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Study of the nature of glass transitions in the plastic crystalline
phases of cyclo-octanol, cycloheptanol, cyanoadamantane
and cis-1,2-dimethylcyclohexane

Madhusudan Tyagi and S. S. N. Murthya)

School of Physical Sciences, Jawaharlal Nehru University, New Delhi-110 067, India

~Received 15 August 2000; accepted 29 November 2000!

Cycloheptanol, cyclo-octanol, cyanoadamantane and cis-1,2-dimethylcyclohexane are known to
form plastic crystals which can be supercooled to show a glass transition at a temperatureTg . The
molecular dynamics in different plastic phases is studied in their supercooled states using dielectric
spectroscopy~frequency range: 106 Hz–1023 Hz! and differential scanning calorimetry~DSC! over
a wide temperature range. The kinetic freezing of the various dielectric processes have been
critically examined in relation to theTg found in the DSC experiments. The plastic phase I of
cyclo-octanol shows twoTg’s: one at 148.5 K and the other at 164 K, the former of which is not
found in well annealed phase I. The dielectrica-modes correspond to the latter. Cycloheptanol
exhibits manyTg’s for the different plastic phases. Unlike the cyclic alcohols, the dielectric spectra
of cyanoadamantane and cis-1,2-dimethylcyclohexane is clearly found to follow the Havriliak–
Negami equation, both of which interestingly show very little molecular mobility, often referred to
as the secondary relaxation in their glassy states. In addition, the temperature dependence of the
relaxation rates and the dielectric strengths are critically examined for various supercooled phases
to gain an insight into the nature of the molecular mobility in those phases. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1342811#
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I. INTRODUCTION

In general, a glassy state results from an elongation
relaxation time by cooling a material which is in a supe
cooled metastable state. Thus, the glassy state is looked
as a nonequilibrium state in a thermodynamic sense.1 In prin-
ciple, every liquid, irrespective of its chemical compositio
if cooled fast enough to avoid its collapse to the norm
crystalline ~NC! phase, can reach the glassy state, and
often referred to as structural- or liquid-glass.2 Usually in a
normal liquid there is a strong coupling between the ro
tional and translational degrees of freedom, and there is o
one glassy state, the liquid-glass. However, in the case
liquids composed of molecules of high symmetry3 or mol-
ecules with different confirmers,4,5 there exists6 a decoupling
between the translational and rotational degrees of free
on cooling, leading to what is known as the plastic cryst
line ~PC! phase, which on further cooling collapses to an N
phase. In the PC phase the molecules have translational
metry but are rotationally disordered. Thus, this PC ph
can also be supercooled to avoid its collapse to the
phase, where the rotational disorder gets frozen kinetica
This state is generally referred to as orientational glass
glassy crystal.2,7,8 Since it involves only the orientational de
grees of freedom and has many similarities with that
liquid-glass, it is often thought to be a simple mod
glass6,9,10 to start with.

The approach to the glassy state has been studied
well using dielectric spectroscopy.1,6,11–19 The temperature

a!Electronic mail: ssnm@jnuniv.ernet.in
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dependence of the relaxation rate is found to be n
Arrhenius and the corresponding spectral response is fo
to be non-Debye~with alcohols as an exception.20–22! This
non-Debye behavior has been the subject of special inte
to researchers working in dielectrics in view of the sugges
universalities23,24 and scaling25,26 approaches. Although the
glassy crystal is suggested to be a good model glass to
derstand glass formation, in general, the amount of inform
tion available on this front is not adequate. The relaxat
data either do not exist throughout the temperature ra
because of various problems including recrystallization27 to
the NC phase or are available only in a few systems with
much supporting information from other techniques. Also
the case of cyclic alcohols, the transition temperatures
often sensitive to the amount of impurities28 ~probably be-
cause of the existence of various confirmers!, which is fur-
ther complicated by the existence of more than one PC ph
~for the same reason5! and hence, can exhibit more than tw
glassy crystalline transitions.5

The glass transition temperature, in a general sense,
be defined as the temperature where the various phys
properties exhibit a sharp change on cooling of a mater
Since the approach to the glass transition is relaxationa
nature, the transition~more exactly the transformation! tem-
perature is dependent on cooling~or heating! rates. In experi-
mental glass science, it is often customary1,27 to measure this
at a cooling~heating! rate of 10°/min which approximately
corresponds to a relaxation time of about 100 s or to
approximate relaxation frequency of 1023 Hz. The glass
transition temperature is generally seen as a step-like cha
in specific heat measurements. It is also customary to de
0 © 2001 American Institute of Physics
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nate this temperature as the actualTg as it corresponds to th
onset of making/breaking of the chemical bonds~structural
change! and corresponds to the enthalpy relaxation time
100 s~at a heating rate of 10°/min!. Usually in liquid glasses
the Tg measured~calorimeterically! also corresponds to
changes in other physical properties such as a step
change in thermal conductivity29 or a sharp change in th
slope of thermal expansion~or specific volume3! or enthaply
versus temperature curves. The glass transition event aTg

can also be realized as the kinetic freezing temperature o
main dielectric relaxation event.22 This has been found to b
true for most of the liquid-glasses and glassy crystals wit
the experimental uncertainity in the determination of the
temperatures although some ambiguity exists in the cas
liquid alcohols.21,22

However a different situation prevails in cyclic alcoho
in their plastic phases. More than oneTg has been quoted in
cyclo-octanol in Differential Scanning Calorimetry~DSC!30

and in thermal conductivity29 measurements, but the ma
a-process as per the dielectric measurements of Br
et al.31 freezes at 168 K which appears to be in no w
connected with the modes freezing at theTg’s quoted above.
A similar confusion exists in the case of cycloheptanol fro
calorimetric studies;6,30,32 the dielectric measurements o
Shablakhet al.5 and the Nuclear Magnetic Resonance~NMR!
measurements10 and also, the number of glass transitio
events that can be realized in this material is not clear as
material exhibits many plastic phases.5 In order to under-
stand these phenomena, it is desirable to carry out both c
rimetric and dielectric relaxation experiments on the sa
sample for a given impurity. It is with this view that th
present study was taken up.

Another aspect we wish to critically examine in plas
crystals is the nature of the relaxation, especially in view
the questions raised by Brandet al.31 regarding the validity
of the universal scaling law proposed by Dixonet al.,25

where it was shown that the smaller sub-Tg processes make
the contribution to the high frequency side, which has be
argued to be a universal behavior of the glasses in the sca
law proposal. With these observations in mind, we have
amined the dielectric spectra of two nonhydrogen bon
plastic crystals in their supercooled state, as the corresp
ing dielectric spectra are expected to be simpler becaus
the lack of hydrogen bonding between the molecules.

II. EXPERIMENT

The samples studied here are: cyclo-octanol or CO
~E. Merck, 95% purity!; cycloheptanol or CHOL: sample
~E. Merck,.98%) and sample II~Aldrich Co.,;97%) and
cyanoadamantane or CNADM~E. Merck, .98%) and cis-
1,2-dimethylcyclohexane or DMCH~Aldrich, 99%!. All are
used as received without any further purification.

