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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 tempé€gatilire
molecular dynamics in different plastic phases is studied in their supercooled states using dielectric
spectroscopyfrequency range: foHz—10 2 Hz) and differential scanning calorimet(ppSC) over

a wide temperature range. The kinetic freezing of the various dielectric processes have been
critically examined in relation to th&  found in the DSC experiments. The plastic phase | of
cyclo-octanol shows twdy's: one at 148.5 K and the other at 164 K, the former of which is not
found in well annealed phase |. The dielectiiemodes correspond to the latter. Cycloheptanol
exhibits manyT ¢'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 phases20@L American
Institute of Physics.[DOI: 10.1063/1.1342811

I. INTRODUCTION dependence of the relaxation rate is found to be non-
Arrhenius and the corresponding spectral response is found
In general, a glassy state results from an elongation of & be non-Debyewith alcohols as an exceptidfi?3 This
relaxation time by cooling a material which is in a super-non-Debye behavior has been the subject of special interest
cooled metastable state. Thus, the glassy state is looked upefresearchers working in dielectrics in view of the suggested
as a nonequilibrium state in a thermodynamic sérisgprin-  universalitie?®2* and scaling®2® approaches. Although the
ciple, every liquid, irrespective of its chemical composition,g|assy crystal is suggested to be a good model glass to un-
if cooled fast enough to avoid its collapse to the normalderstand glass formation, in general, the amount of informa-
crystalline (NC) phase, can reach the glassy state, and igion available on this front is not adequate. The relaxation
often referred to as structural- or liquid-gldssisually in a  data either do not exist throughout the temperature range
normal liquid there is a strong coupling between the rotahecause of various problems including recrystalliz&tidn
tional and translational degrees of freedom, and there is onljhe NC phase or are available only in a few systems without
one glassy state, the liquid-glass. However, in the case Ghuch supporting information from other techniques. Also in
liquids composed of molecules of high symmétor mol-  the case of cyclic alcohols, the transition temperatures are
ecules with different Confirmefg there eXiSt@a deCOUp”ng often sensitive to the amount of |mpur|ﬁé§probab|y be-
between the translational and rotational degrees of freedogause of the existence of various confirmerghich is fur-
on cooling, leading to what is known as the plastic crystalther complicated by the existence of more than one PC phase
line (PC) phase, which on further cooling collapses to an NCfor the same reasénand hence, can exhibit more than two
phase. In the PC phase the molecules have translational sy ssy crystalline transitiorts.
metry but are rotationally disordered. Thus, this PC phase Tne glass transition temperature, in a general sense, can
can also be supercooled to avoid its collapse to the NGgye defined as the temperature where the various physical
phase, where the rotational disorder gets frozen kineticallyyroperties exhibit a sharp change on cooling of a material.
This state is generally referred to as orientational glass Ogince the approach to the glass transition is relaxational in
glassy crystaf."® Since it involves only the orientational de- patyre, the transitiofmore exactly the transformatiptem-
grees of freedom and has many similarities with that ofperatyre is dependent on coolifa heating rates. In experi-

liquid-glass, it is often thought to be a simple model menta| glass science, it is often custondafto measure this

,9,10 H . . . . .
glas$**%to start with. . at a cooling(heating rate of 10°/min which approximately
The approach to the glassy state has been studied Vepgresponds to a relaxation time of about 100 s or to an

. . : ,11-19 . .

well using dielectric spectroscopy: The temperature approximate relaxation frequency of 10 Hz. The glass
transition temperature is generally seen as a step-like change
dElectronic mail: ssnm@jnuniv.ernet.in in specific heat measurements. It is also customary to desig-
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nate this temperature as the actﬁ@las it corresponds to the TABLE I. Details of the various first order transition temperatures. L: lig-
onset of making/breaking of the chemical boridguctural ~ Uid: S: crystalline solid; M: metastable.

changg and corresponds to the enthalpy relaxation time of g;mpie Nature of transition Transition temperat(ite
100 s(at a heating rate of 10°/minUsually in liquid glasses
the T, measured(calorimeterically also corresponds to ~ ©O°* SkL 291.2 2975
) . . . Sli—Sl 258.2 264.0 (Ref. 29
changes in other physical properties such as a step-like
change in thermal conductivﬁﬁ/ or a sharp change in the cHoL Skl 276.6 280.3
slope of thermal expansidir specific volumd or enthaply SIV—SI 253.6 258.5
versus temperature curves. The glass transition eveny at SV—=SIV 248.2 - (Ref. 32
can also be realized as the kinetic freezing temperature of the Sli=sv 237 _
L ) ) . SHI—Sll 225.0 227.3
main dielectric relaxation eveft.This has been found to be 0l 167 172.2
true for most of the liquid-glasses and glassy crystals within =i 126.2 128.2
the experimental uncertainity in the determination of these
temperatures although some ambiguity exists in the case of CNADM Sl—L 468.7 458.0
||qU|d aICOhO|521’22 Sll—SI 285.3 280.0 (Ref. 33
L N _ : Sli—sili 281.2 280.0
However a different situation prevails in cyclic alcohols M?)
in their plastic phases. More than ofig has been quoted in
cyclo-octanol in Differential Scanning Calorimett@SC)*° DMCH SL—L 224.5 223.2
and in thermal conductivify measurements, but the main Sli—SI - 1725 (Ref. 45

a-process as per the dielectric measurements of Brand
et al®! freezes at 168 K which appears to be in no way
connected with the modes freezing at igs quoted above.

