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Difference and similarity of dielectric relaxation processes among polyols
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Complex permittivity measurements were performed on sorbitol, xylitol, and sorbitol-xylitol mixture in the
supercooled liquid state in an extremely wide frequency range fromHDto 500 MHz at temperatures near
and above the glass transition temperature. We determined detailed behavior of the relaxation parameters such
as relaxation frequency and broadening against temperature not only far pinecess but also for thg
process above the glass transition temperature, to the best of our knowledge, for the first time. Since super-
cooled liquids are in the quasi-equilibrium state, the behavior of all the relaxation parametersgqortheess
can be compared among the polyols as well as those fowtheocess. The relaxation frequencies of the
processes follow the Vogel-Fulcher-Tammann manner and the loci in the Arrhenius diagram are different
corresponding to the difference of the glass transition temperatures. On the other hand, the relaxation frequen-
cies of theB processes, which are often called as the Johari-Goldstein processes, follow the Arrhenius-type
temperature dependence. The relaxation parameters f@ firecess are quite similar among the polyols at
temperatures below theB merging temperaturel,, . However, they show anomalous behavior n&gr,
which depends on the molecular size of materials. These results suggest that the origirBgrteess is
essentially the same among the polyols.
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I. INTRODUCTION only in the supercooled liquid state but also in the glassy
state. Although several understandings have been examined
There are two dielectric relaxation processes in many su9-11,13,14, the mechanism of the8 processes is still
percooled glass formers, i.e., the primaryrelaxation pro- unclear.

cess and the secondaByrelaxation process. The process While these two processes are observed separately at
shows non-Arrhenius-type temperature dependence déower temperatures above th.e glass trqnsmon temperature,
scribed by Vogel-Fulcher-TammariFT) function[1-3], they approach each other with increasing temperature and

merge together at a higher temperattifg. There would be
VET a kind of strong correlation between tlheand theg pro-
<T>:TVFTeXp(T_TO)' (D) cesses at near the merging temperafliye, which some-

times cannot be determined precisely. It must be very impor-
where(7) is the mean relaxation time; 1 represents the tant to study the relation between the behavior of the
relaxation time aff —«, T, is the VFT temperature where process and the appearance of fherocess to understand
the mean relaxation time diverges aBgr is connected to the glass transition phenomena in detail.
the strength parameter, which is related to the fragi@9]. The merging of thew and 8 processes is classified into
It is considered that the process is the structural relaxation two scenarios by Dontlet al. [15,16. Scenario | shows a
process and closely connected to glass transition phenomertntinuity of the relaxation frequency of tifeprocess below
Recently, one has been trying to understand ¢dhprocess Ty and the relaxation frequency of the process abdye
using a concept of “cooperative molecular motion” and with a bend in the Arrhenius diagram. Theprocess appears
there are several theories or modeds-10. at aroundT),, . The values of the relaxation strength of dae

On the other hand, secondagy process(so-called the andp processes have the same order of magnitude. Scenario

Johari-Goldstein processl?]) is observed in many glass |l shows a quasicontinuity of the relaxation frequency of the
formers at higher-frequency side of the process. The3 a process belowT)y, and the relaxation frequency of the
process obeys the Arrhenius-type temperature dependenpeocess abové), in the Arrhenius diagram. The value of the

given by relaxation strength of thg process is smaller than that of the
« process.
B Ea However, some glass formers do not show tfge
<T>_TAeXp(ﬁ)’ @ process clearly, but an excess wing, which is the high-

frequency wing of thex process, is observed. It is proposed
where (7) is the mean relaxation times, represents the that glass formers are divided into two classes: tppeith
relaxation time aff — o, andE, is the activation energy. It an excess wing and typB with a 8 process[17]. Many
has been considered that tBeprocess is connected to local glass formers are classified into typ®. Glycerol
molecular motions, in contrast with the process. It is also [CH,OH(CHOH)CH,OH] and propylene carbonate are
considered that th@ process is concerned with the essenti-well-known glass formers classified into type17,19,2Q.
ality of amorphous matters, such as the supercooled liquids Sorbitol [CH,OH(CHOH),CH,OH] and xylitol
and the glassy solids, because fh@rocess is observed not [CH,OH(CHOH);CH,OH] are typical glass-forming lig-
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uids and belong to a series of polyd®1-28. Molecules tween 20 Hz and 1 MHz. From 1 MHz to 500 MHz, a net-