The DSC measurements are made by using a DuPon
2000 thermal analyzer using the quench cooling access
For the dielectric measurements, an HP 4284A precis
LCR meter in the frequency range 20 Hz–1 MHz is us
For the measurements of dielectric loss at the ultra low
quency of 1020.5 Hz – 1023.0 Hz, a DC step response tech
nique is used. A three terminal liquid dielectric cell similar
Downloaded 27 Mar 2001 to 199.98.105.63. Redistribution subjec
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the one used earlier21,22,27has been used with COOL, CHO
and DMCH for this purpose. A different cell assembly h
been used with CNADM which is in a powdered form.
disk 2.5 cm in diameter and about 0.2 cm in thickness
made out of the sample by pressing it in a pressure dye
pressure of 10 K bar. The two electrodes are made from
ver powder pressed at the same pressure. The sample d
then pressed between the silver pellets at the same pre
to make the capacitor. This capacitor is held between
brass electrodes with the aid of a light weight spring. T
sample temperature is measured with the help of a ther
couple kept deep inside the bottom electrode. The temp
ture of the assembly is then controlled in the same way
before. The experimental setup and accuracy in the meas
ments were as before.21,27

III. RESULTS

To get information about the phase getting supercoo
we have measured the first order transition temperatures
responding to various phases using DSC which are show
Table I. The values entered in Table I are the average va
of five runs with a heating rate of 2°/min. To give some id
of the deviations of these transition temperatures from
data of others, we have also entered the corresponding va
reported in the literature.28,32,33,45The deviation of the tran-
sition temperatures from the reported values are proba
due to impurities present in our samples. The nature of
transition has been identified on the basis of the presen
electric work and the thermal study of others. Our cyclohe
tanol sample~sample II! revealed two additional transition
located at 248.2 K and 237.4 K which were not observed
the earlier work32 and in sample I of our study. As we se
later these corresponding phases are associated with
anomalous~large! value of the Fuoss–Kirkwood dipole cor
relation factorg34 and are present during heating and cooli
cycles and can get supercooled. This has led to consider
difficulty in identifying the stability of the correspondin

TABLE I. Details of the various first order transition temperatures. L: li
uid; S: crystalline solid; M: metastable.

Sample Nature of transition Transition temperature~K!

COOL SI→L 291.2 297.5
SII→SI 258.2 264.0 ~Ref. 28!

CHOL SI→L 276.6 280.3
SIV→SI 253.6 258.5
SV→SIV 248.2 2 ~Ref. 32!
SII→SV 237 2

SIII→SII 225.0 227.3
II 8→II 167 172.2

III 8→III 126.2 128.2

CNADM SI→L 468.7 458.0
SII→SI 285.3 280.0 ~Ref. 33!

SIII→SII 281.2 280.0
~M ?!

DMCH SL→L 224.5 223.2
SII→SI 2 172.5 ~Ref. 45!
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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phases.~Metastable states with highg values are also found
during cooling in cyclopentanol27,35 and this phenomenon i
not uncommon in cyclic alcohols.5,35! Our sample CNADM
shows two transitions around 285 K instead of one repo
by Foulonet al.33 We believe that this discrepancy could b
due to a very high heating rate of 40°/min. adopted by th
workers with which it is difficult to resolve the two closel
spaced transitions. However, of the two transitions, the lo
one was found to be metastable as it was found to dimin
in size with annealing. The sample wise details of the m
surements are described in the following subsections.

A. COOL

In view of the ambiguity in the glass transition temper
tures of COOL, as pointed out in the Introduction, we ha
critically examined the supercooling of various phases of
material. The liquid could not form liquid-glass even at ve
high cooling rates. To get an idea of what theTg of the liquid
@i.e., Tg( l )# is, we have used propylene glycol as an addit
to suppress crystallization and theTg( l ) of this liquid mix-
ture is then measured. TheTg( l ) of pure COOL is then de-
termined by an extrapolation method36 where theTg( l ) of
the mixture at various concentrations was measured as
scribed in our recent publication.27 The Tg( l ) of COOL is
found to be 17162 K.

When the liquid of COOL is cooled it quickly crysta
lizes to a plastic phase which we refer to as phaseI 8. The
subsequent melting endotherm corresponding to this ph
always showed an enthalpy about 20%–40% less than w
it should be.~The enthalpy associated with the SI→L tran-
sition is supposed to be about 2.04-2.10 kJ/mol28.! However,
we realized that phase I8 after annealing for more than a
hour, more or less gets transformed to phase I and the
thalpy associated with theSI→L transition is then fully es-
tablished. Thus, it is clear that phase I8 has some additiona
disorder which was not present in phase I. In view of the
observations, it is expected that, if the DSC~calorimetry!
experiments are done without taking care of this annea
effect, it will show a different freezing event correspondi
to the additional disorder. We have taken the DSC runs
different sample histories which are given in Fig. 1. T
samples are all equilibrated at 100 K for 10 min before t
ing the DSC scan. The heating rate is fixed at 10°/min in
of these runs.

Shown in Fig. 1~a! is the DSC scan of phase I~well
annealed phase I8! which shows a small but clearTg event at
164 K. ~Here the sample was actually recycled a few times
the range 150 K,T,258 K to allow equilibrium to be es
tablished through recrystallization to a more stable phase
was then heated to a temperature of 265 K where it w
annealed for about 1 h before cooling it for the DSC run. Th
word ‘‘well annealed’’ phase I8 refers to this sample with
this thermal background.! If phase I8 is not annealed, the
corresponding DSC scan would be like the one shown in F
1~b!, which shows a large GT event at 148.5 K. Howev
this step-like event starting at 148.5 K extends all the way
to 172 K. ~In Fig. 1, only the DSC curves around the G
event are shown. Actually the GT event is followed by o
crystallization exotherm and two endotherms correspond
Downloaded 27 Mar 2001 to 199.98.105.63. Redistribution subjec
d

e

r
h
-

-
e
is

e

e-

se
at

n-

e

g

r

-
ll

n

nd
s

g.
,
p

g

to the transitions fromSII→SI and SI→L as shown in
Table I but are not shown in Fig. 1, for the sake of clarity
the glass transition event atTg .!

The GT event shown in Fig. 1~b! for phaseI 8 is unusu-
ally broad and looks like a superposition of two GT even
one at 148.5 K and another probably around 164 K. In or
to get this clarified, we have annealed the sample at 23
for about 20 min for the crystallization to take place in t
supercooled phaseI 8, before it is cooled to 100 K for the
DSC run. The DSC curves corresponding to these two s
ations are shown in Fig. 2. It can be noted that in the cr
tallized sample, the GT event at 148.5 K still exists and h
now become sharper but the second GT event around 16
has vanished. It is interesting to note that there is no vis
crystallization exotherm during heating in curve 2. Pr
longed annealing of the sample around 210 K for about 2
more or less removed the GT event at 148.5 K with t
corresponding endotherms fully established to their expec
sizes~not shown in Fig. 2!. Interestingly, the correspondin
DSC curves do not show any sign of a new phase which
be identified28,29 with phase III of the high pressure side. I
addition to the above results, the DSC runs on all samp

FIG. 1. DSC curves for cyclo-octanol in the glass transition region fo
heating rate of 10°/min.~a! For sample cooled from well annealed phase
~sample size58.7 mg!. ~b! For sample that is not deliberately anneale
during cooling~sample size514.3 mg!. The dashed line in~a! corresponds
to the tangents drawn using the software for the calculation ofTg .
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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3643J. Chem. Phys., Vol. 114, No. 8, 22 February 2001 The nature of glass transitions
with different sample histories revealed another small st
like change around 136 K for a heating rate of 10°/min.

