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Static and dynamic dielectric properties of strongly polar liquids in the vicinity of first order
and weakly first order phase transitions
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The paper presents the results of measurements of the linear dielectric properties of the compounds from the
homologous series of alkylcyanobiphenyls (CnH2n11PhPhCN,nCB) in the vicinity of the first order transition
~from the isotropic liquid to the crystalline phase! of nonmesogenicnCB’s (n52 –4) and the weakly first order
transition~from the isotropic liquid to the nematic phase! of 5CB. The experimental method for the separation
of the critical part of the static permittivity derivative and the activation energy for rotation of the mesogenic
molecules, in the vicinity of weakly first order phase transition, is proposed. It is shown that the critical
temperature dependence of the permittivity and the activation energy can be described with a function of (T
2T* )2a type, with the same values of the temperature of virtual transition of the second order (T* ) and the
critical exponent (a).
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I. INTRODUCTION

The properties of nematogenic liquids in the vicinity
the isotropic to nematic (I -N) phase transition are still a
subject of numerous works, mainly experimental@1–9#. The
basic reason for the constant interest is that the transitio
the first order in nature is preceded by pretransitional p
nomena that show a critical-like behavior, characteristic
the continuous, second order phase transitions. For a typ
transition of the first order, as the crystallization, for e
ample, the symptoms of the coming up transition are
observed. Therefore, theI -N transition is classified as
weakly first order or close to second order.

The pretransitional phenomena are observed both for
decreasing temperature of pure nematogenic liquids and
the increasing concentration of nematogenic molecules
nonpolar medium, at constant temperature. The phenom
appear nearly exclusively in the nonlinear studies, i.e., w
an external stimulus is sufficiently strong. A peculiar te
perature behavior of the linear static permittivity of strong
polar mesogens in the vicinity ofI -N transition is rather an
exceptional case of the pretransitional effect seen in a w
electric field@10–14#. However, the dynamics of the pretra
sitional effects can be studied with the nonlinear techniqu
such as the Kerr effect or the nonlinear dielectric spectr
copy, only. The linear methods, the linear dielectric spectr
copy at the first place, are not able to detect the dyna
prenematic effects. Only when an additional, strong elec
field is applied to the liquid, a new dielectric absorption ba
appears in the frequency region of about one order of m
nitude lower than that recorded with the linear spectrosc
@15–17#. The relaxation time and the strength of the ne
band show a critical-like behavior as the temperature
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creases towards theI -N transition@15# or as the number of
mesogenic molecules in unit volume increases@16,17#.

In the paper we present the experimental results obta
with the linear static and dynamic dielectric methods in t
vicinity of first order ~crystallization! and weakly first order
(I -N) phase transitions. There are two aims of the paper.
first one concerns the empirical analysis of temperature
havior of the static permittivity of strongly polar compound
in the vicinity of phase transition. Our results give an expe
mental basis for the formulation of the permittivity bac
ground corresponding to noncritical~‘‘normal’’ ! behavior of
the permittivity of strongly polar, nonmesogenic liquids. U
to now, the problem was open and only arbitrary assumpti
concerning the background were made@11–14#.

The second aim of the paper concerns the dielectric re
ation time. In some quite recently published papers, the
ear dielectric relaxation method is listed among others a
method suitable for studies of the dynamics of prenem
effects. Therefore, we present the results of temperature
pendence of the linear dielectric relaxation time determin
with an exceptional care for mesogenic 5CB in the vicin
of I -N transition. The results are compared with those o
tained for nonmesogenic 4CB@18#.

II. EXPERIMENT

The compounds studied belong to the homologous se
of the strongly polar~dipole moment'5D) alkylcyanobi-
phenyls (CnH2n11PhPhCN,nCB). For n52, 3, and 4, the
compounds are nonmesogenic with the melting points
348.2 K, 339 K, and 320.1 K, respectively. Some data po
out towards the existence of a monotropic, very unsta
nematic phase of 4CB at a temperature of about 20 K be
the melting point, but we did not avoid the crystallization
4CB at 320.1 K in each of our experiments. Forn55, a
stable nematic phase occurs with theI -N transition tempera-
ture equal to 308.4 K. The compounds were synthesized
©2003 The American Physical Society05-1
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purified at the Institute of Chemistry, Military University o
Technology, Warsaw. The purity of the compounds, chec
by chromatography, was better than 99.5%.

