter it was put in the chamber. The determination was con-
electric spectra were capable to capture bothdhand the f|rme_d by the thermobglance .techmque..Three mixtures were
JG B-relaxation. An increase in the concentration of the moreObta!ned- For convenience in comparing the 'results with
mobile water enhances therelaxation rate of sorbitol and Sorbitol/water mixtures later on, we follow Nozadd al. [10]
decreases significantly the glass transition temperafiye, and introduce the quantitil,p,=x/(1-x), wherex is the
This effect on thea-relaxation is unsurprising because it molar fraction of water in the mixturgl0]. Isothermal mea-
follows the same pattern as in other bleritis4). However, —surements of the dielectric permittivitye (w)=¢'(w)
the sorbitol 3-relaxation rates in mixtures up to 34% molar —i&"(w) were made by using the Novo-Control Alpha dielec-
fraction of water are only increased slightly from that of tric spectrometet102—10’ Hz) and the Agilent 4291B im-
anhydrous sorbitol. This difference between theand the pedance analyzer(10°-1.8x 10° Hz). The sample was
JG B-relaxation is interesting and worth consideration from aplaced in a parallel-plate cel(diameter=20 mm, gap
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=0.1 mm. The temperature was controlled using a nitrogen-Nozakiet al. [10]. From these fits, we also obtain the steep-
gas cryostat, with temperature stabilization better than 0.1 Kness indeX19], defined by

_dlog 7,

" . . " d(TgdT) 7=t

The complex permittivity of neat xylitol at different tem- o
peratures both above and beldy(255 K) has been obtained Here, 7, in seconds is given by the Vogel-Fulcher-Tammann
in previous workg15-19. From the measurements, the di- fit to the data in Fig. 2 andy, is the dielectric glass transi-
electric dispersions of the-relaxation andB-relaxation as tion temperature at which,(T4,) =100 s. There is a decrease
well as their most probable relaxation frequendigg.,and  of m with increasing water conteriFig. 4), as seen previ-
fsmax @and the corresponding relaxation times, and 75, ously in sorbitol/water mixtures by Nozakt al. [10].
were determined. Shown in Fig. 1 as an example is the di- The dielectric data of the J@-relaxation in anhydrous
electric losse” (normalized by the maximum log$,,, of the  xylitol and its water mixtures were obtained at temperatures
a-relaxation of xylitol at T=266 K in the anhydrous form below Ty,. Representative examples of tjgdoss data aff
and in three mixtures with water. The rise of(f) at low =203 K are shown in Fig. 5. Thes@-loss peaks were ob-
frequencies is due to ionic conductivity. On the addition oftained after each spectrum was fitted by two Havriliak—
water, thea-relaxation loss peak shifts to higher frequenciesNegami functions, one for the-relaxation and the other for
and broadens at the same times. These trends continue wihe S-relaxation. Although the normalized JG loss peak be-
increasing water content up d,,,=1.099. The dc conduc- COmes narrower with the addition of water, the peak fre-
tivity originates from ionic impurities in the sample. It is quencyfg sy is only changed slightly. The same is true for
possible that additional ionic impurities are introduced intoother temperatures as can be seen in Fig. 2 whe# neat
the samples during the preparation of the mixtures. ThigYlitol and the mixtures are included. Againrg is
complication makes any comparison of the dc conductivityl/(27f g may-
ambiguous, and therefore we do not analyze the change of
the dc conductivity. The shift of the peak frequerfgy,,, on
addition of water is considerable, already three decades at IV. DISCUSSIONS
this temperature. Similar data were taken at other tempera- our dielectric relaxation data of xylitol/water mixtures
tures and the results of xylitol and xylitol/water mixtures areconfirm in all respects the findings of Nozagd al. [10] in
shown altogether in Fig. 2. Actually, we have plotted  sorbitol/water mixtures. The most intriguing feature of the
against 1000/T, where, is 1/(27f,ma). The data are fit to  resulits obtained in both studies is the contrasting effects that
the Vogel-Fulcher—-Tammann equation, J¢a,)=A+B/(T  added water has on the-relaxation and JGB-relaxation.
—Tp), and the fits are shown as lines in Fig. 2. These fits argvhile there are large decreasesmf little changes occur in
extrapolated to lower temperatures and the dielectric glassﬁ_ To address this difference one needs a theory of mixture
transition temperatur&g, is determined for each system by (blend dynamics that can address both taeelaxation and
the definitionr,(T,) =100 s. The decrease ®fy with water ~ JG g-relaxation. Most theories of dynamics of mixtures are
content is shown in Fig. 3 in a plot agairsf,,,=x/(1-Xx). tailored exclusively for thex-relaxation. However, the cou-
The trend is the same as found in sorbitol/water mixtures byling model is differen{13,16. The coupling mode(CM)