The dielectric measurements corresponding to this liq
in its supercooled state could not be taken as the liq
quickly solidified in the dielectric cell. The relaxation corr
sponding to this phase is always found to occur at m
higher frequencies than the upper limit of the frequency w
dow used here, which is 1 MHz. Solid phase I superco
and the relaxation data corresponding to this phase
shown in Fig. 3. We have used the Havriliak–Nega
equation37 to describe the dielectric loss curves which
given by

e* ~ f !2e`

e02e`
5S 11 i S f

f 0
D 12aHND 2bHN

, ~1!

wheree0 , e` are the limiting dielectric constants at low an
high frequencies, respectively, andf 0 is the mean relaxation
frequency@which is related to the peak frequencyf m by the
relation f m5 f 0tan(p/2(11bHN)) for small aHN values#.

The temperature dependence off m values corresponding
to the a-process (f m,a) could well be described by th
power-law~PL! equation:5,11,13,14,20–22,27

FIG. 2. DSC curves for cyclo-octanol for a heating rate of 10°/min.~a! For
a sample that not deliberately annealed during cooling~sample size514.3
mg!. ~b! For a sample that is annealed for 20 min in the crystallization z
of curve ~a!, before cooling to 100 K for the DSC run~sample size59.7
mg!. The dashed and dotted lines correspond to the~sigmoidal! base line set
by the software for the calculation of the enthalpy of the transitions.
Downloaded 27 Mar 2001 to 199.98.105.63. Redistribution subjec
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Tg8
D r

, ~2!

whereTg8 is the zero relaxation frequency temperature~i.e.,
the limiting glass transition! and r is the dynamic exponent
We have also used the well known Vogel–Fulche
Tammanns~VFT! equation to describe the T-dependence
f m,a , which is given by

f m,a5 f 0,ae(2B/T2T0), ~3!

whereT0 is the limiting glass transition temperature. In th
above equation, the pre-exponential factorf 0,a is often iden-
tified with the lattice vibrational frequency andB5 E/R,
whereE corresponds to the activation energy at high te
peratures. Both Eq.~2! and Eq.~3! are found to describe the
data equally well and the corresponding parameters are
tered in Table II. Finally, we have plotted thef m values
corresponding to the different processes and different ph
in the form of an Arrhenius diagram shown in Fig. 4. Th
figure also includes the resolved high temperaturef m values
corresponding to the different processes observed in the
uid and solid phases by others. We have also shown thef m

values corresponding to thea-, b- andg-processes observe
by Brandet al.31 for the purpose of comparison.

It may be noted from Fig. 3, that Eq.~1! describes the
data well around low and middle frequencies but not on
high frequency side. As pointed out by Brandet al.31 in their
earlier investigation on this sample, these deviations pr
ably occur due to the presence of two other relaxation p
cesses of much smaller magnitude, which are designate
b- andg-processes found, respectively, on lowering the te
perature. We have critically examined the supercooled ph
I and even the well annealed phase II of this sample for
existence of these processes. Both theb- and g-processes
were always found with the same relaxation rates for a gi
temperature, although the main (a) process was absent i
phase II. The dispersion corresponding to these proce

e

FIG. 3. Loge9 vs log f for the supercooled phase I of cyclo-octanol. Th
thick lines correspond to Eq.~1! for the given parameters as: curve 1
T5201.8 K (aHN50.10,bHN50.78!; curve 2: 210.1 K~0.025, 0.703!; curve
3: 222.6 K ~0.015, 0.697!; curve 4: 246.1 K~0.019, 0.714! and curve 5:
252.5 K ~0.050, 0.825!.
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded
TABLE II. Details of thea-relaxation process.

Tg(pc) Power-law Vogel–Fulcher equation
Sample Phase ~K! log A ~Hz! r Tg8 ~K! Tg ~cal.! K log A8 B ~K! T0 ~K!

COOL I 164.0 6.87 14.40 142.6 172.0 14.59 3690.3 80.6

CHOL I 144.5 4.10 10.96 122.90 150.5 10.54 2659.0 61.8
II ••• 4.35 13.96 113.69 147.5 15.60 5355.8 20.8
III ••• 3.69 11.84 117.67 149.7 10.87 2647 54.5

CNADM I 172.3 5.81 9.13 152.9 169.5 12.35 3880.0 48.1

DMCH I 107.8 10.68 11.12 98.5 104.3 13.83 1133.3 73.2
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could well be described by a depressed Cole–Cole
equation38 which can be obtained by consideringbHN51 in
Eq. ~1!. The corresponding relaxation frequencies are fit
to the Arrhenius equation:

f m5 f 0e2E/RT, ~4!

the results of which are given in Table III.
We have also tried to see whether the sample his

corresponding to phase I has any effect onf m values corre-
sponding to thea-process. We failed to notice any change
the T-dependence of thea-process within the experimenta
accuracy. We have also measured the static dielectric
stant of the liquid up to 363 K to get an idea of the degree
correlations in this phase and to observe, if any, the de
tions ofDe(5e021.05nD

2 , wherenD is the optical refractive
index! from ; 1/T law.39,40The values ofDe thus measured
are plotted in Fig. 5 against 103/T, for both the liquid and
plastic phase I. The values of the Fuoss–Kirkwood corre
tion factorg calculated34 for the liquid vary from 1.09 at 356
K to 2.00 at 301.4 K. For phase I, the corresponding val

FIG. 4. Complete Arrhenius diagram of cyclo-octanol. Also shown are
liquid and solid~Refs. 26, 31, 49, 46! data of others~open circles!. ~Both the
liquid and solid phase I have three high frequency processes designated
2, 3 and 18, 28, 38, respectively. Note that there is a discontinuity at t
boundary of these phases.! The thick line on thea-process corresponds t
the fit to Eq.~2! to our data. The thick lines onb- andg-processes are fits
to Eq. ~4! to our data. The thick lines on the liquid-side are guides for
eye.
 27 Mar 2001 to 199.98.105.63. Redistribution subjec
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vary from 2.50 at 278 K, peaking to a value of 2.90 at 246
K, beyond which it falls to about 2.17 around 219 K.