The measurements of the dielectric properties of liq
nCB’s were performed with a HP 4194A impedance/ga
phase analyzer in the frequency range of 50 kHz–100 M
The static values of the permittivity were taken as a lo
frequency plateau of the real part of the permittivity. T
accuracy of the permittivity determination was better th
0.5%. The measuring capacitor consisted of three plane e
trodes: one central~‘‘hot’’ ! electrode and two grounded ele
trodes on each side. The electrical heating of high per
mance, with the use of UNIPAN 650H controller, assure
temperature stabilization better than 1023 K and a possibility
of the temperature change of 1022 K.

III. RESULTS AND DISCUSSION

Figure 1~a! presents temperature dependence of the s
permittivity measured for the nonmesogenic cyanobiphen
The electric permittivity shows no pretransitional effects
the vicinity of first order transition from the isotropic liquid
to the crystalline (I -C) phase. In the studied temperatu
range, the«(T) dependence for nonmesogenic compound
only slightly nonlinear, as shown in Fig. 1~b!. Temperature
dependence of the permittivity derivative can be reprodu
here with the linear relation

d«

dT
~T!5S d«

dTD
I -C

2j~T2TI -C!, ~1!

where the first term on the right side of the equation cor
sponds to the derivative value atT5TI -C of given nCB (n
52 –4), and the slopej, within the experimental errors, i
the same for 2CB, 3CB, and 4CB; and equals 1
31024 K22.

FIG. 1. Temperature dependence of the static permittivity~a!
and its derivative~b! for nonmesogenicnCB’s, n52 –4, in the
vicinity of isotropic ~I! to crystal~C! first order phase transition.
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Peculiarity in the permittivity dependence on temperat
observed for isotropic 5CB~Fig. 2! is certainly related to the
approaching transition to the nematic phase. The effec
much more pronounced in the permittivity derivative, whi
shows a critical-like behavior as temperature approaches
I -N phase transition~Fig. 3!. Of course, the experimenta
data presented in Fig. 3 for 5CB concern two phenome
the first one refers to the ‘‘normal,’’ noncritical permittivity
behavior of the polar liquids, and the second one is relate
the pretransitional effects. If one assumes that for mesog
5CB the noncriticald«/dT dependence on temperature co
responds to that obtained for nonmesogenic 4CB~solid line
in Fig. 3!, a critical part of the permittivity derivative of 5CB
can be represented as a difference

S d«

dTD
crit

5S d«

dTD
meso

2S d«

dTD
nonmeso

. ~2!

The results obtained according to Eq.~2! are depicted in
Fig. 4. The data are perfectly reproduced in the whole st
ied temperature range with the following equation:

FIG. 2. Static permittivity in the vicinity of first order~4CB! and
weakly first order~5CB! phase transitions as a function of temper
ture.

FIG. 3. Temperature dependence of the derivative of the st
permittivity of nonmesogenic 4CB and mesogenic 5CB. The so
line corresponds to the noncritical temperature dependence o
derivative according to Eq.~1!.
5-2
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S d«

dTD
crit

5A~T2T* !2a, ~3!

whereT* denotes the temperature of virtual transition of t
second order,a is the critical exponent, andA is a parameter.
T* is, in general, slightly below theI -N transition tempera-
ture. The best fit of Eq.~3! to the data~shown in Fig. 4 as the
solid line! gives the following values of the parameters:T*
5307.6 K anda50.54. The difference,TIN2T* 50.8 K,
obtained is typical forI -N phase transition. The value of th
critical exponent is close to that obtained in studies of
specific heat@10# and dielectric studies by Rzoskaet al. @11–
14#, so our results seem to support the fluidlike hypothesis
prenematic behavior of 5CB@11–14,17#.