form the intermolecular hydrogen-bonding network. In su-work analyzer(HP4195A was used with the transmission

percooled sorbitol and xylitol, two dielectric relaxation pro- line method. A coaxial sample cell is located at the end of a

cesses, ther and 8 processes, exi$R1,29. The 8 process coaxial line. The values of the complex permittivity were

in sorbitol has relatively large relaxation strength for theobtained from reflection measurements. Below 1 MHz, the

simple associated liquid. So this system is suitable to studgryostat with the sample cell is set in a bath filled with mix-

relation between the: and theB processes. From our com- ture of water and ethylene glycol. Temperature of the cell

plex permittivity measurements, sorbitol and xylitol are clas-was controlled within 0.05 K. Above 1 MHz, the temperature

sified into scenario Il and typ8. It is noted that glycerol of the sample cell inserted into water jacket was controlled

also belongs to a series of polyols, however, does not showithin 0.1 K.

the B process. The complex permittivity measurements were performed
In the present work, we made broadband complex permitat temperature ranges between 263 K and 346 K for sorbitol,

tivity measurements of sorbitol, xylitol, and sorbitol-xylitol 250 K and 346 K for xylitol and 253 K and 344 K for the

mixture in the supercooled liquid state at temperatures neanixture.

and above the glass transition temperatlige It must be

very important to examine such a broadband dielectric be- [ll. RESULTS AND DISCUSSION

havior of supercooled polyols to understand the mechanism

of the « and B processes. The behavior of all the relaxation ) e
parameters not only for the process but also for th@ xylitol at various temperatures are shown in Fig&)41(c),

process can be compared among the polyols because Supg?_spectively. Thex and B processes are observed clearly at
cooled liquids are in the quasiequilibrium state. Studying thdOWer temperature. As the temperature increasesy tredax-
mixture in addition to pure constituents would be quite help-ation peak comes closer to tierelaxation peak and then
ful. We suggest the origins of the and 8 processes in these two processes merge into only one process. It should

polyols from the microscopic viewpoint and try to under- P& pointed out that any other process except forattand 8
stand the curious behavior of glycerol. processes is not observed even for the mixture.

The complex permittivity of sorbitol, xylitol, and the mix-
ture can be described by using the sum of the Havriliak-
Il EXPERIMENT Negami function[31] for the « process and the Cole-Cole
function[32] for the B8 process as has been reported for many
other system$21,29. Thus, the fitting function is given by

Dielectric losses of sorbitol, sorbitol-xylitol mixture, and

Crystal powders of sorbitol and xylitol was purchased
from Kishida Chemical. The melting temperaturgs ob-
tained by differential scanning colorimetfipSC) measure- Ae® Aeh
ments of sorbitol and xylitol are 368 K and 366 K, respec- e (w) =g+ © T © ,
tively [30]. To remove the moisture, the samples of powder [1+ (107" 1+(i0lo?
were dried in a vacuum chamber at room temperature. In the
case of pure sorbitol and xylitol, the samples of powder weravhere supersuffixea and 8 represent ther and theg pro-
annealed at temperature nday for 24 h in a vacuum cham- cesses, respectively. Parameler is the relaxation strength,
ber. In the case of sorbitol-xylitol mixture, dried powders of 7 is the relaxation time, ang- and 6 are shape parameters
sorbitol and xylitol were mixedthe molar ratio is 1:L The  which represent asymmetric and symmetric broadenings, re-
mixed powder was annealed at temperature figaof sor-  spectively.s., is the high-frequency limiting permittivity and
bitol for 24 h in a vacuum chamber. The liquid sorbitol, w is an angular frequency. Solid curves obtained from Eq.
xylitol, and the mixture were quenched to the temperaturé3) are also shown in Fig. 1. The experimental data are de-
for the measurement in the dielectric cell. scribed well by Eq(3).