B. CHOL

The samples we have obtained from E. Merck, Germa
~sample I! and Aldrich ~sample II! showed different behav
iors as far as supercooling of the liquid phase is concern
Sample I showed a large glass transition at 151 K for
liquid phase@Fig. 6 ~curve 1!#. For this purpose, the sampl
was cooled at a rate of about a few hundred degrees
minute by dipping the sample directly into liquid nitroge
before introducing it into the DSC cell at 100 K for the DS
run. By comparing the size of the crystallization exother
with that of the endotherms that follow the crystallizatio
peaks, we are more or less certain that the GT event sh
in Fig. 6 ~curve 1! is due to the kinetic freezing of liquid. We
have also measured theTg( l ) of both types of samples usin
the binary liquid method27 using propylene glycol as the sec
ond component. TheTg( l ) thus measured is 153.562.5 K
which more or less agrees with the above value. Shown
Fig. 6 ~curve 2! is the curve corresponding to the supe
cooled plastic phase I of the same sample for a cooling
of 10°/min. TheTg value for phase I is 144.6 K. The samp
obtained from Aldrich Co.~sample II! did not show any
tendency for the liquid to supercool. However, phase I
cooling at a rate of 10°/min shows the GT event at;143 K,
which more or less agrees well with that shown in Fig.
~curve 2!.

We have studied cycloheptanol in detail using dielect
spectroscopy by annealing the sample at appropriate t
peratures for crystallization and by quenching the requi
phase to get the relaxation behavior at lower temperatu
~Fig. 7!. We have performed various heating and cooli
cycles on the same sample to get a clear idea of the p
getting supercooled and which exhibits the correspond

e

s 1,

TABLE III. Details of sub2Tg processes@Eq. ~4!#.

Material Process
log f 0

~Hz!
E

~kJ/mol!

COOL b 15.52 47.53
g 20.43 56.03

CHOL g 18.69 38.91
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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dielectric measurements. Our observations are summar
in the following subsections.

1. Liquid phase

The sample obtained from E. Merck allowed us to ma
measurements on the supercooled liquid state down to a
235 K before crystallization until phase I intervenes. Thef m

values measured for this phase agree well with the extra
lated f m values reported in literature for the high temperatu
side. This situation is shown in Fig. 8 where thef m values
are plotted again 103/T along with that of other phases.~On
the other hand, the liquid phase of the sample obtained f
Aldrich showed little tendency to supercool.! The relaxation
spectra for the supercooled liquid yielded values ofaHN ,
bHN @Eq. ~1!# of 0.025, 0.8 at 245.1 K and 0.04, 0.8 at 234
K. We have also studied the static dielectric constant up
temperature of 363 K from which the dielectric streng
De(e021.05nD

2 ) is calculated. The values ofDe thus ob-
tained showed slight deviation from 1/T law as in the case o
COOL shown in Fig. 5. The values of Fuoss–Kirkwood co
relation factorg calculated approximately34 for this phase
varies from a value of 1.26 at 357.7 K (De54.57) to 2.22 at
234.1 K (De517.71).

2. Phase I

The dielectric measurements are performed on phase
two different ways to cover the entire temperature ran
down to the correspondingTg . In the first method, the mea
surements are made during the cooling of the sample w
enabled us to cover a few tens of degrees of temperatu
its supercooled region before recrystallization intervenes
the second method the measurements are performed nea
aboveTg by quenching the phase I very fast. However, in t
latter method during heating the sample recrystallizes
phase III at about a temperature of 187 K and takes a tim
about 2 h for completion. The relaxation behavior of th
phase is found to deviate from that of Cole–Davidson43 @Fig.

FIG. 5. Variation of dielectric strengthDe with 103/T in cyclo-octanol for
both the liquid state and plastic phase I~including the supercooled plasti
phase I!. Also included in the figure~open circles! are the data of others
~Refs. 26, 31!.
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7~a!#. The corresponding values ofaHN andbHN are found
to vary from 0.05, 0.9 at 253.5 K to 0.11, 0.76 at 178.6
The correspondingDe values are found to deviate from 1/T
law, especially on the lower temperature side similar to
case of phase I of COOL shown in Fig. 5. The correspond
g values are found to vary from 2.92 at 253.5 K to 3
around 220 K, below which it starts to fall to 2.25 at 178
K. The relaxation rates vary in a non-Arrhenius fashion
shown in Fig. 8 and the corresponding parameters are
tered in Table II.

3. Phase II

Phase II could not be studied over a wide temperat
range because of rapid recrystallization to other phases.
dielectric spectra@Fig. 7~b!# yielded the values ofaHN ,bHN

in the range of 0.15, 0.80 at 240 K to 0.17, 0.80 at 229.4
The corresponding values ofg vary approximately from 2.75
at 240 K to 2.58 at 229.4 K.

4. Phase III

During heating of the rapidly cooled sample, the ma
rial always recrystallizes to a phase which we believe to
phase III. This phase shows a lot of unusual features in
electric study. The corresponding dielectric spectra@Fig.
7~c!# are found to be very symmetrical due to the unusua
large aHN values. TheaHN values vary from 0.5 to 0.2 on
the decrease of temperature from 216 to 174 K. The die
tric strength showed a tendency to increase with decrea
temperature. These values approximately correspond tog
factor of 1.10 to 2.75 over the same temperature interva
is also observed that phase III superheats to phase I~during
heating! by-passing all the intermediate phases.

5. Phase IV (and V)

It is observed that during the slow cooling of phase I, t
material recrystallizes to a phase which showed anoma

FIG. 6. DSC curves taken in the glass transition region for cyclohepta
~sample I! from 100 K at a heating rate of 10°/min. Curve 1: fast quen
cooled from the liquid phase~sample size517.1 mg!; curve 2: quench
cooled from phase I~sample size518.4 mg!. Curve 1 is shifted downwards
by 0.025 units for the sake of clarity.
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 7. Loge9 vs logf in the various~supercooled! phases of cycloheptanol. The thick lines correspond to Eq.~1! corresponding to the parameters shown
the brackets, as below:~a! Phase I: curve 1: T5178.6 K (aHN50.11,bHN50.76!; curve 2: 183.5 K~0.11, 0.76!; curve 3: 240.0 K~0.05, 0.90!; curve 4: 245.5
K ~0.05, 0.89!; and curve 5: 253.5 K~0.05, 0.90!. Deviations of the data on the lower frequency side from Eq.~1! are due to dc conduction loss@the dipolar
loss obtained on subtraction, falls on the thick lines corresponding to Eq.~1!#. ~b! Phase II: curve 1: T5184.9 K (aHN50.148,b50.8!; curve 2: T5187.6 K
~0.152, 0.8!; curve 3: 230.6 K~0.185, 0.8!; curve 4: 232.9 K~0.165, 0.8!; and curve 5: 239.9 K~0.150, 0.8!. ~The data corresponding to curves 1 and 2 m
have some contribution from supercooled phase I.! ~c! Phase III: curve 1: T5199.6 K (aHN50.540,bHN50.99!; curve 2: 216.4 K~0.47, 0.80!; curve 3: 206.6
K ~0.45, 0.90!; curve 4: 216.1 K~0.56, 0.84!; curve 5: 216.5 K~0.43, 1.0!; and curve 6: 217.7 K~0.37, 0.88!. ~d! Phase IV~or V!: Curve 1: T5200.6 K
(aHN50.30,b50.80!; curve 2: 211.7 K~0.34, 0.96!; curve 3: 228.6 K~0.35, 0.99!; curve 4: 231.8 K~0.24, 0.80!; and curve 5: 234.8 K~0.38, 0.99!.
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dielectric strength; it is also found that this phase could
supercooled without the intervention of recrystallization
any other phase.~It is difficult to distinguish between phas
IV and phase V in the dielectric measurements.! The De
values in this phase correspond to highg values of approxi-
mately 6.67 at 261 K to about a value of 2.5 at 188 K. T
phase also has unusual dielectric behavior in the sense
the corresponding dielectric spectra are symmetrical w
high aHN values in the range of 0.3 to 0.4@Fig. 7~d!#. Al-
though no definite trend exists in the variation ofaHN with
temperature, these values are found to be smaller than t
of phase III. Thef m values corresponding to this phase a
almost the same as those of phase III and are found to
slightly non-Arrhenius in T-dependence~Fig. 8!.