A similar confusion exists in the case of cycloheptanol from
calorimetric studie§;*>%? the dielectric measurements of
Shablaktet al® and the Nuclear Magnetic Resonafi¢®IR)
measurement$ and also, the number of glass transition
events that can be realized in this material is not clear as thi
material exhibits many plastic phasen order to under-

the one used earligr?>?’has been used with COOL, CHOL
and DMCH for this purpose. A different cell assembly has
been used with CNADM which is in a powdered form. A
disk 2.5 cm in diameter and about 0.2 cm in thickness is
made out of the sample by pressing it in a pressure dye at a
ressure of 10 K bar. The two electrodes are made from sil-
ver powder pressed at the same pressure. The sample disk is
%en pressed between the silver pellets at the same pressure
0 make the capacitor. This capacitor is held between two
brass electrodes with the aid of a light weight spring. The
sample temperature is measured with the help of a thermo-

) : . L ouple kept deep inside the bottom electrode. The tempera-
crystals is the nature of the relaxation, especially in view ofc P b P P

. : ) - ture of the assembly is then controlled in the same way as
31

the queSt'an raised l_ay Bramd al.™ regarding the Va"‘l'?’ before. The experimental setup and accuracy in the measure-

of the universal scaling law proposed by Dixat al,

27
where it was shown that the smaller sipprocesses make ments were as befofé:
the contribution to the high frequency side, which has been

argued to be a universal behavior of the glasses in the scalirl- RESULTS

law proposal. With these observations in mind, we have ex-
amined the dielectric spectra of two nonhydrogen bondec&ve
plastic crystals in their supercooled state, as the correspon
ing dielectric spectra are expected to be simpler because
the lack of hydrogen bonding between the molecules.

rimetric and dielectric relaxation experiments on the sam
sample for a given impurity. It is with this view that the
present study was taken up.

Another aspect we wish to critically examine in plastic

To get information about the phase getting supercooled
have measured the first order transition temperatures cor-
$sponding to various phases using DSC which are shown in
able I. The values entered in Table | are the average values
of five runs with a heating rate of 2°/min. To give some idea
of the deviations of these transition temperatures from the
data of others, we have also entered the corresponding values
The samples studied here are: cyclo-octanol or COOlreported in the literatur&23345The deviation of the tran-
(E. Merck, 95% purity; cycloheptanol or CHOL: sample | sition temperatures from the reported values are probably
(E. Merck,>98%) and sample I{Aldrich Co.,~97%) and due to impurities present in our samples. The nature of the
cyanoadamantane or CNADNE. Merck, >98%) and cis- transition has been identified on the basis of the present di-
1,2-dimethylcyclohexane or DMCIldrich, 99%. All are  electric work and the thermal study of others. Our cyclohep-
used as received without any further purification. tanol samplgsample 1) revealed two additional transitions
The DSC measurements are made by using a DuPont Thcated at 248.2 K and 237.4 K which were not observed in
2000 thermal analyzer using the quench cooling accessorshe earlier worf? and in sample | of our study. As we see
For the dielectric measurements, an HP 4284A precisiomhater these corresponding phases are associated with an
LCR meter in the frequency range 20 Hz—1 MHz is used.anomalouglarge value of the Fuoss—Kirkwood dipole cor-
For the measurements of dielectric loss at the ultra low frerelation factorg® and are present during heating and cooling
quency of 10%5 Hz —10 3% Hz, a DC step response tech- cycles and can get supercooled. This has led to considerable
nique is used. A three terminal liquid dielectric cell similar to difficulty in identifying the stability of the corresponding

Il. EXPERIMENT
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phases(Metastable states with higihvalues are also found 0:40
during cooling in cyclopentan®i®®and this phenomenon is
not uncommon in cyclic alcohofs®) Our sample CNADM
shows two transitions around 285 K instead of one reportec
by Foulonet al3* We believe that this discrepancy could be
due to a very high heating rate of 40°/min. adopted by theseso.zt
workers with which it is difficult to resolve the two closely
spaced transitions. However, of the two transitions, the Iower-:“’
one was found to be metastable as it was found to diminisk£ *'
in size with annealing. The sample wise details of the mea-
surements are described in the following subsections.

A. COOL

0.30

0.0

In view of the ambiguity in the glass transition tempera- -1 5 5 5 193

tures of COOL, as pointed out in the Introduction, we have Temperature (K)

critically examined the supercooling of various phases of this .1

material. The liquid could not form liquid-glass even at very (b)
high cooling rates. To get an idea of what thgof the liquid 0.05}

[i.e., Tq4(l)]is, we have used propylene glycol as an additive
to suppress crystallization and tfig(l) of this liquid mix-
ture is then measured. THg(l) of pure COOL is then de-
termined by an extrapolation methdvhere theTgy(l) of
the mixture at various concentrations was measured as de
scribed in our recent publicatidii. The Ty(l) of COOL is
found to be 17%2 K. o0 i
When the liquid of COOL is cooled it quickly crystal-
lizes to a plastic phase which we refer to as phidseThe ~0.15¢
subsequent melting endotherm corresponding to this phas
always showed an enthalpy about 20%-40% less than whe -¢2i e i L -
it should be.(The enthalpy associated with the-SL tran- Temperature (K)
sition |s_supposed to be about 2'04_2_'10 kJ%bHowever’ FIG. 1. DSC curves for cyclo-octanol in the glass transition region for a
we realized that phasé kfter annealing for more than an peaging rate of 10°/mina) For sample cooled from well annealed phase |
hour, more or less gets transformed to phase | and the elsample size8.7 mg. (b) For sample that is not deliberately annealed
tha|py associated with th81—L transition is then fu”y es- during cooling(sample siz.er14.3 mg. The dashed line ||(1a) corresponds
tablished. Thus, it is clear that phaéehlas some additional to the tangents drawn using the software for the calculatiof,of
disorder which was not present in phase I. In view of these
observations, it is expected that, if the D$€alorimetry
experiments are done without taking care of this annealingg the transitions fromS11— S| and SI—L as shown in
effect, it will show a different freezing event corresponding Table | but are not shown in Fig. 1, for the sake of clarity of
to the additional disorder. We have taken the DSC runs fothe glass transition event ay.)
different sample histories which are given in Fig. 1. The  The GT event shown in Fig.(h) for phasel’ is unusu-
samples are all equilibrated at 100 K for 10 min before tak-ally broad and looks like a superposition of two GT events,
ing the DSC scan. The heating rate is fixed at 10°/min in albne at 148.5 K and another probably around 164 K. In order
of these runs. to get this clarified, we have annealed the sample at 238 K
Shown in Fig. 1a) is the DSC scan of phase(Well  for about 20 min for the crystallization to take place in the
annealed phasé)lwhich shows a small but clediy eventat  supercooled phask, before it is cooled to 100 K for the
164 K. (Here the sample was actually recycled a few times inDSC run. The DSC curves corresponding to these two situ-
the range 150 K T<258 K to allow equilibrium to be es- ations are shown in Fig. 2. It can be noted that in the crys-
tablished through recrystallization to a more stable phase angllized sample, the GT event at 148.5 K still exists and has
was then heated to a temperature of 265 K where it wagow become sharper but the second GT event around 164 K
annealed for abdu h before cooling it for the DSC run. The has vanished. It is interesting to note that there is no visible
word “well annealed” phase’l refers to this sample with crystallization exotherm during heating in curve 2. Pro-
this thermal backgroundlIf phase [ is not annealed, the longed annealing of the sample around 210 K for about 2 h,
corresponding DSC scan would be like the one shown in Figmore or less removed the GT event at 148.5 K with the
1(b), which shows a large GT event at 148.5 K. However,corresponding endotherms fully established to their expected
this step-like event starting at 148.5 K extends all the way ugsizes(not shown in Fig. 2 Interestingly, the corresponding
to 172 K. (In Fig. 1, only the DSC curves around the GT DSC curves do not show any sign of a new phase which can
event are shown. Actually the GT event is followed by onebe identified®2° with phase IlI of the high pressure side. In
crystallization exotherm and two endotherms correspondin@ddition to the above results, the DSC runs on all samples

