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Existance of Intermolecular relaxation and Stokes-
Einstein-Debye relation in supercooled
D-arabinose

Lokendra P. Singh

Abstract— Broadband dielectric spectroscopy has been used to study the different relaxation behavior in the supercooled state of D-
arabinose over a wide frequency (10 — 10" Hz) and temperature range (120-360 K). In addition to the main relaxation process (c) which is
responsible for the glass transition phenomena, two more relaxation processes viz. - & y- were also observed below the glass transition
temperature. The slower secondary relaxation or B-process has been identified as true intermolecular relaxation and faster one (y-process)
is probably the rotation of hydroxymethyl (-CH,OH) side group attached to the sugar ring. The temperature dependence of various
dielectric parameters viz. 1, 15, 1, and 1, have been critically examined. The current experimental result shows that, 10910 64 VS. 10910 T«
dependence is nonlinear and hence can be described with the fractional Stokes-Einstein-Debye relation.

Index Terms—Dielectric relaxation, glass transition, intermolecular relaxation, Stokes-Einstein-Debye relation.

1 INTRODUCTION

HE molecular origin of the secondary relaxation and its

possible connection to the primary or structural relaxation

is the two important aspects concerning the relaxation
dynamics of glass forming materials. It is well accepted that
some secondary relaxations have an intra-molecular origin
which originates from the motion of side groups of the mole-
cules almost decouple from the rest part. Besides, in some oth-
er molecular systems, the observed secondary relaxation re-
flects the motion of the entire molecule i. e. of intermolecular
in nature. The secondary processes caused by this mechanism
are usually known as Johari-Goldstein (or JG-) [1], [2] relaxa-
tion processes which is considered to reflect a universal relaxa-
tion mechanism of glass forming materials.

Due to the increasing importance of intermolecular relaxa-
tion (or JG-) in glass forming materials, a lot of work has been
carried out to identify the JG-relaxation in glass forming mate-
rials such as polymers [3], carbohydrates [4], [5], [6], [7], [8], [9]
as well as orientationally disordered crystals [10], [11]. Among
these glass forming materials, carbohydrates (mono-, di-, and
polysaccharides) have been studied extensively both in anhy-
drous form [4], [5], [6], [7], [8], [9] as well as aqueous solutions
[9], [12], [13]. Because of the presence of the strongly polar OH
groups and, hence, hydrogen (H-) bonding in carbohydrates,
the dielectric relaxation spectroscopy has been extensively
used to understand the presence of various relaxation pro-
cesses. Earlier broadband dielectric relaxation studies [4], [5],
[6], [7], [8] on various carbohydrates (mono-, di-, and polysac-
charides) have identified the presence of JG-relaxation. These
dielectric studies on aldopentoses viz. D-ribose, 2-deoxyribose
and D-arabinose had predicted the existence of JG-relaxation,
but the temperature dependence of relaxation times of this
process is still missing. In order to find the relaxation time of
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JG-relaxation and other dielectric parameters such as the rela-
tion between dc electrical conductivity and dielectric relaxa-
tion time, we have remeasured the dielectric spectra of D-
arabinose in a broad temperature range. Here, we present the
results of our measurements of broadband dielectric spectros-
copy studies on this material (D-arabinose) over a wide range
of temperatures.

2 EXPERIMENTAL

The material D-arabinose (Mw ~ 150.13 g/mol) obtained from
Sigma Aldrich (purity = 99 %) and used as received. To pre-
pare the sample, the crystalline D-arabinose has been placed
on 30 mm gold plated electrodes. The crystals were melted
directly over them by keeping the temperature around their
melting temperatures, up to turn the samples transparent and
care was taken to prevent thermal degradation. Then other
electrode of 20 mm diameter has been put over 30 mm diame-
ter electrode with 0.1 mm Teflon spacers. Now the samples
were quenched putting them in liquid nitrogen to prevent
crystallization during cooling.