During our investigation we also noticed that the pol
ization corresponding to cycloheptanol has never fallen
zero even after prolonged annealing in the supercoo
phases. Thus, it appears that there is no normal crysta
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state for this material, or that it may require prolong
annealing32 than that is used in the present study. The det
of the non-Arrhenius parameters corresponding to the v
ous phases are given in Table II. In addition to the above
the glassy states revealed the presence of a sub2Tg process
~designated as theg-process in Fig. 8!, the details of which
are given in Table III.

C. CNADM

The previous dielectric studies42–44 on the sample
CNADM revealed an unusual behavior in the relaxati
spectra and the T-dependence of the static dielectric cons
e0. However, exact information about the nature of the
laxation spectra is not clearly available prior to this inves
gation because of the problems associated with the cell
sembly employed before~please refer to Ref. 42 for details!.
The DSC run on this sample shows a glass transition at
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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K followed by a two step exotherm associated with recr
tallization and two endotherms at 281.2 K and 285.3 K c
responding to the two recrystallization peaks~Fig. 9!. How-
ever, the transition associated with the endotherm at 281
appears to be metastable because it is dependent on
sample history and is also diminished in size in very w
annealed samples. Foulonet al.33 report only one transition
~which corresponds to our lower endotherm! in their DSC
scan. It is possible that the two endotherms could not
resolved in their study because of the high heating rate
40°/min used. In Fig. 10, we have shown the variation
dielectric losse9 in relation to frequency for the supercoole
plastic phase. Thee9 values could be well represented b
Eq. ~1! over the entire frequency range employed here. T

FIG. 8. Complete Arrhenius diagram of cycloheptanol. Also shown in
figure are the data points~o! corresponding to the liquid state taken fro
Refs. 39 and 40. The dotted line is the approximateda-process correspond
ing to the supercooled liquid using high T data and theTg( l ) ~which corre-
sponds to an approximatef m of 1023 Hz!. The solid lines are the P.L. fits
@Eq. ~2!#. The thick lines in theg-process corresponds to Eq.~4!.

FIG. 9. DSC curves for a heating rate of 10°/min for 1 cyanoadamantan
a sample cooled from 393 K~curve 1! and cooled from room temperatur
~curve 2!, respectively, at an average rate of 10°/min~sample size58.4 mg!.
Note that there is a change in the value ofTg(pc) from 173 K to 168 K. The
dotted line on curve 1 corresponds to the base line set by the thermal a
sis software.
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corresponding Arrhenius diagram is shown in Fig. 11. In F
12 the variation of the static dielectric constante0 and the
corresponding HN parameters with temperatures are sho
We have critically examined the variation ofe0 , aHN , bHN

and logfm values with temperature to see the possible eff
of recrystallization on these values. This has been done
using heating and cooling cycles. It has been noticed
there is a probability of recystallization below 240 K, but th
process was found to be so slow during the time taken for
dielectric spectra that we did not find any change in the
electric parameters. This indicates that the observed die
tric spectra actually correspond to the supercooled samp

We have also examined the temperature variation ofe0

ande` values during heating and cooling cycles, around
temperature 225–240 K. Although we have found so

e

or

ly-

FIG. 10. Loge9 vs logf in the supercooled phase I of 1 cyanoadamanta
The thick lines correspond to Eq.~1! for the given parameters as: curve 1
T5226.5 K (aHN50.09,bHN50.97!; curve 2: 235.3 K~0.049, 0.937!; curve
3: 244.6 K~0.047, 0.939!; curve 4: 257.5 K~0.045, 0.938!; curve 5: 269.2 K
~0.045, 0.943!; curve 6: 280.0 K~0.054, 0.966!; curve 7: 292.5 K~0.019,
0.87!; and curve 8: 300.2 K~0.028, 0.906!.

FIG. 11. Arrhenius diagram for the supercooled phase I of 1 cyanoadam
tane. The thick line corresponds to the fit to Eq.~2!.
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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slight differences in these values during cooling and sub
quent heating, there appears to be somee0 values which are
characteristic of the supercooled phase at equilibrium42

However, when the sample is cooled much below 218 K
clear change is noticed in thee0 values during heating an
cooling cycles, indicating recrystallization. However, in th
context, it is interesting to note that even highly crystalliz
samples showed a residual dispersion whosef m values and
shape parameters more or less coincide with that of
a-process during cooling and subsequent heating. This i
cates that this residual dispersion has originated from
unoriented matrix~in which g.0) embedded in stable ori
ented~completely anti-ferroelectric! domains in whichg is
zero.

The high values ofaHN in the case of CNADM
prompted us to examine the dielectric spectra of another n
hydrogen bonded plastic crystal. In Fig. 13, we show
a-relaxation of supercooled plastic phase of DMCH. T
Tg(pc) of this material is 107.8 K27 and the corresponding
NC to PC transition is at 172.5 K27,45~see Ref. 27 for further
details!. This material, in its supercooled phase I, is known
be very stable against recrystallization to the NC phase

FIG. 12. ~a! Variation of e0 with temperature and~b! variation ofaHN and
bHN with temperature for equilibrium phase I of 1 cyanoadamantane an
supercooled state. The thick lines are guides for the eye.
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the time required for this transition is of the order of day
Thus, the highaHN values~Fig. 13! @or the deviation from
Cole–Davidson~CD! behavior# are a true characteristic o
the supercooled plastic phase and do not include the t
dependence of recrystallization. The corresponding varia
of De shows little variation with temperature in the supe
cooled phase~the reader may refer to Ref. 27 for more d
tails!. The corresponding T-dependence off m values is
found to be strongly non-Arrhenius and hence, this mate
can be rated as very ‘‘fragile’’ plastic material. This situatio
is shown in Fig. 14, where we have given the fragility pl
for all the materials under study. We have plotted the logfm

values against 1/T whereT is normalized to the correspond
ing Tg(pc), for comparison purposes.

ts

FIG. 13. Loge9 vs logf in cis-1,2-dimethylcyclohexane. The thick line
correspond to Eq.~1! for the parameters given as: Curve 1: T5117.5 K
(aHN50.190,bHN50.508!; curve 2: 121.5 K~0.125, 0.442!; curve 3: 128.9
K ~0.140, 0.534!; curve 4: 130.4 K~0.197, 0.588! curve 5: 133.0 K~0.162,
0.615!.