0.0r 148.5K

-0.05-

Heat flow (w/g)
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whereTj is the zero relaxation frequency temperat(ire.,
the limiting glass transitionandr is the dynamic exponent.
o5 . . ! We have also used the well known Vogel-Fulcher—
L] 163 ] rZﬁ N % 3 TammanngVFT) equation to describe the T-dependence of

oL fm.«» Which is given by

-0.401

FIG. 2. DSC curves for cyclo-octanol for a heating rate of 10°/rtahFor f —f
a sample that not deliberately annealed during coolsanple size14.3 ma™ 1 0,a

mg). (b) For a sample that is annealed for 20 min in the crystallization zon ; o P
of curve (@), before cooling to 100 K for the DSC rusample size-9.7 Swhere T, is the limiting glass transition temperature. In the

mg). The dashed and dotted lines correspond td$hgmoida) base line set a.‘tl)ove e_quation' th_e pre_'eXp_O”emial fadt@g; is often iden-
by the software for the calculation of the enthalpy of the transitions. tified with the lattice vibrational frequency anB= E/R,

where E corresponds to the activation energy at high tem-
peratures. Both Eq2) and Eq.(3) are found to describe the
with different sample histories revealed another small stepdata equally well and the corresponding parameters are en-
like change around 136 K for a heating rate of 10°/min.  tered in Table Il. Finally, we have plotted tHe, values
The dielectric measurements corresponding to this liquictorresponding to the different processes and different phases
in its supercooled state could not be taken as the liquidn the form of an Arrhenius diagram shown in Fig. 4. This
quickly solidified in the dielectric cell. The relaxation corre- figure also includes the resolved high temperafiye/alues
sponding to this phase is always found to occur at muclorresponding to the different processes observed in the lig-
higher frequencies than the upper limit of the frequency win-yid and solid phases by others. We have also showri the
dow used here, which is 1 MHz. Solid phase | supercools/alues corresponding to the, 8- and y-processes observed
and the relaxation data corresponding to this phase arney Brandet al®! for the purpose of comparison.
shown in Fig. 3. We have used the Havriliak—Negami It may be noted from Fig. 3, that E41l) describes the
equatiof’ to describe the dielectric loss curves which is data well around low and middle frequencies but not on the

e(*B/T*TO), (3)

given by high frequency side. As pointed out by Bragilal 3! in their
et (f)—e £\ 1 ann| —Bun earlier investigation on this sample, these deviations prob-
P Z= ( 1 i(f—) ) , (1) ably occur due to the presence of two other relaxation pro-
0~ €x 0

cesses of much smaller magnitude, which are designated as
whereeg, €., are the limiting dielectric constants at low and B- and y-processes found, respectively, on lowering the tem-
high frequencies, respectively, afiglis the mean relaxation perature. We have critically examined the supercooled phase
frequency]{which is related to the peak frequenty by the | and even the well annealed phase Il of this sample for the
relation f ,= fgtan(7/2(1+ Byy)) for small oy values. existence of these processes. Both fieand y-processes
The temperature dependencefgfvalues corresponding were always found with the same relaxation rates for a given
to the a-process {,,) could well be described by the temperature, although the maia) process was absent in
power-law(PL) equatior®11:13:14.20-22.27 phase Il. The dispersion corresponding to these processes
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TABLE II. Details of the a-relaxation process.

Ty(pC) Power-law Vogel—-Fulcher equation
Sample Phase (K) log A (Hz) r Tg K) Tg(cal) K logA"” B (K) To(K)
COOL | 164.0 6.87 14.40 1426 172.0 1459 3690.3 80.60

CHOL | 144.5 4.10 10.96 122.90 150.5 10.54 2659.0 61.8
Il 4.35 13.96 113.69 147.5 15.60 5355.8 20.83
1] 3.69 11.84 117.67 149.7 10.87 2647 54.5

CNADM | 172.3 5.81 9.13 1529 169.5 12.35 3880.0 48.1

DMCH | 107.8 10.68 11.12 98.5 104.3 13.83 1133.3 73.2

could well be described by a depressed Cole—Cole argary from 2.50 at 278 K, peaking to a value of 2.90 at 246.0
equatiori® which can be obtained by consideriggy=1 in K, beyond which it falls to about 2.17 around 219 K.