Novocontrol alpha analyzer, a broadband dielectric spec-
trometer has been used to measure the complex dielectric
function [ ¢* (w) = ¢' (®) - i €' (®), where ® = 2xf ], in the fre-
quency (f) range 1 mHz - 10 MHz. After cooling at a rate of 10
K/min, isothermal frequency scans recording were performed
during heating from T = 120 to 280 K with steps of 5 K and
from T = 280 to 350 K with steps of 2.5 K. The sample tempera-
ture was controlled with stability better than + 0.1 K.

In order to analyze the results, the following frequency
domain expression has been used to fit the dielectric spectra,
which is based upon the asymmetric Havriliak-Negami (HN)
function [14]. Following common practice in all cases, the en-
tire loss spectrum is fit by the sum of three processes plus dc-
conductivity:
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Fig. 1. Dielectric loss spectra of D-arabinose for temperatures between 330
Kand 245 K as indicated.

Here, Agj = & — & is the relaxation strength of the jth process,
7; is the HN- relaxation time, o; and yjrepresent the symmetric
and asymmetric broadening of the loss curve (0 < o, ay < 1),
and &,is the high frequency limit of the real part of the permit-
tivity. One particular case of the above HN expression is the
symmetric Cole-Cole (CC) function which is obtained by set-
ting y = 1. In the present case, an HN-function was used to fit
a-process, v - process and a Cole-Cole function to fit f-process.

3 RESULTS AND DISCUSSION

Arabinose is an aldopentose monosaccharide containing
five carbon atoms, including an aldehyde (-CHO) functional
group. It exists in nature in two forms namely D- and L-form.
However, L-arabinose is in fact more common than D-
arabinose in nature and is found in nature as a component of
biopolymers such as hemicellulose and pectin. L-form has
been studied by earlier researchers [15] using dielectric spec-
troscopy and differential scanning calorimetry. They found,
only one secondary relaxation process in addition to the pri-
mary relaxation process. Fourteen years later Kaminski and
co-workers [5] studied both forms and their equimolar mix-
ture using broadband dielectric spectroscopy, but surprisingly
they also reported only one secondary relaxation process.
Probably they could not resolve another secondary relaxation
process which emerges from the excess wing on the high fre-
quency side of the primary relaxation process. In the present
task, we have critically examined the data and succeeded to
resolve another secondary relaxation process (designated as -
process), emerges from the excess wing on the high frequency
side of the primary relaxation process. Depicted in Figure 1, is
the frequency dependent of imaginary part of permittivity (")
of D-arabinose at various temperatures. The dielectric loss
spectra of pure D-arabinose reveal two clearly resolved relaxa-
tion process contributed by the primary relaxation (o-process)
and a secondary relaxation called y-process. However, as we
go towards lower temperature i. e. below the glass transition