FIG. 14. Fragility plot for the plastic crystalline phases of all the samp
The Tg(pc) used for normalization of the 1/T axis corresponds to the
Tg(cal) in Table II. The thick lines correspond to the fits to Eq.~2!.
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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IV. DISCUSSION

A. Cyclo-octanol

~i! The Tg(pc) of this material is 164 K@Fig. 1~a!# and
the main dielectric relaxation event (a-process! found in di-
electric measurement corresponds to this event~Fig. 4!. The
a-branch corresponds to the same process~designated as
process 1 in Fig. 4! that is seen in the liquid state which
usually attributed21 to the –OH group flipping within the
H-bonded clusters or chains. Theg-process appears to be th
event that is seen as a small but clear dielectric process
served in the microwave frequency range by Stockhau
and Hornhardt46 ~especially see Fig. 1 of Ref. 46!. This pro-
cess was referred to as the third process in their paper46 ~and
in our Fig. 4 as well!. The high activation energy of 56.
kJ/mole for theg-process~Table III! tempts us to attribute i
to conversion from one confirmer to the other. This view
also supported by the dielectric study of Davies and Swa47

on cyclohexyl derivatives in a frozen polystyrene matr
This E value is also much larger than what is expected
the rotation of a single molecule in an otherwise rigid mat
as found in binary liquids.48

The b-relaxation does not seem to be simply related
the second process46 obtained for the liquid and solid state
~there is also some doubt regarding the existence of the
ond process which could be an artifact of the analy
adopted by Stockhausen and Hornhardt46 and Shimoniya;49

where the main process was assumed to be Debye w
may not be true!. However, it is interesting to note that th
freezing of theb-process corresponds to the small stepl
change found in DSC results around 136 K. The correspo
ing activation energy~Table III! is so high that it may not be
due to a simple single molecular orientation. In addition b
b- andg-processes exist even in phase II implying that th
are not characteristic of the glassy state and~hence! should
be taken as the characteristic of some intra-molecular
cess.

It is also interesting to note that there is no dielect
process corresponding to the GT event at 148.5 K.

B. Cycloheptanol

The molecule of CHOL is expected to have as many
42 kinds of distinguishable confirmations32 which is also re-
flected in the existence of many crystalline phases and g
transitions.5 Apart from theTg( l )(.152.562.5 K! of the
liquid, there are at least four differentTg(pc)’s correspond-
ing to phases I, II, III and IV which are obtained by supe
cooling of these phases. However, theTg(pc)’s correspond-
ing to these phases are all located in a short tempera
range of 5–6 deg from 144.5 to 149 K. All the supercoo
phases show non-Arrhenius dependence~Fig. 8 and Table
II !. It is interesting to note that a fall in thef m values as one
goes from L→ SI → SII → SIII are in accordance with the
fall of the g values as discussed in Sec. III. In addition
that, the corresponding dielectric spectra are also foun
become more and more symmetric as one moves away
liquid toward SIV @see Figs. 7~a!–7~d!#.

The Tg(pc) reported in all the previous investiga
tions10,30,32probably corresponded to SI. Adachiet al.32 have
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clearly identified oneTg(pc) of 140 K corresponding to SI
However, the corresponding heating rate is 2 K/min. Th
also report that the enthalpy relaxation time of this sampl
about 24 h at 133.3 K; which corresponds to anf m value of
1.831026 Hz. This value more or less agrees well with th
extrapolateda-process of SI~see Fig. 8 and Table II!.

Theg-process found for this material is extant in all th
glassy crystalline phases and has a high activation en
~Table III! similar to that of theg-process in cyclo-octanol
And hence, it may be attributed to the conversion from o
confirmer to the other.

C. Cyanoadamantane

Prior to this investigation, there was some ambiguity
garding the nature of dielectric relaxation in the supercoo
state for two reasons:~i! the difficulty43,44 in maintaining an
air free sample as the material is in a powdered form~where
air gaps are known50 to affectDe values and to some exten
the f m values!; and ~ii ! contraction of the sample durin
transformation from the supercooled phase I to the NC s
as faced by Pathmanathan and Johari.42 We have minimized
these two errors by using the kind of dielectric cell assem
described in Sec. II.

CNADM has a very large dipole moment4 of 3.83 D but
the corresponding static dielectric constants are not that la
as expected for free dipolar reorientations. As explained
the previous workers,42,43 the molecules are arranged in a
fcc lattice in such a way that for each particular molecu
some positions are impossible due to the steric hindra
between first and second next-neighbor molecules, there
exists a local order. According to the structural descripti
two very different motions may exist, of which only the slo
tumbling reorientation of the dipole moment between^001&
axes of the cubic lattice is to be considered at the frequen
of interest ~i.e., below 106 Hz!. The previous dielectric
studies42–44show that the smaller static dielectric constant
due to a smaller correlation factor of about 0.15 at 190
which indicates an antiferroelectric order~also supported by
Raman spectral studies33! which is also clear from thee0

values given in Fig. 12.
Our dielectric study~Figs. 10 and 12! indicates:~a! a

sharp spectral change below 240 K where the spectral sh
parameteraHN continues increasing as the temperature lo
ers, which as discussed in Sec. III, is a true equilibrium pr
erty of the supercooled phase. This is also accompanied
fall in the value ofDe. This behavior is quite similar to tha
found in the ordering of the molecular orientations in cry
talline phases of dichloro, tetramethyl benzene and trichlo
trimethyl benzene.51 ~b! On further lowering of the tempera
ture below about 210 K, theDe value collapses relatively
faster to a value of 1.05nD

2 .
Thus, the transformation to the NC phase occurs in t

phases where in the first phase gradual orientational or
ing, which is in equilibrium with temperature, occurs. In th
phase theaHN , bHN values,e0 values andf m are all revers-
ible with temperature and thee0 value falls andaHN in-
creases as the temperature decreases. However, in the s
phase, part of the material collapses to the NC phase, w
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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a time dependent fall ofe0 at a given temperature is expecte
and hence, the correspondinge0 values are not reversibl
with temperature in the supercooled phase. Thus, it is in
esting to note that theaHN values reflect the orientationa
ordering, which can also be viewed as a measure of st
hindrance to the molecular orientations. At this point it is n
clear in what way the two crystalline phases present~Fig. 9!
during the cooling of the plastice phase are connected w
this behavior and also why there is a sample history dep
dentTg(pc) of about 5–6 deg~Fig. 9!. In this context it is
interesting to see that phase III and phase IV of cycloh
tanol have high values ofaHN indicating a high steric hin-
drance to the orientations in these phases.

For temperatures above 235 K, the Arrhenius equat
f m5 f 0e2E/RT is good enough to describe the situation w
the pre-exponential factorf 051013.87 which is more or less
of the order of lattice vibrational frequency~see Fig. 11 and
Table II!. Deviation from this Arrhenius behavior coincide
with an increase inaHN and increasing occurrence of orie
tational ordering. Thus, the behavior of this material in t
supercooled state is different from that of phase I of cyc
octanol and cycloheptanol. DMCH also exhibits highaHN

values in the supercooled state~Fig. 13! where correspond
ing De values are more or less constant in the supercoo
phase I.