The dielectric measurements were made in the frequency Figure 2 shows plots of frequency dependence of dielec-
range from 10uHz to 500 MHz. In order to cover the wide tric loss of sorbitol at 283 K, xylitol at 263 K, and sorbitol-
frequency range, four different measuring systems wergylitol mixture at 272 K. These data are chosen to survey
used. From 1QuHz to 0.3 Hz, a time-domain spectrometer differences in appearance of theand 8 processes among
was employed which has been developed by us. A steplikéhe different materials. It is clear that all the loci indicate the
voltage, which is produced by computédEC PC9801As  «a process with larger dielectric loss and tBeprocess with
with a digital-analog converter and a high-speed power amsmaller loss at high-frequency side of taeprocess. It is
plifier (NF2010, is applied to a three-terminal parallel-plate noted that the loss intensity depends on the size of molecule.
capacitor filled with the sample. Corresponding charging and he loss intensity for the: process of sorbitol is smaller than
discharging currents were measured by an electrometéhat of xylitol, and that of the mixture is intermediate be-
(KEITHLEY 6521). The complex permittivity is obtained tween those of sorbitol and xylitol. On the other hand, the
from the Fourier transform of the voltage and the currenttendency for thg3 process is in opposite direction to that for
data with time. From 0.1 Hz to 100 Hz, a fast Fourier trans-the a process. All these are consistent with those reported for
form analyzer (HP35670A and a current amplifier several pure materia[21,29.

(KEITHLEY 428) were employed using the same parallel- Figures 3 and @) show the Arrhenius diagrams for all the
plate sample cell. We used a LCR metelP4284A and the materials. These Arrhenius diagrams are the plots of the re-
same parallel-plate sample cell as a four-terminal circuit belaxation frequency ,, against the reciprocal temperatufg,

()
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FIG. 1. Dielectric losses of sorbitgh), sorbitol-xylitol mixture
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FIG. 2. Dielectric losses of sorbitol at 282 (§olid diamond,
xylitol at 263 K (solid circle, and mixture at 272 Kopen triangle

—o0, On the other hand, the relaxation frequency of the
processf# , for all the materials follows the Arrhenius man-
ner described by

logyo f. e Cm — 5
0010Tm= T 5230RT 6)

whereC=log,((1/27w15) andE, is the activation energyC
represents the attempt frequencyTat co.

The temperature dependencef(ffin various glass form-
ers cannot be described precisely by using only one VFT
function. It has been reported that two VFT functions are
required to describe the temperature dependenck,dbr
some systemg33—35. We have reported that the process
in sorbitol at temperatures near the glass transition tempera-
ture Ty , which is the temperature with 0.01 Hz tff,, can-
not be described using only one VFT function determined
using data at higher temperatufé4]. Especially, in the case
that the relaxation strength of th@ processA&?, is rela-

(b), and xylitol (c) at various temperatures. Solid curves are thetively large, the behavior of the and 3 processes nedry,

fitting function described by Eq3).

cannot be distinguished clearly due to the strong correlation
between the two processes. To discuss the behavior of the

is the frequency with maximum dielectric loss for the corre-loci for the @ process in the Arrhenius diagram is not the aim

sponding fitting function being used in E). We usef,,
instead of the relaxation time, suchag, and ¢, because

of this paper. Therefore, in this work, VFT curves are deter-
mined using data below, just to compare the behavior of

f, does not depend on the choice of fitting function. There ighe @ processes among the materials.

a relationf,,=1/27(7). The relaxation frequency of the

As shown in Fig. 4a), the curves of the VFT functions for

process,f%, for all the materials follows the VFT manner @ll the materials are different corresponding to the difference

described by

B
Ioglofm:A_ T_7_|_0, (4)

WhereA:|0910(1/27TTVFT), B:BVFT/2'3031 andTO iS the
VFT temperatureA represents the attempt frequencyTat

of Tg . Ty of sorbitol and xylitol are 268 K21] and 248 K,
respectively. T, of sorbitol and xylitol obtained by DSC
measurement are 267 K and 249 K, respectiyai. T;‘ of
the mixture is 258 K, which is intermediate value between
those of sorbitol and xylitol. The fragility indemx was given
to be 101 for sorbitol, 86 for xylitol, and 93 for the mixture,
respectively.

On the other hand, thé processes in sorbitol, xylitol, and
the mixture show the Arrhenius-type temperature depen-
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FIG. 3. Arrhenius diagrams of sorbitgh), mixture (b), and
xylitol (c). Dotted lines represeri,, of sorbitol (320 K), mixture
(300 K), and xylitol (288 K), respectively(a) Solid and open dia-
monds represerit}, andf# for sorbitol, (b) solid and open triangles
representf® and f2 for mixture, and(c) solid and open circles
representt® and f# for xylitol. Solid curves were obtained from
Eq. (4) (sorbitol: A=12.7, B=572 K, andT,=229 K, xylitol: A
=12.85, B=640 K, and Ty=205 K, mixture: A=12.77, B
=606 K, andT,=217 K). Solid lines were obtained from E¢p)
[sorbitol: C=17.2 andE,= 80 (kJ/mo), xylitol: C=17.12 andE,
=78 (kJ/mo)), sorbitol-xylitol mixture:C=17.16 andE,=79 (kJ/
mol)]. The fitting uncertainties near,, are larger than those for

below and abovd, . The base of the logarithm is 10.
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FIG. 4. Dotted lines represeidt, of sorbitol (320 K) and xylitol
(288 K), respectively(a) Arrhenius diagram of sorbitol, xylitol, and
mixture. Symbols are the same as those used in Figh)3Tem-
perature dependences Ak# and 8° for sorbitol, xylitol, and the
mixture. Open diamonds, open circles, and open triangles represent
AP for sorbitol, xylitol, and the mixture, respectively. Solid dia-
monds, solid circles, and solid triangles represéhtfor sorbitol,
xylitol, and the mixture, respectively. The base of the logarithm is
10.

dence and the behavior is quite similar to each other. Figure
3 shows the behavior of th@ processes in sorbitol, xylitol,
and the mixture. The temperature dependence‘ﬁo‘br all

the materials are described well by the solid lines obtained
from Eq.(5). The values of parameté€ for all the materials
are roughly 17. The values of the activation energy Bxe
=80 (kJ/mo) for sorbitol, E5=78 (kJ/ma) for xylitol, and
EA=79 (kdJ/mo) for the mixture.

The values of the activation energy of tfeprocesses in
sorbitol and xylitol are somewhat larger than those reported
in a literature[29]. However, it should be noted that the
values of the activation energy in this literature were ob-
tained from the data below,. It is not very strange that
there is difference in the activation energies below and above
T4. Actually, such a difference in sorbitol has been reported
in Ref.[13].

As mentioned earlier, only one dielectric relaxation pro-
cess for thew process is observed in the mixtuffel,, Ae?,
and theTa of the mixture are intermediate value between
those of sorbitol and xylitol. Namely, the mixture behaves
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like a pure material whose number of carbon is 5.5 in a 12
molecule because these for sorbitol and xylitol are 6 and 5,
respectively. However, the values of the shape parameters

and 6* for sorbitol, xylitol, and the mixture are similar to 8
each other. The values of* and 6 for all the materials are

glycerol(x)

0.4 and 0.8 respectively. Therefore, it can be considered that 73 6
the mixture has a large mean dynamical structure, which is Eﬁ 4
directly connected to thex process. A considerable large s 5
number of molecules causes the origin of therocess even >