The next part of the paper concerns the dynamics of
linear dielectric properties of nonmesogenic 4CB and m
sogenic 5CB. The dielectric relaxation spectra, recorded
the compounds in the isotropic phase, were resolved into
components~corresponding to the molecular rotation arou
their principal axes! of the Cole-Cole type:

«* 5«`1
A

11~ ivt!s
. ~4!

In Eq. ~4! «` denotes the permittivity measured at a fr
quency sufficiently high to prevent the dipolar reorientatio
A is the dielectric strength,v the angular frequency, andt
the relaxation time. Equation~4! reduces to the Debye equa
tion for the exponent values51. As for the rodlike mol-
ecules with the dipole moment directed along the long a
~the case ofnCB’s!, the most informative is the dielectri
relaxation time corresponding to the rotation around
short axis~strongly dominated band!, we will discuss tem-
perature behavior of that relaxation time (t) in the vicinity
of I -C and I -N transitions.

As follows from Fig. 5, the dielectric absorption ban
corresponding to the rotation of 4CB and 5CB molecu
around the short axis, shows a deviation from the Deby
form (s51). The deviation is very subtle for nonmesogen
4CB and is quite distinct for mesogenic 5CB. The obser

FIG. 4. The critical part of the derivative of the static permitti
ity of 5CB as a function of temperature. The solid line correspo
to the best fit of Eq.~3! to the experimental data~points!.
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tion seems to be important, as nowadays the theory
anomalous dielectric relaxation~for s,1) develops success
fully @19–22# and reliable experimental data are needed. O
expects that the extension of the classical theory of Brown
motion to the fractional dynamics in a system exhibiti
anomalous diffusion, i.e., diffusion in disordered frac
structures, can explain peculiar temperature behavior of
Cole-Cole exponents in the vicinity of I -N phase transition
@23#.

The results presented in Fig. 6 show that at first si
there is no obvious difference in thet(T) dependence ob
tained for 4CB and 5CB. In particular, in the vicinity ofI -N
transition the dielectric relaxation time of 5CB exhibits n
critical behavior. Figure 7 shows that the relaxation time
both compounds does not fulfill the Arrhenius dependenc

lnt5C1
EA

RT
, ~5!

whereEA is the activation energy,R the gas constant,T the
absolute temperature, andC is the constant. The deviatio
from the linear dependence lnt versusT21 is much more

s FIG. 5. Temperature dependence of the Cole-Cole expones
resulting from the best fit of the expression~4! to the experimental
absorption band corresponding to the rotation of 4CB and 5
molecules around the short axis.

FIG. 6. Temperature dependence of the dielectric relaxa
time corresponding to the rotation around the short axis of 4CB
5CB molecules in the vicinity ofI -N and I -C phase transitions.
5-3
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pronounced for mesogenic 5CB. It is obvious that in suc
situation a reliable value of the activation energy for t
molecular rotation cannot be determined as the slope of
pendence~5!. Two issues of the situation are in commo
practice in literature. Often one ignores the experimen
nonlinearity in lnt versusT21 dependence and the activatio
energy is calculated as a mean slope of the dependence.
way is used when the nonlinearity is not too pronounc
what happens in the experiments performed in a not too la
temperature range. The second way leads through an in
duction of some modifications of the Arrhenius equati
@24,25#. In the above mentioned ways one assumes that
activation energyEA should be temperature independent.
a matter of fact, there are no physical reasons for that
sumption. As the basic properties of liquids, the number
molecules in unit volume and the viscosity, at the first pla
depend essentially on temperature; one may expect an
crease of the activation energy for the molecular rotat
with decreasing temperature. The prenematic region is
special interest on that score.