Eq. (1). The corresponding relaxation frequencies are fitted

to the Arrhenius equation: B. CHOL

fm="foe ERT, (4) The samples we have obtained from E. Merck, Germany
(sample } and Aldrich (sample 1) showed different behav-
)iprs as far as supercooling of the liquid phase is concerned.

corresponding to phase | has any effectfgnvalues corre- >ample | showed a large glass transition at 151 K for the
sponding to thex-process. We failed to notice any change in !1Quid phase{Fig. 6 (curve 3]. For this purpose, the sample
the T-dependence of the-process within the experimental WaS cooled at a rate of about a few hundred degrees per
accuracy. We have also measured the static dielectric coftinute by dipping the sample directly into liquid nitrogen

stant of the liquid up to 363 K to get an idea of the degree ofefore introducing it into the DSC cell at 100 K for the DSC

correlations in this phase and to observe, if any, the devian By comparing the size of the crystallization exotherms
tions of A (= eo— 1.0512 , wheren,, is the optical refractive with that of the endotherms that follow the crystallization

index) from ~ 1/T law.3%*°The values of e thus measured _pea'ks, we are more or less certair} that the GT gvgnt shown
are plotted in Fig. 5 against 4T, for both the liquid and M Fig. 6 (curve 1 is due to the kinetic freezing of liquid. We
plastic phase I. The values of the Fuoss—Kirkwood correla'@ve @lso measured tfig(l) of both types of samples using
tion factorg calculated* for the liquid vary from 1.09 at 356 the binary liquid method using propylene glycol as the sec-

K to 2.00 at 301.4 K. For phase I, the corresponding value@nd component. Tha(l) thus measured is 153:2.5 K
which more or less agrees with the above value. Shown in

Fig. 6 (curve 2 is the curve corresponding to the super-
cooled plastic phase | of the same sample for a cooling rate
of 10°/min. TheT value for phase | is 144.6 K. The sample

- obtained from Aldrich Co.(sample 1) did not show any

. tendency for the liquid to supercool. However, phase | on
T cooling at a rate of 10°/min shows the GT eventdt43 K,
which more or less agrees well with that shown in Fig. 6
(curve 2.

i We have studied cycloheptanol in detail using dielectric
. spectroscopy by annealing the sample at appropriate tem-
T peratures for crystallization and by quenching the required
phase to get the relaxation behavior at lower temperatures
(Fig. 7. We have performed various heating and cooling
i cycles on the same sample to get a clear idea of the phase
. getting supercooled and which exhibits the corresponding

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

logf (Hz)

10%T(K) TABLE IIl. Details of sub-T, processe$Eq. (4)].
FIG. 4. Complete Arrhenius diagram of cyclo-octanol. Also shown are the log f, E
liquid and solid(Refs. 26, 31, 49, 46data of othergopen circles (Both the Material Process (H2) (k3/mo)
liquid and solid phase | have three high frequency processes designated as-1
2,3 and 1, 2', 3, respectively. Note that there is a discontinuity at the ~ COOL B 15.52 47.53
boundary of these phasgThe thick line on then-process corresponds to b% 20.43 56.03
the fit to Eq.(2) to our data. The thick lines of- and y-processes are fits
to Eqg. (4) to our data. The thick lines on the liquid-side are guides for the CHOL y 18.69 38.91

eye.
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FIG. 6. DSC curves taken in the glass transition region for cycloheptanol
FIG. 5. Variation of dielectric strength e with 10%/T in cyclo-octanol for (sample )} from 100 K at a heating rate of 10°/min. Curve 1: fast quench
both the liquid state and plastic phaséiricluding the supercooled plastic cooled from the liquid phasésample size17.1 mg; curve 2: quench
phase ). Also included in the figurdopen circley are the data of others  cooled from phase (sample size18.4 mg. Curve 1 is shifted downwards
(Refs. 26, 31 by 0.025 units for the sake of clarity.

dielectric measurements. Our observations are summarizetda)]. The corresponding values ef,y and 8,y are found

in the following subsections. to vary from 0.05, 0.9 at 253.5 K to 0.11, 0.76 at 178.6 K.

The corresponding € values are found to deviate fromTL/

law, especially on the lower temperature side similar to the
The sample obtained from E. Merck allowed us to makecase of phase | of COOL shown in Fig. 5. The corresponding

measurements on the supercooled liquid state down to aboygtvalues are found to vary from 2.92 at 253.5 K to 3.1

235 K before crystallization until phase | intervenes. The around 220 K, below which it starts to fall to 2.25 at 178.6

values measured for this phase agree well with the extrapa. The relaxation rates vary in a non-Arrhenius fashion as

latedf,, values reported in literature for the high temperatureshown in Fig. 8 and the corresponding parameters are en-

side. This situation is shown in Fig. 8 where thg values tered in Table Il.

are plotted again 0T along with that of other phase€n

the other hand, the liquid phase of the sample obtained from ppase 1

Aldrich showed little tendency to supercgolhe relaxation _ )

spectra for the supercooled liquid yielded valuesagf, Phase Il could nqt be stud|egl over a wide temperature

Bun [EQ. (1)] of 0.025, 0.8 at 245.1 K and 0.04, 0.8 at 234.1ange b_ecause of _rap|d recr_ystalhzauon to other phases. The

K. We have also studied the static dielectric constant up to §1€!ectric spectrdFig. 7(b)] yielded the values ody . Bu

temperature of 363 K from which the dielectric strength'! the range of 9'15’ 0.80 at 240 K to 0'_17’ 0.80 at 229.4 K.