Il. RESULTS (1)
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for the a-relaxation dynamics of a single glass former hadcharacterizes the cooperative and dynamically heterogeneous
been extended to treat therelaxation dynamics of each dynamics of then-relaxation. In a pure glass-former A, the
component of a mixture of two glass form,4]. Recently, coupling parameter can be identified with in the stretch
the CM has also been extended to tackle the origin of the J@&xponent of the Kohlrausch-Williams-Watts function that de-
B-relaxation and its relation to the-relaxation[13,14,2Q. scribes the time development of therelaxation correlation
Thus, the CM is able to address both issues. It has the pdtnction,
tential to resolve the current problem that water has drasti- _ _
cally different effects on thea-relaxation and the JG $(0) = ex = (Uron) ™1, 2)
B-relaxation, and rationalize the various features discussed Wherer,, is relaxation time of neat glass former A. From the
the previous section. standpoint of a glass-former A molecule, on mixing with
another glass-former B to form the mixturg AB,, the re-
placement of some of the A molecules by B molecules in its
environment will change the intermolecular interactions and
The important parameter in the CM originating from in- constraints, and hence its coupling parameter. The new envi-
termolecular interaction is the coupling parametethat ronments in the mixture are not identical for all A molecules

A. a-relaxation
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FIG. 4. Steepness indexy, plotted against
Nypx for water-in-xylitol and water-in-sorbitol
mixtures.(The data for water-in-sorbitol mixtures
were taken from Ref{10].)

due to the inevitable fluctuations in concentration. There is a In the CM, there is a relation between the independent
distribution of environments of different compositions, primitive) relaxation time,rys, of an A molecule to the co-
which in turn engenders a distribution of coupling param-operativea-relaxation time,r,,, in the neat glass-former A.
eters{n;5} for the A molecules and similarly for the B mol- The relation is

ecules in the mixture. If B moleculgg.g., watey are much

more mobile than A molecule®.g., sorbitol or xylito), the ien Top | (A1)
presence of the former in the environment of an A molecule Ton = [te A 1oa] M = T
mitigate the intermolecular interaction/constraint acting on ¢

it. Hence, alin;, in the distribution are smaller than the cou- \heret_is the crossover time from independent relaxation to

TOA (4)

pling parameten, of the neat glass-former A, i.e., cooperative relaxation and has the approximate value of 2
X 10712 s for small molecule liquid§21]. We have assumed
Nia <Na- ) in Eq.(4) that the independertor primitive) relaxation time,

7oa Of @an A molecule in the mixture is the same as in the
The differences between;y, and ny become larger when pure glass-formeA. In the mixture, Eqs(2) and(4) applies
there are more mobilB molecules in the mixture. to eachi in the distribution. For eachthe a-relaxation cor-
relation function is given by

Fig 5 T. Psurek et al.

i
anhydrous "~ VNN wheren;, is its own coupling parametet,,, its cooperative
a-relaxation times, and they are related by

M)(niAll_niA)

te

anhy}irous ¢I(t) = exn:_ (t/TaiA)l_niA]i (5)

B process

max

Ton = [t A 7oA A = ( TOA- (6)

g /tsB

The dielectric response of the mixture is the superposition of
the one-sided Fourier transform of E&) each weighed by

1.099 the probability of the occurrence ofin the distribution. For
o1 . N the most probable environmentin the distribution, let us
0t 100 100 10 10t 10t 10 10 10f denote its coupling parameter By, the a-relaxation time
f (Hz) by 7,4, and the correlation function by
FIG. 5. The B-relaxation process in water-in-xylitol mixtures. ~ - -f
b P / B(0) = ex— (U7,0)on]. (7)