temperature (T), a shoulder can be seen in the loss spectra in
between the primary-loss peak (0-) and secondary loss peak
(y-process). This new feature indicates the presence of another
secondary relaxation process (designated as B-process in Fig-
ure 1) located at frequencies intermediate between the primary
relaxation (o-) and the clearly resolved y- relaxation process.
Hence in addition to the primary relaxation process (o-), two
resolved secondary relaxation processes (designated as p- and
y-) at a temperature lower than T, can be seen in supercooled
D-arabinose. The y-process is clearly visible in the vicinity of
glass transition temperature (Tg) and becomes more pro-
nounced in the glassy state. It is worth to mention that the y-
process becomes asymmetric in the glassy state. Therefore we
have applied the Havriliak-Negami (HN) function (eq. 1) to
the best fit of y-process. However the P-process is well de-
scribed by Cole-Cole function in the whole temperature range.
The same behavior of y-process was also reported recently by
Singh et al. [8] for D-lyxose and earlier by Kaminski et al. [4],
[5], [6], [7] for other sugars. Some representative examples of
the fitting procedure are shown in Figure 2 at three fixed tem-
peratures to show the behavior of a-process, y-process and the
existence of B-process. Clearly the o-process was well de-
scribed by HN-function (eq. 1) with large o and yun values.
According to our fitting results, o ranges from 0.68 to 0.80
and yuy ranges from 0.39 to 0.62 which is a typical value of
fragile glass forming materials. Almost similar behavior was
also observed by earlier researchers in D-arabinose [5], [12],
[15] and D-lyxose [8].
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Fig. 2. The dielectric loss spectra at T = 170, 270.5, and 295 K to show the
existence of various relaxation processes. The dashed lines correspond to
the HN-fit for the a-processes, dashed dotted line corresponds to the CC-
function for the resolved p-process and dashed double dotted line corre-
sponds to the DC-fit for conductivity. Solid lines represent the typical
ansatz fit. The corresponding parameters are: T = 170 K (on~ = 0.24, yun =
0.36, Ae = 0.96, logio tan = -1.31); T = 272.5 K (0-process: ann = 0.76, yun =
0.48, Ae = 36.8, logio tan = 2.27; B-process: onn = 0.27, yun = 1, Ae = 1.69
logio N = -1. 80; y-process: ann = 0.48, yun =1, Ae = 0.80, logio T~ = -7.1); T
=295 K (a-process: onun = 0.70, yun = 0.61, Ae = 33.54, logio tan = -2.67; -
process: ann = 0.37, yun =1, Ae = 2.92, logio T~ = -7.45).
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Depicted in Figure 3, is the temperature dependence of dielec-
tric relaxation times of different relaxation processes observed
in pure D-arabinose. The temperature dependence of relaxa-
tion times of a-process (1,) as well as the conductivity relaxa-
tion process (1, = &oes/0a.) was described by Vogel-Fulcher-
Tammann (VFT) equation [16], [17] given by,

B

_b5 @)
T-T,

log ,, [r(T)/s]= A+

where Tj is the temperature at which the dynamics of the sys-
tem tend to diverge, A is a logarithmic pre- exponential factor
and B is a constant. On the other hand, the temperature de-
pendence of relaxation times of both secondary relaxation
processes (B- & vy-) were described by Arrhenious equation
(put To = 0 in eq. 2). The best VFT-fit parameters in the order
A, B and T for processes Opc-, a-, B- & y- are as follows. Gac-
process: -10.50, 1426.28 K, 182.97 K; a-process: -14.84, 1039.61
K, 211.25 K; B-process: -18.42, 4567.45 K, O; y-process: -14.74,
1966.88 K, 0. Based on the criterion of dielectric glass transition
temperature (Tgp) where the relaxation time reaches upto a
value of 100 sec, the present VFT-fit of a-process imply glass
transition temperature Tgp = 272.9 K. This value is consistent
with the calorimetric glass transition temperature of D-
arabinose reported by by Singh et al. [12]. Thus we may con-
clude that the primary relaxation or a-process is related to the
glass transition phenomenon in D-arabinose. Moreover the
VFT-fit has also been used to calculate fragility index [18],
which is defined as:

I d(log , 7,) ©)
d(Tg/T)

9

The value of ‘m’ obtained from above equation comes out to
be 74.5, which is consistent with the fragility index obtained
by earlier researchers in pure D-arabinose [5], [11]. However
this value is slightly higher than the fragility index of their
isomers viz. D-lyxose [8] and D-ribose [4].

Now focusing on results of resolved secondary relaxation
or B-process, the relaxation time of this process has been de-
termined using cole-cole fit function. The activation energy of
this process is about 4567.45 K or 87.4 + 5 k] /mol. This value is
very close to the activation energy of B-process found in other
isomer D-lyxose [8]. Based on high pressure sensitivity of this
process, Singh et al. [8] concluded that this process is of inter-
molecular or JG-type in nature. Also the observed activation
energy of B-process in the present case is within the range (73-
98 kJ/mol) of the activation energies of JG-process found in
mono- di- and polysaccharides [6], [7], [8]. These results imply
that the observed B-process in D-arabinose has the same origin
as in the case of D-lyxose [8] and other saccharides [6], [7] i.e.
of intermolecular or JG-relaxation process.