Ae(eo—1.0512) is calculated. The values afe thus ob- The corresponding values gfvary approximately from 2.75

tained showed slight deviation fromTllaw as in the case of at 240 K to 2.58 at 229.4 K.
COOL shown in Fig. 5. The values of Fuoss—Kirkwood cor-
relation factorg calculated approximatel for this phase 4 Phase Il

1. Liquid phase

varies from a value of 1.26 at 357.7 K €=4.57) to 2.22 at During heating of the rapidly cooled sample, the mate-
2341 K Ae=17.71). rial always recrystallizes to a phase which we believe to be

phase lll. This phase shows a lot of unusual features in di-
2. Phase | electric study. The corresponding dielectric spedtFig.

. . .7(c)] are found to be very symmetrical due to the unusually
The dielectric measurements are performed on phase | 'Pargea values. Theayy, values vary from 0.5 to 0.2 on

i i HN : HN . .
two different ways to cover the entire temperature 'aN9%he decrease of temperature from 216 to 174 K. The dielec-

down to the corresponding, . In the first method, the mea- _ . ; . .
29 ) ._tric strength showed a tendency to increase with decreasing
surements are made during the cooling of the sample whic .

emperature. These values approximately correspondgo a

gnabled us to cover a few tens of degr_ees. of temperature ¥Actor of 1.10 to 2.75 over the same temperature interval. It
its supercooled region before recrystallization intervenes. In

the second method the measurements are performed near R It§o Ot? serveq thatllptf;]asg t'” su%(?r?eatﬁ to phadaring
aboveT by quenching the phase I very fast. However, in the eating by-passing all the intermediate phases.

latter method during heating the sample recrystallizes into

phase 1l at about a temperature of 187 K and takes a time of- P1ase 1V (and V)

abou 2 h for completion. The relaxation behavior of this It is observed that during the slow cooling of phase I, the

phase is found to deviate from that of Cole—DavidS¢Rig.  material recrystallizes to a phase which showed anomalous
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FIG. 7. Log€” vs logf in the varioussupercoolefphases of cycloheptanol. The thick lines correspond to(Bacorresponding to the parameters shown in
the brackets, as belowa) Phase I: curve 1: ¥178.6 K (ayn=0.11, 84n=0.76); 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 K0.05, 0.90. Deviations of the data on the lower frequency side from (Egare due to dc conduction lofthe dipolar
loss obtained on subtraction, falls on the thick lines corresponding t61Hq(b) Phase II: curve 1: ¥184.9 K (a;y=0.148,8=0.8); curve 2: 7=187.6 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 K0.150, 0.8. (The data corresponding to curves 1 and 2 may
have some contribution from supercooled phaséc).Phase Il curve 1: £199.6 K (ayny=0.540,8,y=0.99; curve 2: 216.4 K0.47, 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 K0.37, 0.88. (d) Phase IV(or V): Curve 1: T=200.6 K
(ayn=0.30,3=0.80; 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 K0.38, 0.99.

dielectric strength; it is also found that this phase could bestate for this material, or that it may require prolonged
supercooled without the intervention of recrystallization toannealing? than that is used in the present study. The details
any other phasdlt is difficult to distinguish between phase of the non-Arrhenius parameters corresponding to the vari-
IV and phase V in the dielectric measuremenfBhe Ae  ous phases are given in Table Il. In addition to the above, all
values in this phase correspond to highalues of approxi- the glassy states revealed the presence of & Jiyjlprocess
mately 6.67 at 261 K to about a value of 2.5 at 188 K. This(designated as the-process in Fig. B the details of which
phase also has unusual dielectric behavior in the sense thate given in Table IIl.
the corresponding dielectric spectra are symmetrical with
high «y\ values in the range of 0.3 to O[#ig. 7(d)]. Al-
though no definite trend exists in the variationa@fy with
temperature, these values are found to be smaller than those The previous dielectric studi on the sample
of phase Ill. Thef,, values corresponding to this phase areCNADM revealed an unusual behavior in the relaxation
almost the same as those of phase Ill and are found to b&pectra and the T-dependence of the static dielectric constant
slightly non-Arrhenius in T-dependencEig. 8). €o- However, exact information about the nature of the re-
During our investigation we also noticed that the polar-laxation spectra is not clearly available prior to this investi-
ization corresponding to cycloheptanol has never fallen tgation because of the problems associated with the cell as-
zero even after prolonged annealing in the supercooledembly employed beforglease refer to Ref. 42 for details
phases. Thus, it appears that there is no normal crystallin€he DSC run on this sample shows a glass transition at 170

C. CNADM
<44
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FIG. 8. Complete Arrhenius diagram of cycloheptanol. Also shown in theFIG. 10. Loge” vs logf in the supercooled phase | of 1 cyanoadamantane.
figure are the data point®) corresponding to the liquid state taken from The thick lines correspond to E@l) for the given parameters as: curve 1:
Refs. 39 and 40. The dotted line is the approximatgafocess correspond- T=226.5 K (ayny=0.09, 8,y=0.97); curve 2: 235.3 K0.049, 0.93Y. curve

ing to the supercooled liquid using high T data and Tye) (which corre- 3:244.6 K(0.047, 0.939 curve 4: 257.5 K0.045, 0.938 curve 5: 269.2 K
sponds to an approximafe, of 10~% Hz). The solid lines are the P.L. fits  (0.045, 0.94% curve 6: 280.0 K(0.054, 0.968 curve 7: 292.5 K(0.019,
[Eg. (2)]. The thick lines in they-process corresponds to Ed). 0.87); and curve 8: 300.2 K0.028, 0.906

K followed by a two step exotherm associated with recrys- _ o _ o _
tallization and two endotherms at 281.2 K and 285.3 K cor-corresponding Arrhenius diagram is shown in Fig. 11. In Fig.
responding to the two recrystallization peakig. 9). How- 12 the variation of the static dielectric constafgtand the
ever, the transition associated with the endotherm at 281.2 Rorresponding HN parameters with temperatures are shown.
appears to be metastable because it is dependent on tH¢e have critically examined the variation &f, aun, Bun
sample history and is also diminished in size in very weliand logf, values with temperature to see the possible effect
annealed samples. Foul al3 report only one transition of recrystallization on these values. This has been done by
(which corresponds to our lower endotherm their DSC using_heating an_c_i cooling cycl_es._lt has been noticed that
scan. It is possible that the two endotherms could not b&€re is a probability of recystallization below 240 K, but this
resolved in their study because of the high heating rate oprocess was found to be so slow during the time taken for the
40°/min used. In Fig. 10, we have shown the variation ofdielectric spectra that we did not find any change in the di-
dielectric losse” in relation to frequency for the supercooled el_ectric parameters. This indicates that the observed dielec-
plastic phase. The” values could be well represented by € Spectra actually correspond to the supercooled sample.

Eq. (1) over the entire frequency range employed here. The We have also_ examin_ed the temp.erature variatioggof
ande,, values during heating and cooling cycles, around the

temperature 225-240 K. Although we have found some

\\
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0af ~ 7
\t\ e 7IIII|IIII|IIII|IIII|IIII
S L ,/ \\
0.0} X/ = i
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FIG. 9. DSC curves for a heating rate of 10°/min for 1 cyanoadamantanefor ¢ L1 1 Lo v o0 1o 10 Lo 111

a sample cooled from 393 Kcurve ) and cooled from room temperature 25 3.0 35 4.0 4.5 5.0
(curve 2, respectively, at an average rate of 10°/rfiample size8.4 mg. 103/T(K)

Note that there is a change in the valueTgfpc) from 173 K to 168 K. The

dotted line on curve 1 corresponds to the base line set by the thermal analfHG. 11. Arrhenius diagram for the supercooled phase | of 1 cyanoadaman-
sis software. tane. The thick line corresponds to the fit to E).
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FIG. 13. Loge” vs logf in cis-1,2-dimethylcyclohexane. The thick lines
1.0 correspond to Eq(l) for the parameters given as: Curve 1=T17.5 K
B | (apn=0.190,8,y=0.508; curve 2: 121.5 K(0.125, 0.442 curve 3: 128.9
K (0.140, 0.53% curve 4: 130.4 K(0.197, 0.588curve 5: 133.0 K(0.162,
0.8 = 1{-cyanoadamantane ] 0.619.
%0.6 - .
3t = the time required for this transition is of the order of days.
I

3 Thus, the highayy values(Fig. 13 [or the deviation from
Cole—Davidson(CD) behavioll are a true characteristic of
the supercooled plastic phase and do not include the time

02 - dependence of recrystallization. The corresponding variation
L i of Ae shows little variation with temperature in the super-
l . cooled phaséthe reader may refer to Ref. 27 for more de-
%00 250 300 350  tails). The corresponding T-dependence ff values is
(b) T(K) found to be strongly non-Arrhenius and hence, this material

can be rated as very “fragile” plastic material. This situation
FIG. 1_2. (a) Variation of ¢, Wit_h tgmperature an¢b) variation of @y and _is shown in Fig. 14, where we have given the fragility p|0t
Brn With temperature for gqun_lbnum phas?e | of 1 cyanoadamantane and |t?Or all the materials under study. We have plotted theflog
supercooled state. The thick lines are guides for the eye. . . .

values against I/ whereT is normalized to the correspond-

ing Tg(pc), for comparison purposes.
slight differences in these values during cooling and subse-
guent heating, there appears to be samealues which are
characteristic of the supercooled phase at equilibAtim.
However, when the sample is cooled much below 218 K, a T eydloocianol
clear change is noticed in thg values during heating and | 2:cycloheptanol(l)

. P . . . . . 3:cycloheptanol(ll)
cooling cycles, indicating recrystallization. However, in this 0 — zicyanoadamantane
context, it is interesting to note that even highly crystallized - S:cis 1,2 dimethyl cyclohexane
samples showed a residual dispersion whisevalues and L
shape parameters more or less coincide with that of theg
a-process during cooling and subsequent heating. This indiEEE5 B
cates that this residual dispersion has originated from theg |
unoriented matrixin which g>0) embedded in stable ori- ~— |
ented(completely anti-ferroelectricdomains in whichg is 10 -
zero. L
The high values ofayy in the case of CNADM B 5 7

prompted us to examine the dielectric spectra of another non i
hydrogen bonded plastic crystal. In Fig. 13, we show the 5 lL— ¢+ 1+ 1 v v v ) v 0 2
a-relaxation of supercooled plastic phase of DMCH. The 025 0.50 0.75 1.00
T4(pc) of this material is 107.8 K and the corresponding TqlpoyT
NC tp PC t.ransmor.l is 'at.172.52|%45 (see Ref. 27 fqr further FIG. 14. Fragility plot for the plastic crystalline phases of all the samples.
details. This material, in its supercooled phase I, is known tothe T4(pc) used for normalization of the T/axis corresponds to the
be very stable against recrystallization to the NC phase antl(cal) in Table II. The thick lines correspond to the fits to E2).
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IV. DISCUSSION clearly identified on€l 4(pc) of 140 K corresponding to Sl.
However, the corresponding heating rate is 2 K/min. They
also report that the enthalpy relaxation time of this sample is
(i) The Ty(pc) of this material is 164 KFig. l@] and  about 24 h at 133.3 K; which corresponds tofanvalue of

A. Cyclo-octanol

the main dielectric relaxation event{procesgfound in di-  1.8x 1076 Hz. This value more or less agrees well with the
electric measurement COTTE‘SpOﬂdS to this e‘(/Elg. 4). The extrap0|atem-process of Slsee F|g 8 and Tab|e)|_|
a-branch corresponds to the same procefssignated as The y-process found for this material is extant in all the

process 1 in Fig. Athat is seen in the liquid state which is glassy crystalline phases and has a high activation energy
usually attributetf to the —OH group flipping within the (Table I11) similar to that of they-process in cyclo-octanol.

H-bonded clusters or chains. Theprocess appears to be the And hence, it may be attributed to the conversion from one
event that is seen as a small but clear dielectric process Olonfirmer to the other.

served in the microwave frequency range by Stockhausen

and Hornhardf (especially see Fig. 1 of Ref. #6This pro-

cess was referred to as the third process in their 621(1md C. Cyanoadamantane
in our Fig. 4 as we)l The high activation energy of 56.0
kJ/mole for they-procesqTable Ill) tempts us to attribute it
to conversion from one confirmer to the other. This view is
also supported by the dielectric study of Davies and Sf¥ain
on cyclohexyl derivatives in a frozen polystyrene matrix.
This E value is also much larger than what is expected fo

the rotation of a single molecule in an otherwise rigid matrix )
9 9 transformation from the supercooled phase | to the NC state

as found in binary liquid&® o
The B-relaxation does not seem to be simply related t0?S faced by Pathmanathan and Jofia/e have minimized

the second proce¥sobtained for the liquid and solid states these two errors by using the kind of dielectric cell assembly

: . : ibed in Sec. Il.
(there is also some doubt regarding the existence of the seg-eSCrI .
ond process which could be an artifact of the analysis CNADM has a very large dipole momérdf 3.83 D but

adopted by Stockhausen and Hornh¥dind Shimoniy4® the corresponding static dielectric constants are not that large

where the main process was assumed to be Debye Whicfﬁs expected for free dipolar reorientations. As explained by
the

. ’43 .

may not be trug However, it is interesting to note that the ¢ Ipt;wogs wor::eréz, tht?] T(?f)leculeshare t’c_lrralmged :n ar|1

freezing of theB-process corresponds to the small steplike cc lattice 1n such a way that for each particuiar molecule

change found in DSC results around 136 K. The correspon 20me posmons are impossible d_ue to the steric hindrance

ing activation energyTable Ill) is so high that it may not be e_tween first and second ne_xt-nelghbor molecules, thgrg thus

due to a simple single molecular orientation. In addition bothexIStS a local order. According to the structural description,
wo very different motions may exist, of which only the slow

- and y-processes exist even in phase Il implying that the : . . .
p vP XISt even In p b ying tumbling reorientation of the dipole moment betwe@91)

are not characteristic of the glassy state émehce should . . . .
be taken as the characteristic of some intra-molecular pro®X€S of the cubic lattice is to be considered at the frequencies
cess of interest (i.e., below 16 Hz). The previous dielectric

It is also interesting to note that there is no dielectricstudieéz““‘show that the smaller static dielectric constant is

process corresponding to the GT event at 148.5 K. dut_a to_ a _smaller corrglatlon factpr of about 0.15 at 190 K
which indicates an antiferroelectric ord@lso supported by

Raman spectral studi& which is also clear from the,
values given in Fig. 12.

The molecule of CHOL is expected to have as many as  Our dielectric study(Figs. 10 and 1Rindicates:(a) a
42 kinds of distinguishable confirmatio®svhich is also re-  sharp spectral change below 240 K where the spectral shape
flected in the existence of many crystalline phases and glagsarametery continues increasing as the temperature low-
transitions: Apart from the Ty(1)(=152.5-2.5 K) of the ers, which as discussed in Sec. Ill, is a true equilibrium prop-
liquid, there are at least four differeffi,(pc)’s correspond-  erty of the supercooled phase. This is also accompanied by a
ing to phases I, Il, Ill and IV which are obtained by super-fall in the value ofAe. This behavior is quite similar to that
cooling of these phases. However, thgpc)’s correspond-  found in the ordering of the molecular orientations in crys-
ing to these phases are all located in a short temperatutalline phases of dichloro, tetramethyl benzene and trichloro,
range of 5—6 deg from 144.5 to 149 K. All the supercooledtrimethyl benzené! (b) On further lowering of the tempera-
phases show non-Arrhenius dependeffelg. 8 and Table ture below about 210 K, th& e value collapses relatively
). It is interesting to note that a fall in tHe, values as one faster to a value of 1.05%.
goes from L— S| — SII — SlllI are in accordance with the Thus, the transformation to the NC phase occurs in two
fall of the g values as discussed in Sec. lll. In addition tophases where in the first phase gradual orientational order-
that, the corresponding dielectric spectra are also found ting, which is in equilibrium with temperature, occurs. In this
become more and more symmetric as one moves away frophase thexyy, Bun Values,e, values and ,, are all revers-
liquid toward SIV[see Figs. ®—7(d)]. ible with temperature and the, value falls andayy in-

The T4(pc) reported in all the previous investiga- creases as the temperature decreases. However, in the second
tions'%3%32probably corresponded to SI. Adaetial®>have  phase, part of the material collapses to the NC phase, where

Prior to this investigation, there was some ambiguity re-
garding the nature of dielectric relaxation in the supercooled
state for two reasonsi) the difficulty*®>**in maintaining an
air free sample as the material is in a powdered fohere
rair gaps are knowli to affectA e values and to some extent

the f,, valueg; and (ii) contraction of the sample during

B. Cycloheptanol
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a time dependent fall of, at a given temperature is expected E. Strength and fragility

a’.‘t‘;'] thence, tthe c_orrt(:]spondmg V?I:eshare n'(r):] rev$ r.s't.)li The concept of strength of a glassy system as advocated
with temperature in the supercooled phase. Thus, It IS in erE)y Angell*>2 can simply be taken as a measure of the ability

estlng to not.e that ther,y vaIu_es reflect the orientational of a system to retain its high temperature Arrhenius character
ordering, which can also be viewed as a measure of Sterigown to its T.. As is known in dielectric&? the system
9 '

hllndra}ncehtotthe mt(;Iec;ular orletn}?tlonsr; At this DO'Er!t ItSI)S not, hose polarization characteristic or the orientation of the di-
clear in what way the two crystalline phases preséig. 9 oles can be described by a double potential well, leads to a

during the cooling of the plastice phase are connected wit ebye relaxation and the corresponding relaxation rates ex-