The procedure we propose here for the determination
the activation energyEA consists in the differentiation of th
experimental lnt versusT21 dependence. As results from
Eq. ~5!, the derivative] lnt/](T21) gives directly the activa-
tion energy at a given temperature, so that allows one
analyze temperature dependence ofEA . Of course, the pro-
cedure requires very accurate values of the relaxation t
determined for an appropriate step of the tempera
change, especially in the vicinity of the phase transition st
ied. The experimental results presented in Fig. 7 fulfill the
requirements. In the vicinity of bothI -C and I -N transitions
the step of the temperature change was equal to 1022 K.

Figure 8 presents the temperature dependence of the
vation energy for the rotation of 4CB and 5CB molecules
the vicinity of I -C and I -N phase transitions, respectivel
obtained from the differentiation of the dependences sho
in Fig.7. When the temperature approaches the phase tr
tion, the activation energy behaves quite differently depe
ing on the type of the transition. In case of the first orderI -C
transition~4CB!, EA shows a small~but beyond the experi

FIG. 7. Arrhenius plot for the dielectric relaxation time of 4C
and 5CB molecules in the isotropic phase.
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mental errors! increase with decreasing temperature. The
pendence can be approximated with the linear funct
analogous to Eq.~1!:

E~T!5~EA! I -C2h~T2TI -C!, ~6!

where (EA) I -C denotes the activation energy atT5TI -C . The
slopeh of the dependence shown in Fig. 8 for 4CB is equ
to 9.231023 kJ/(mol K). In the temperature range studie
the value ofEA for nonmesogenic 4CB changes from 2
kJ/mol to about 33 kJ/mol.

TheEA(T) dependence obtained for 5CB exhibits a pec
liar behavior: as the temperature approaches theI -N transi-
tion, the activation energy for the rotation of mesogenic m
ecules shows a critical-like increase. If one assumes tha
EA(T) dependence of nonmesogenic 4CB represents a ‘‘n
mal’’ behavior of the compound of the same polarity a
structure as 5CB, the difference of the dependences f
Fig. 8 represents a critical part of the activation energy
mesogenic 5CB:

FIG. 8. Temperature dependence of the activation energy for
molecular rotation around the short axis in the vicinity of first ord
~4CB! and weakly first order~5CB! phase transitions. The solid lin
corresponds to the noncritical temperature dependence of the
vation energy according to Eq.~6!.

FIG. 9. The critical part of the activation energy of 5CB as
function of temperature in the vicinity of weakly first orderI -N
phase transition. The solid line is the best fit of Eq.~8! to the
experimental data~points!.
5-4
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E A
crit~T!5EA

meso~T!2EA
nonmeso~T!. ~7!

The difference is shown in Fig. 9. The solid line presents
best fit of equation:

EA
crit~T!5B~T2T* !2b, ~8!

to the experimental data. The values of bothT* and b re-
sulting from the fit of Eq.~8! to EA

crit(T) experimental data
coincide withT* anda obtained in the static dielectric stud
ies.

IV. CONCLUSIONS

On the basis of present results of precisely perform
measurements of the linear dielectric properties of the
sogenic and nonmesogenic compounds composed of stro
polar molecules, the following conclusions can be drawn

~i! The dielectric behavior of the nonmesogenic co
pounds in the vicinity of first order phase transition can a
p-

an

en

l.
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equately be taken as a reference for a critical-like behavio
the mesogenic compounds, of the same polarity and st
ture, in the vicinity of weakly first order phase transition.

~ii ! The activation energy for the rotation of mesogen
molecules around the short axis, in the vicinity of the isot
pic to nematic transition, shows a critical-like behavior
contrast to the nonmesogenic ones, for which the activa
energy only weakly depends on temperature~close to the
Arrhenius behavior! also in the vicinity of the first order
transition to the solid state. Simultaneously, the correspo
ing dielectric absorption band of mesogenic compou
shows a deviation from the Debye’s form and an approa
ing of the transition to the nematic phase manifests itself i
considerable increase of the deviation.

~iii ! For the mesogenic compound studied, the tempe
ture dependence of the critical part of both the permittiv
derivative and the activation energy fulfills the equation
(T2T* )2a type with practically the same values of the fi
ting parametersT* anda.
hys.
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