Further throwing more light on the results of another sec-
ondary relaxation or y-process observed in D-arabinose. The
calculated activation energy of this process is about 1966.88 K
or 37.5 kJ/mol. This result is consistent with the order of mag-
nitude of the activation energy reported by Singh et al. [11] as
well as by Kaminski et al. [5] in glassy D-arabinose. Other
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Fig. 3. Temperature dependence of the dielectric relaxation times of differ-
ent relaxation processes for D-arabinose. In the order from slow to fast
process, the time constants are for dc-conductivity (to), the primary struc-
tural process (Ta), the resolved secondary relaxation (tg) and the secondary
relaxation (ty). The lines along the 1o and T« symbols are VFT fits, the lines
near the 1p and Ty data represent an Arrhenius fits.
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Fig. 4. Log-log plot of dc conductivity (cac) verses structural relaxation
time (t,) for supercooled D-arabinose. A straight line (dashed line) of
slope -1 is also drawn for caoparision. The solid line along symbols is the
fit to fractional-Stokes-Einstein-Debye relation (eq. 4).

monosaccharides viz. D-lyxose [8], D-ribose [4] also show the
same relaxation behavior and approximately same activation
energy. The same relaxation process also exists in disaccha-
rides as well as polysaccharides [7], [9]. They identify this re-
laxation as originating from local chain motion. Gangasharan
and Murthy [15] identified the origin of this process as the
segmental rotation of a linear chain of the monosaccharides
unit. While Noel et al. [9] have suggested that this process
may be linked to the rotation of hydroxymethyl groups at-
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tached to the sugar ring. Recently Singh et al. [8] have identi-
fied the origin of y-process of D-lyxose as the rotation of hy-
droxymethyl (CH,OH) side group attached to the sugar ring.
Since D-arabinose is an isomer of D-lyxose and both belong to
Aldopentoses family and also this process is insensitive to
pressure, thus we may conclude that the y-relaxation in D-
arabinose has the same origin as those of y-process observed in
D-lyxose i.e. due to the rotation of the CH,OH group (intramo-
lecular origin).

It is very well known that dielectric spectroscopy pro-
vides simultaneous measurements of primary relaxation time
1, (rotational dynamic component) and dc conductivity (trans-
lational component) in the presence of electric field over a
broad dynamic range. When these two quantities are coupled,
a relationship exists between the temperature dependence of
the a-relaxation time and the dc conductivity of the liquid as o4 (T)
1,(T) = constant, usually known as Stokes-Einstein-Debye rela-
tion. However, the breakdown of Stokes-Einstein-Debye rela-
tionship is oftenly observed in glass forming materials near
the glass transition temperature [3], [19], [20]. So fractional-
Stokes-Einstein-Debye equation is required to describe the
experimental data:

64c (T) T(T)* = const 4)

Where ¢ is the fractional exponent (0 < ¢ < 1). In order to test
this relation, a log-log plot of o, against t, for D-arabinose is
shown in Figure 4. A dashed line of slope -1 is also shown in
the figure. On closer inspection of this Figure 4, one can notice
that eq. 4 well describes the data with an exponent {=-0.827 +
0.02. This exponent value is consistent with commonly report-
ed values in the range from 0.75 to 0.91 [3], [19], [20]. There-
fore we may conclude that for D-arabinose, there is an en-
hancement of translational ionic motion in comparison with
the orientational molecular motions on approaching the glass
transition temperature (Tj).

3 CONCLUSION

Dielectric relaxation behavior of supercooled D-arabinose has
been examined using broadband dielectric spectroscopy. We
have succeeded to resolve the secondary relaxation process (p-
process) and determined the temperature dependence of re-
laxation time of this process. The activation energy for this
process was found to be 86.3 £ 5 kJ/mol and has been identi-
fied as true intermolecular relaxation or JG-process. The other
secondary process viz y-process has also been observed having
almost the same activation energy as observed by earlier re-
searchers. Additionally, a breakdown of the Stokes-Einstein-
Debye relation (logio 64 vs. logio T,) was observed revealing an
enhancement of translational ionic motions in camparison
with the orientational molecular motion as the glass transition
temperature is approached.
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