. . (o]
at temperatures right below,, . If the « process is caused = 0
by orientational motion of a molecule, several processes in P

the mixture will be observed becausf of sorbitol and xy-
litol at the same temperature are quite different. According to -4
the idea of the cooperatively rearranging regi@@RR)
[4-6], the « process can be explained by the cooperative
motion of some molecules. In this case, the relaxation time
of the a process is the rate of the molecular motion coopera-
Fively reorientating. The experimental results support the eX- £ 5 Arrhenius diagram of sorbitol, xylitol, and glycerol.
istence of the CRR. Solid diamonds, solid circles, and solid triangles represgntor

In general, it would be expected that the mixed materialsorbitol, xylitol, and glycerol, respectively. For glyceréf, are ob-
are microscopically heterogeneous and the values of the reained from a reporf18] and an open square is the secondary re-
laxation parameters of the mixed materials are different fromaxation frequency at 179 K19]. The VFT curve of glycerol was
those of pure constituents. As for agueous solutions such dsm a repor{18]. Dashed and solid lines show the behavior of the
alcohol-water mixture{36—3§, the relaxation frequency g process in glycerol estimated by us. The base of the logarithm is
and the relaxation strength of theprocess are intermediate 10.
between those of pure constituents, and the distribution of
the relaxation time is different from that of pure constituents.polar relaxation of the waterlike structure produced by the
Therefore, the effect of mixing on the distribution of the hydrogen bonds among molecules. The dipolar relaxation
relaxation time of usual liquids is different from that of su- can be considered as a thermally activated process with
percooled liquids according to our study. It is considered thatlouble minimum potential. Then, thé process shows the
this difference comes from the difference in the size of CRRArrhenius-type temperature dependence. Since this story can
The size of the CRR of usual liquids should be very small. be attributed to any polyols, it can be considered thatghe

Figure 4b) shows the temperature dependence of the reprocesses in all the polyols have similar behavior. However,
laxation strength of thg8 processAe?, and the Cole-Cole there would be a strong correlation between thend 8
shape parameter of the process,s”, for sorbitol, xylitol,  processes nedhy, and the behavior of the process depends
and the mixture. These relaxation parameters show anoman the size of polyol molecule. Therefore, it seems that the
lous behavior neally, . However, except for nedfy, the  appearance of th8 processes in polyols is different.
values ofA&? for sorbitol, xylitol, and the mixture are simi- Based on above consideration about the relaxation pro-
lar to each other and show the same temperature dependenssses in sorbitol and xylitol, we discuss the behavior of the
where As? increases with increasing temperature. On therelaxation process in glyceradl,, andT; of glycerol are 291
other hand, the value and the behavior &f for sorbitol, K and 190 K[39], respectively. The fragility indexn has
xylitol, and the mixture are also similar to each other. Thebeen reported to be §39]. Although glycerol belongs to a
values of8# increase with increasing temperature as well asseries of polyols, th@ process has not been clearly observed
AeP. Thus, from the behavior of?, Asf, and 6%, itis  but the excess winfL7—19.

25 30 35 40 45 50 55 6.0
1000/T[1/K]

strongly suggested that the molecular origin of {hepro- Figure 5 is the Arrhenius diagram of polyols including
cesses in sorbitol, xylitol, and the mixture is essentially theglycerol in addition to the materials being studied in this
same. work. The plots for sorbitol and xylitol are from our mea-

We have suggested a simply kinetic model as the origin osurements and those of the process for glycerol from a
the B process in sorbitdl23]. There are the hydrogen bonds report[18]. The dashed and solid lines in Fig. 4 show the
among sorbitol molecules, which behave like water mol-behavior of theB process in glycerol estimated by us. In
ecules bounded to sorbitol molecules. At lower temperaturesrrhenius function for thes process in glycerol, the value of
polyol molecules are orientationally correlated and the stabl@arameteiC was set about 17 same as that of sorbitol and
spaces exist among polyol molecules for the relaxation timeylitol. The value of the activation energy was estimated to
of the a process. In the stable spaces, the hydrogen bondse 74 (kJ/mo) by the linearly extrapolation from those of
among polyol molecules behave as water molecules boundesbrbitol, xylitol, and the mixture.
to polyol molecules. Since the relaxation time of #agro- Schneidelet al. performed isothermal complex permittiv-
cess is much longer than the relaxation time of ghgrocess, ity measurements on glycerol at 179 K lasting up to five
the spaces among polyol molecules are stable during the diveeks and asserted that the secondary relaxation process de-
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— 100 excess wing is due to the high-frequency slope of e
1S iS5 process as some experimentalists have been reported in their
i8I literatures[19,29,40,41
o4 Finally, we suggest that thé processes in all the polyols
% .3 10 have essentially the same molecular origin. Recently} Do
i{ : Seo i B et al. have discussed on the difference between glycerol and
TF : Seel Age sorbitol from the viewpoint of local mobilityf{29]. They
-2 Ssal claimed that the mobility of the intermolecular hydrogen
SB 05 _k (u 1 bond is rather restricted compared to that of the molecular
' Pl - backbone for glycerol, while these are the same for sorbitol.
:E A However, this difference between glycerol and sorbitol
o L3 : : : n 0.1 shows up only belowTy. Actually, their data of the spin-
' lattice relaxation times indicate that there is no difference
30 35 40 45 50 55 6.0 between glycerol and sorbitol aboVig. Our suggestion is
1000/T[1 /K] consistent with this fact.
FIG. 6. Ae? and &7 for sorbitol, xylitol, and glycerol. Dotted IV. CONCLUSION

lines represent, of sorbitol (320 K) and xylitol (288 K), respec-
tively. Open diamonds and open circles represesf for sorbitol
and xylitol. Solid diamonds and solid circles represéfitfor sor-
bitol and xylitol. Open and solid squares ake and § of the sec-
ondary relaxation process in glycerol at 179 K, respectiy&8j.

Complex permittivities of sorbitol, xylitol, and sorbitol-
xylitol mixture in the supercooled liquid state were measured
by means of broadband dielectric measurements. Since su-
percooled liquids are in the quasiequilibrium state, the be-
havior of all the relaxation parameters for tBeprocess can
be compared among the polyols as well as those forathe
scribed by Cole-Cole function was obsernjdd]. Their ex-  process. The loci of the VFT functions of theprocesses in
perimental value of the secondary relaxation frequency asorbitol, xylitol, and the mixture are different corresponding
179 K is indicated in Fig. 4. In this figure, it is shown that to the difference inTy . The relaxation parameters of tiae
our prediction for the secondary relaxation frequency ofprocess in sorbitol-xylitol mixture behave as if the mixture is
glycerol is in good agreement with the reported one. a pure material, which consists of molecule whose size is

Figure 6 shows the temperature dependencA«f and  between those of sorbitol and xylitol. This supports the ex-
&P for sorbitol and xylitol with the values oAe and § for  istence of the CRR. On the other hand, the behavior ofthe
those of the secondary relaxation process in glycerol at 17processes in all the polyols including glycerol is similar. It
K given by Schneideet al.[19]. The values ofAe and§ of = can be considered that th@ processes in polyols have a
the secondary relaxation process in glycerol agree with theommon origin: the hydrogen bonds among molecules,
lines naturally extrapolated using our experimental data fowhich are strongly bounded to molecules and behave like
sorbitol and xylitol. This result implies that the secondarybound water. Our consideration about the behavior ofahe
relaxation process in glycerol becomes broad ardde- andp processes supports that the excess wing in glycerol is
creases with decreasing temperature. It can be considereldie to the high-frequency slope of tigeprocess submerged
that this is a common feature of tigeprocesq15,21,41. in the a process. The8 process in glycerol, which has very

We expect that thg process in glycerol can be observed small relaxation strength, would be observed at very low
at very lower temperatures. Thprocess is appeared as the temperatures. It seems that the appearance @8 fv@cesses
excess wing because the main part of th@rocess is sub- in polyols is different since the behavior of tleprocesses
merged in the dominating process and the values Afs?  depends on the size of molecule. However, the behavior and
are very small at lower temperatures. It is concluded that therigin of the 8 processes in polyols are the same.
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