D. Shape of the dielectric spectra

In both the non-H-bonded systems studied here, ther
no sign of any secondary relaxation process in the freque
range shown in Figs. 10 and 13 and interestingly, this re
ation spectra can well be described by HN equation@Eq. ~1!#.
The high frequency tail advocated25 to be the universal char
acteristic of glassy relaxation is not found. Apart from th
both these systems have highaHN values which if plotted
according to the ‘‘original’’ scaling formalism introduced b
Dixon et al.,25 show deviations on the lower frequency si
from the universal scaling~not shown in any figure!. This
has been found to be true with some other materials as
~e.g., polyvinylacetate!53,57 which exhibit a nonzeroaHN in
Eq. ~1!. Even in the case of cyclo-octanol, where the scal
formalism has been shown to be valid by Pelecky a
Birge,8,26 we see here that the contributions to the high f
quency side come fromb- and g-processes~see Fig. 4!
which are extant in all phases, and hence the high freque
tail consisting of these processes cannot be considered a
versal feature of the glassy dynamics. Brandet al.31 have
shown this by using a much wider frequency range than o
where on subtraction of these contributions the relaxa
spectra follows as a Cole–Davidson~CD! equation41 which
is a special case of Eq.~1! for aHN50.

Apart from these two cases, the scaling formalism in
original form is also not found to describe the relaxation d
corresponding to the other plastic phases of cyclohepta
viz., phases II, III and IV which exhibit highaHN values
~Fig. 7!. High aHN values have also been noticed in t
supercooled phases of camphor,13 where the molecular ori-
entations are highly hindered.
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E. Strength and fragility

The concept of strength of a glassy system as advoc
by Angell1,52 can simply be taken as a measure of the abi
of a system to retain its high temperature Arrhenius chara
down to its Tg . As is known in dielectrics,40 the system
whose polarization characteristic or the orientation of the
poles can be described by a double potential well, leads
Debye relaxation and the corresponding relaxation rates
hibit Arrhenius T-dependence. Thus increasing deviatio
from the Arrhenius equation may be visualized in terms
increasing deviation from Debye character, i.e., increas
non-arrhenicity will usually be accompanied by increasi
non-Debyeness. From our point of view, non-Debyeness
this particular context should be understood as the degre
cooperativity which is usually reflected in the asymmet
parameter in the CD equation@i.e., bHN in Eq. ~1! for a
special case ofaHN51]. A quick look at the fragility plot
for all the samples in their plastic phases~Fig. 14! more or
less reflects this view with DMCH being the most fragi
plastic phase and CNADM being the strongest of the pla
phases. This view is also supported by the specific heatCP

change atTg
52,54,55 i.e., DCP(Tg), which in the case of

DMCH45 is about 63 J/mol/K and in CNADM33 it is about
16 J/mol/K.

However, if one looks at theDCP(Tg) for phase I of
COOL as given in Fig. 1~a!, it is about 9 J/mol/K which is
much less than that of CNADM, and hence the plastic ph
of COOL should be considered as stronger than that
CNADM. Similarly on the basis ofDCP(Tg), CHOL ~phase
I! should be considered more fragile than that of COO
which is not the case in Fig. 14.

Similarly if one looks at the half-width of the dielectri
loss spectrum as the criteria, then CNADM at lower tempe
tures should be considered more fragile than COOL
CHOL ~phase I!, which is not the case in Fig. 14. Similarly
if one considers the half-width of phase III of CHOL, it mu
be as fragile as DMCH which is not the case.

The point we wish to emphasize is that the moment
value ofaHNÞ0, problems in correlating the nonarrhenici
with half-width arise. But this problem can be eliminated
bHN alone is considered and, interestingly, all the curv
shown in Fig. 14 more or less are arranged according to
value ofbHN . Thus,bHN appears to retain its meaning of th
degree of cooperativity as in the CD equation and thus,
parameter (12bHN) may be considered as a measure of f
gility.

F. Power law †Eq. „2…‡ vs V.F.T. †Eq. „3…‡

Within the experimental accuracy both P.L.@Eq. ~1!# and
V.F.T. @Eq. ~3!# describe the T-dependence off m more or
less with the same accuracy~Table II!. In Table IV, the lim-
iting glass transitions, i.e.,Tg8 in Eq. ~2! andT0 in Eq. ~3!, are
compared with the experimentally measured zero exc
configurational entropy temperatureT2.56 (T2 is the tempera-
ture at which the excess configurational entropy of the sup
cooled phase over the corresponding ground state vanis!
In all cases, theT0 value falls well belowT2, indicating the
existence of configurational states even belowT2 if the plas-
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tic phase is allowed to come to equilibrium~at very very
slow cooling rates!, which is physically meaningless. Th
problem does not exist if one considers the P.L., where
limiting Tg for the infinitely slow cooling rate is alway
greater than or equal toT2.48,55 This indicates that P.L. a
given by Eq. ~2! is probably a better description of th
T-dependence off m of the a-process. Although the physica
meaning of the dynamic exponentr in Eq. ~2! is not yet
clear, it is interesting to see that if Eq.~2! is applied to the
dielectrica-process, the corresponding value ofr is always
located in a narrow range of 9–13 for supercooled syste
which includes both the liquids11,13,14,20–22,55and the plastic
crystals.27

V. CONCLUSIONS

~1! Both the cyclic alcohols studied here reveal two
more GT events corresponding to the freezing of the diso
associated with the various plastic phases. Significantly,
correspondingTg(pc)’s are lower than theTg values ob-
tained for the liquid phases by about 7–8 deg, which is
accordance with our recent observation.27

~2! In both the cyclic alcohols studied here, the diele
trically dominant process~i.e., thea-process! is not found to
be very sensitive to the impurities although the correspo
ing equilibrium transition temperatures are somewhat se
tive to their presence~see Table I!. Further, the sub2Tg

processes referred to as theb- andg-process are present i
all phases indicating that perhaps it is related to the intra
lecular process and, hence, is not a universal feature of
glassy dynamics.

~3! The study of the relaxation in the two non-H-bond
crystals revealed ana-process which more or less follow
Havriliak–Negami equation with highaHN values. Interest-
ingly these systems show little or no presence of theb- or
g-relaxation process. This relaxation also does not fit i
the ‘‘original’’ scaling formalism because of highaHN val-
ues. Similar behavior is also found in the plastic phases
CHOL.

1J. Wong and C. A. Angell,Glass Structure: By Spectroscopy~Marcel
Dekker, New York, 1976!.

2C. A. Angell, L. E. Busse, E. I. Cooper, R. K. Kadiyala, A. Dworkin, M
Ghelfenstein, H. Szwarc, and A. Vassal, J. Chim. Phys.82, 267 ~1985!.

3A. R. Ubbelohde,The Molten State of Matter~Wiley, Chichester, UK,
1978!.

4The Plastically Crystalline State, edited by J. N. Sherwood~Wiley/
Interscience, New York, 1979!.

TABLE IV. Details of Tg8 @Eq. ~2!#, T0 @Eq. ~3!# andT2.