"hibit Arrhenius T-dependence. Thus increasing deviations

from the Arrhenius equation may be visualized in terms of

. L i e increasing deviation from Debye character, i.e., increasin

tanol have high .value.s Qf'.*“ indicating a high steric hin- non—arrhegnicity will usually be yaccompanied by increasingg

drance 1o the orientations in these phases. . .__non-Debyeness. From our point of view, non-Debyeness in
For temperatures above 235 K, the Arrhenius equationy, particular context should be understood as the degree of

—f a—E/RT; i i ; ;
Irr]“_foe 'S %O(ﬁ ert‘grug_hléﬁ’g_‘g?c;.'bﬁ .the S|tuat|o|n with cooperativity which is usually reflected in the asymmetric
€ pre-exponential factdip= which 1S more or 1ess parameter in the CD equatidme., Byy in Eqg. (1) for a

of the order of lattice vibrational frequencyee Fig. 11 and ; _ ; o
- . . . o special case ofy,y=1]. A quick look at the fragility plot
Table Il). Deviation from this Arrhenius behavior coincides for all the samples in their plastic phas@g. 14 more or

with an increase inxyy and increasing occurrence of orien- oo refiacts this view with DMCH being the most fragile
tational ordering. Thus, the behavior of this material in theplastic phase and CNADM being the strongest of the plastic

supercooled state is different from that of phafse I pf Cydo'phases. This view is also supported by the specific Beat
octanol and cycloheptanol. DMCH also exhibits highy change atT 52555 je. ACp(T,), which in the case of
9 "G g/

values in the supercooled staféig. 13 where correspond- MCH“ is about 63 J/mol/K and in CNADRR it is about
ing Ae values are more or less constant in the supercoole 6 J/mol/K

phase I.

dentTgy(pc) of about 5-6 dedFig. 9. In this context it is
interesting to see that phase Il and phase IV of cyclohep

However, if one looks at thCp(Tg) for phase I of
COOL as given in Fig. (), it is about 9 J/mol/K which is
much less than that of CNADM, and hence the plastic phase
of COOL should be considered as stronger than that of
CNADM. Similarly on the basis oACp(T,), CHOL (phase

In both the non-H-bonded systems studied here, there i should be considered more fragile than that of COOL
no sign of any secondary relaxation process in the frequencyhich is not the case in Fig. 14.
range shown in Figs. 10 and 13 and interestingly, this relax- ~ Similarly if one looks at the half-width of the dielectric
ation spectra can well be described by HN equaftea. (1)]. loss spectrum as the criteria, then CNADM at lower tempera-
The high frequency tail advocat@do be the universal char- tures should be considered more fragile than COOL or
acteristic of glassy relaxation is not found. Apart from this, CHOL (phase ), which is not the case in Fig. 14. Similarly,
both these systems have highyy values which if plotted if one considers the half-width of phase IIl of CHOL, it must
according to the “original” scaling formalism introduced by be as fragile as DMCH which is not the case.

Dixon et al,?® show deviations on the lower frequency side The point we wish to emphasize is that the moment the
from the universal scalingnot shown in any figure This  value of ayn# 0, problems in correlating the nonarrhenicity
has been found to be true with some other materials as wellith half-width arise. But this problem can be eliminated if
(e.g., polyvinylacetaté®>” which exhibit a nonzeraryy in  Buy alone is considered and, interestingly, all the curves
Eqg. (1). Even in the case of cyclo-octanol, where the scalingshown in Fig. 14 more or less are arranged according to the
formalism has been shown to be valid by Pelecky andvalue ofB,y . Thus,B,\ appears to retain its meaning of the
Birge22® we see here that the contributions to the high fre-degree of cooperativity as in the CD equation and thus, the
guency side come fronB- and y-processeqsee Fig. 4  parameter (3 B,\) may be considered as a measure of fra-
which are extant in all phases, and hence the high frequenayility.

tail consisting of these processes cannot be conssiidered a uni-

versal feature of the glassy dynamics. Bragtdal>* have
shown this by using a much wider frequency range than oursF,' Power law [Eq. (2)]vs V.ET. [Ed. (3]

where on subtraction of these contributions the relaxation  Within the experimental accuracy both P[Eq.(1)] and
spectra follows as a Cole—Davids¢@8D) equatioft* which ~ V.F.T. [Eq. (3)] describe the T-dependence & more or

is a special case of Eql) for ayy=0. less with the same accuracyable Il). In Table IV, the lim-

Apart from these two cases, the scaling formalism in itsiting glass transitions, i.e é in Eq.(2) andT, in Eq.(3), are
original form is also not found to describe the relaxation datacompared with the experimentally measured zero excess
corresponding to the other plastic phases of cycloheptanalonfigurational entropy temperatife.>® (T, is the tempera-
viz., phases I, Il and IV which exhibit highy,y values ture at which the excess configurational entropy of the super-
(Fig. 7). High ayy values have also been noticed in the cooled phase over the corresponding ground state vanishes.
supercooled phases of camphdmyhere the molecular ori- In all cases, thd, value falls well belowT,, indicating the
entations are highly hindered. existence of configurational states even belowif the plas-

D. Shape of the dielectric spectra
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TABLE IV. Details of Tq [Eq. (2], T [Eq. (3)] and T,. SM. Shablakh, L. A. Dissado, and R. M. Hill, J. Chem. Soc., Faraday

Trans.79, 369(1983.

_ Té To T 6S. Benkhof, A. Kudlik, T. Blockwicz, and E. Rsler, J. Phys.: Condens.
Material ) &) K) Matter 10, 8155(1998.
Cycloheptanol 127.2-126 74-76 125 "H. Suga and S. Seki, J. Non-Cryst. Solith 171 (1974.
Cyclohexanol 139.0 120 128 M. Sorai and S. Seki, Mol. Cryst. Lig. Cry23, 299 (1973.
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