The main plot presentg-relaxation after fitting spectra by two

Havriliak-Negami functions(solid lineg and subtracting the

a-relaxation part. The spectra directly from experiments are showr his (i.e. Ji=i)is just a special casé;,, can be calculated by
in the inset. Eq. (6) and it is given by the expression
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Becausea has the highest probability of occurrence, the one-
sided Fourier transform of E@8) is largely responsible for
the maximum of the observed-loss peak of the mixture
located atf, nox=1/7,max Thus, the experimentally deter-
mined 7, max IN Fig. 2 should correspond to the calculated
T.a, if the coupling model applies.

Sincet, is short, in the entire experimental temperature
range, the ratidmya/t;) is much larger than unity. It follows
immediately from Eqs(4) and(8) that 7y, and7,, are much

109, 4T o ()

I ] 1

longer thanr,,, and the effect of intermolecular coupling in 34 35 36 37 38 39 40 41 42 43
slowing down thea-relaxation of A molecules in both the 1000/T (K

neat glass former and the mixture is clear. From 8],

N, <na. It follows that the exponentgfi a/(1-N )], in FIG. 6. The open circles are the experimentally obtained

Eq. (8) for the mixtures is smaller than the exponent, a-relaxation timesr,, of neat xylitol and the line through them is
[na/(1-ny)], in Eq. (4) for the neat glass-former A. This the Volger-Fulcher-Tammann fit. The stars are the independent re-
property, together withr, being assumed to be tlsameat laxation timesry, of neat xylitol calculated from Eqg4) and the

the same temperature for the neat glass-former A and itgotted line is the \olger-Fulcher-Tammann fit. Therelaxation
mixtures, leads us to the following results. times 7,5, of the mixtures are calculated by E@) with Ny

(i) 7., of a mixture is shorter tham, . =0.32M), 0.24 A) and 0.08V), matching well, respectively, with

(i) The separation betwee,, of a mixture andr, of the experimental datap,, of the mixtures withN,,,,=0.75801),
! 0.835A) and 1.099V).

the neat glass-former A, measured by the difference

l0g1o( 7o) —10010(T,a), iNCreases with decreasing tempera-

ture because of the increase) in Eqgs.(4) and(8).

(i) At a fixed temperature, the ratié,/ 7,») decreases ha\\/ﬁ nﬁt been _takgzn in;]o acco?mtr.] H i
with increasing concentration of the glass-former B in the, " e have arrived at the result that the coupling parameter
mixture because of decreasifg. Ny in the m|.)<t.ure A_By decreases with increasing water
(iv) Eachd(t) in Eq. (5) has a narrower dispersion than ONteNX by fitting the calculated,A(T) to the experimental
() of the neat glass-former AEq. (2)] becausan s <n, data at temperatures above the glass transition temperature of
[Eq. (3)]. However, the dispersion of th&relaxatioln origi- the mixturesT,,. An independent support of this conclusion

nating from A molecules in the mixture is a superposition ofcan be obtained by comparing the steepri&isagility” ) in-

_ . o . S + . dex defined by Eq(l) and calculated from the Vogel-
the d).'(t)s in the d|sfcr|put|on. This c_ompllganon makes it im Fulcher—Tammann fits to the data shown in Fig. 2. The steep-
possible to determing, from the dielectric spectrum of the

. ) ness index plotted againt,, in Fig. 4 shows a decrease
mixture, unIllkenA the neat gla§s-former A The two factors with N, like that found by Nozaket al. [10] in sorbitol/
have opposite effects on the width of the dispersion, and the%ater mixtures. Thus, from the empirical fact that de-

cancel each other to some extent. . . . .
creases with a decreasing coupling paramgt8f n, we in-

We are now ready to compare the results given aboV(f;er from Fig. 4 thath, in the mixture A_B, decreases with

m:ﬂ Vig?:r“r:i?ﬁ d(iaftoar g;rrl;r]ilt)c()tlug(rai ﬂ{gfﬂgggﬂg:gﬁg% increasing water contemt The fact that the steepness index
: y ' of sorbitol (m=109) is larger than xylitol(m=96+2) is an

for the more mobile water molecules in the mixtureg,/8,. o . _
Our present data of xylitol/water mixtures shown in Figs. 1examp|¢ of thg emEmcaI correlqnqr_tg] becausan, =0.52
for sorbitol whilen,=0.46 for xylitol.

and 2 are in accord with the resulig—(iv), and so are the
data of sorbitol/water mixtures published by Nozakial. _ _ _
[10]. A more quantitative comparison is made by first using B. Johari-Goldstein p-relaxation

Eq. (4) to calculatery, from the data ofr,s (open circles in We have seen in the previous subsection that the large
Fig. 2) andn, of neat xylitol. From previous work13,14,  reductions, in7,,(T) of xylitol or sorbitol in the mixtures
the valuen,=0.46 has been determined at the lower tem-yjth water are mainly due to the mitigation of intermolecular
peratures of the neat xylitol data in Fig. 2. Aftey, haAs been coupling or the decrease of the coupling parameter frgm
determined in Fig. 2*), we use Eq(8) to calculater,s of  of the neat glass-former A to a smaller vafye of the mix-

the mixtures, treatindi, as an adjustable parameter. Thetyre with water. The a-relaxation is intermolecularly
results of 7,, calculated withf,=0.32M), 0.24A), and  coypled, while the independent relaxation of the CM is not.
0.08'¥) and shown in Fig. 6 match the experimental dataThus, mixing with water has no effect on the independent
Tmax Of the mixtures withN,,,=0.7580), 0.83§A), and  relaxation timery,, at least as far as intermolecular coupling
1.099V) water. Better agreement than that shown is nofis concerned. In fact, we found that no change in the inde-
expected because possible temperature variations of the copendent relaxation time,, is needed to obtain the fits to the

pling parameters, in neat xylitol andi, in the mixtures
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data in Fig. 6. However, we do not exclude a small change itionger. On the other hand, this effect is absent for the inde-
Toa due to a change in packing, hydrogen bonding, or potenpendent relaxation timey,. Hence, as sorbitol crystallizes,
tial when water is introduced. the increase ing, is much smaller than ifir,s}. From the

A recent application of the CM is the identification®fy  relation 7,~ 7,5, we conclude that the JG relaxation timg
with the Johari-GoldsteirB-relaxation time,7)c. The ratio-  changes little compared with,, as sorbitol crystallizes. This

nale for identifying 7o, with 756 has been extensively dis- gifference was found in the experimental work of Minoguchi
cussed before. Experimental data on various glass-forming,q Nozaki[23].

substances, including sorbitol and xylitfil6,17,22, show
remarkably good correspondence betwegncalculated by
Eq. (4) and ;5 from experiment. Hence, from the insensitiv- V. CONCLUSION

ity of 7o to the water content and the relatiogy = 73, we . . .
conclude thatr;g of sorbitol or xylitol is insensitive to mix- From the dielectric response of anhydrous xylitol and

ing with water. The experimental data ofg in the xylitol/ xylitol-water mixtures of diﬁgrent concent_ratio_ns, we found
water mixtures shown in Fig. 2 and the sorbitol/water mix-that thea- and thes-relaxations change in different ways
tures of Nozaket al.[10] are in accord with this conclusion. With the amount of water added to xylitol. While the
We reiterate the possibility of some change g§ due to  a-relaxation speeds up immensely with an increasing con-
changes in packing, hydrogen bonding, or potential whergentration of water, the relaxation rate of J&process is
water is introduced but the change is much smaller than thaaractically unchanged. The relaxation pattern observed for
of the a-relaxation time because the latter depends senswater-in-xylitol mixtures is in harmony with recent findings
tively on intermolecular coupling, which definitely has beenobtained in sorbitol-water mixtures by Nozaki and co-
reduced. workers[10]. The experimental findings on both the and
Minoguchi and Nozakj23] measured complex permittiv- the B-relaxations can be rationalized by the predictions of the
ity of sorbitol during isothermal crystallization. The crystal- coupling model.
lites are immobile and their presence in the vicinity of sor-
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