Tg8 T0 T2
a

Material ~K! ~K! ~K!

Cycloheptanol 127.2–126 74–76 125
Cyclohexanol 139.0 120 128
Dimethylcyclohexane 98.5 73.2 80–90b

aTaken from Ref. 56.
bVery approximate calculation based on the data of Ref. 47 and is also b
on the fact~Refs. 52, 56! that many fragile systems haveT2’s about 15–20
deg belowTg .
Downloaded 27 Mar 2001 to 199.98.105.63. Redistribution subjec
e

s

r
er
e

n

-

-
i-

o-
he

o

of

5M. Shablakh, L. A. Dissado, and R. M. Hill, J. Chem. Soc., Farad
Trans.79, 369 ~1983!.

6S. Benkhof, A. Kudlik, T. Blockwicz, and E. Ro¨ssler, J. Phys.: Condens
Matter 10, 8155~1998!.

7H. Suga and S. Seki, J. Non-Cryst. Solids16, 171 ~1974!.
8M. Sorai and S. Seki, Mol. Cryst. Liq. Cryst.23, 299 ~1973!.
9D. L. Leslie-Pelecky and N. O. Birge, Phys. Rev. Lett.72, 1232~1994!.

10A. H. Fuchs, J. Virlet, D. Andre, and H. Szwarc, J. Chim. Phys.82, 293
~1985!.

11S. S. N. Murthy, J. Sobhanadri, and Gangasharan, J. Chem. Phys.100,
4601 ~1994!.

12G. P. Johari and M. Goldstein, J. Chem. Phys.53, 2372~1970!.
13Gangasharan and S. S. N. Murthy, J. Chem. Phys.99, 9865~1993!.
14S. K. Nayak and S. S. N. Murthy, J. Chem. Phys.99, 1607~1993!.
15C. A. Angell and D. L. Smith, J. Phys. Chem.86, 3845~1982!.
16L. Wu, Phys. Rev. B43, 9906~1992!.
17G. P. Johari, Ann. N.Y. Acad. Sci.279, 117 ~1976!.
18G. Williams, in Dielectric and Related Molecular Processes, Special P

riodical Report~Chemical Society, London, 1975!, Vol. 2, p. 151.
19Gangasharan and S. S. N. Murthy, J. Phys. Chem.99, 12349~1995!.
20S. S. N. Murthy and S. K. Nayak, J. Chem. Phys.99, 5362~1993!.
21S. S. N. Murthy, J. Phys. Chem.100, 8508~1996!.
22S. S. N. Murthy, Mol. Phys.87, 691 ~1996!.
23A. K. Jonscher,Dielectric Relaxation in Solids~Chelsea Dielectric,

Chelsea, London, 1983!.
24A. K. Jonscher,Universal Relaxation Law~Chelsea Dielectric, Chelsea

London, 1994!.
25P. K. Dixon, L. Wu, S. R. Nagel, B. D. Williams, and J. P. Cairini, Phy

Rev. Lett.65, 1108~1990!.
26D. L. Leslie-Peleckey and N. O. Birge, Phys. Rev. B50, 13250~1994!.
27S. S. N. Murthy, Therm. Chem. Acta359, 143 ~2000!.
28R. Edelmann and A. Wurflinger, Mol. Cryst. Liq. Cryst.148, 249 ~1987!.
29O. Andersson and R. G. Ross, Mol. Phys.71, 523 ~1990!.
30A. Dworkin, A. H. Fuchs, M. Ghelfenstein, and H. Szwarc, J. Ph

~France! Lett. 43, 121 ~1982!.
31R. Brand, P. Lunkeheimer, and A. Loidl, Phys. Rev. B56, R5713~1997!.
32K. Adachi, H. Suga, and S. Seki, Bull. Chem. Soc. Jpn.45, 1960~1972!.
33M. Foulon, J. P. Amourenx, J. L. Sauvajol, J. P. Cavrot, and M. Muller

Phys. C17, 4213~1984!.
34Theg values are calculated using the original Fuoss–Kirkwood formula

given by Eq.~5! of Ref. 21 assuming the densityr to be independent of
temperature. Ther values for the liquid phase have been taken from t
reference: R. C. Weast and M. J. Astle,CRC Hand Book of Physics and
Chemistry~CRC Press, Boca Raton, FL, 1993!. The r values for all the
solid phases have been assumed to be 20% greater than the abover value
of the liquid phase.

35G. Corfield and M. Davies, Trans. Faraday Soc.60, 10 ~1964!.
36C. A. Angell, J. M. Sare, and E. J. Sare, J. Phys. Chem.82, 2622~1978!.
37S. Havriliak and S. Negami, J. Polym. Sci., Part C: Polym. Symp.14, 99

~1966!.
38K. S. Cole and R. H. Cole, J. Chem. Phys.9, 341 ~1941!.
39S. S. N. Murthy, J. Chem. Phys.100, 6102~1994!.
40N. E. Hill, W. E. Vaughan, A. H. Price, and M. Davies,Dielectric Prop-

erties and Molecular Behaviour~Van Nostrand Reinhold, London, 1969!.
41D. W. Davidson and R. H. Cole, J. Chem. Phys.19, 1485~1951!.
42K. Pathmanathan and G. P. Johari, J. Phys. C18, 6535~1985!.
43J. P. Amoureux, M. Castelain, M. D. Benadda, M. Bee, and J. L. Sauva

J. Phys.44, 513 ~1983!.
44J. P. Amoureux, G. Noyel, M. Foulon, M. Bee, and L. Jorat, Mol. Ph

52, 161 ~1984!.
45H. M. Huffman, S. S. Todd, and G. D. Oliver, J. Am. Chem. Soc.71, 584

~1949!.
46M. Stockhausen and S. V. Hornhardt, Z. Naturforsch. A47, 1135~1992!.
47M. Davies and J. Swain, Faraday Soc. Trans.67, 1637~1971!.
48S. S. N. Murthy, A. Paikaray, and N. Arya, J. Chem. Phys.102, 8213

~1995!.
49T. Shinomiya, Bull. Chem. Soc. Jpn.63, 1087~1990!.
50S. R. Gough, E. Whalley, and D. W. Davidson, Can. J. Chem.46, 1673

~1968!.

ed
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



3652 J. Chem. Phys., Vol. 114, No. 8, 22 February 2001 M. Tyagi and S. S. N. Murthy
51C. Brot and I. Darmon, J. Chem. Phys.53, 2271~1970!.
52C. A. Angell, J. Non-Cryst. Solids13, 131 ~1991!.
53A. Schönhals, F. Kremer, and F. Stickel, Phys. Rev. Lett.71, 4096~1993!.
54C. A. Angell and W. Sichnina, Ann. N.Y. Acad. Sci.276, 53 ~1976!.
Downloaded 27 Mar 2001 to 199.98.105.63. Redistribution subjec
55S. S. N. Murthy, J. Phys. Chem.93, 3347~1989!.
56V. P. Privalko, J. Phys. Chem.84, 3307~1980!.
57A. Schönhals, F. Kremer, and E. Schlosser, Phys. Rev. Lett.67, 999

~1991!.
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp


