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Phase transitions from the isotropic liquid to liquid crystalline mesophases studied by linear
and nonlinear static dielectric permittivity

Aleksandra Drozd-Rzoska and Sylwester J. Rzoska
Institute of Physics, Silesian University, ulica Uniwersytecka 4, 40-007 Katowice, Poland

Krzysztof Czupryn˜ski
Military Technical Academy, ulica S. Kaliskiego, 01-489 Warsaw, Poland

~Received 2 September 1999!

Results of studies of static dielectric permittivity~«! and nonlinear dielectric effect~NDE! in the isotropic
phase of 4-n-48-isothiocyanatobiphenyl (nBT) homologous series fromn52 to n510 exhibiting the isotropic-
smecticE (I -SmE) transition, are presented. They are compared with results of similar studies in 4-cyano-4-
n-alkylbiphenyls (nCB) from n54 to n512. In this homologous series isotropic-nematic (I -N) and isotropic-
smectic-A (I –Sm-A) transitions take place. Despite significant differences betweenN, Sm-A, and Sm-E
phases the same pretransitional behavior of« and NDE in the isotropic phase, described by critical exponents
g51 and a50.5, was found. It has been shown that when the length of the alkyl chain of a compound
increases the discontinuity of the transition drops innBT and rises innCB. The influence of pressure on the
discontinuity is also discussed.

PACS number~s!: 64.70.Md, 64.30.1t, 77.22.Ch
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INTRODUCTION

Despite several decades of studies there is still a lim
knowledge concerning properties of phase transitions fr
the isotropic liquid to liquid crystalline mesophases@1–9#.
Liquid crystalline phases are an intermediate state of ma
between the liquid and the solid crystal and hence the we
discontinuous character of this transition is not surprisi
The phenomenological, mean field Landau–de Gen
~LdG! model made a quantitative estimation of this disco
tinuity possible @1–3#. It enabled the parameterization o
strong pretransitional anomalies of susceptibility rela
properties as the Kerr effect~KE!, the Cotton-Mouton effect
~CME! and the intensity of the scattered light (I L) on ap-
proaching the isotropic-nematic (I -N) transition@1–22#:

EKE
21,ECME

21 ,EI L

21}T2T* , T.TC5T* 1DT, ~1!

where EKE ,ECME,EI L
are experimental measures of KE

CME, andI L respectively.T* denotes the extrapolated, tem
perature of hypothetical continuous phase transition,TC is
the clearing temperature.

The obtained values of discontinuity of theI -N transition
range from 0.7–2 K@1–3,9–22# whereas mean-field base
models point to a much stronger discontinuity withDT
57.6– 26 K @3,9,23–25#. The mean-field approximation@6#
does not predict pretransitional anomalies of a specific h
and density which are weak but detectable in experime
@6,26–28#. Only recently, an essential breakthrough in th
long-standing puzzle due to the introduction of the fluidli
critical description was possible. Assuming that the nem
clearing point lies on a branch of a hypothetical coexiste
curve and applying the fluidlike scaling equation of sta
Mukherjeeet al. obtainedDT51 – 3 K @9,29–31#.

Significant insight into properties of the complex structu
of the isotropic liquid phase strongly penetrated by nem
PRE 611063-651X/2000/61~5!/5355~6!/$15.00
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fluctuations was possible due to recent studies of 5CB
MBBA by the transient grating Kerr effect@32–34#, isother-
mal nonlinear dielectric effect studies in 7CB-benzene so
tion @35#, and the NDE and dielectric permittivity fluidlike
analysis in several nematogenic and smectogenic (nCB)
@36–42#. For the latter it was shown that for the ‘‘static
measurement frequency@37,39#

«~T!5«* 1b~T2T* !1B~T2T* !12a, ~2!

ENDE5
ANDE

T

T2T*
5

2«0

3a

~D«0!2

~T2T* !g }^DM2&vx, ~3!

whereENDE is the measure of NDE,ANDE
T , b, B are ampli-

tudes,a is the constant amplitude of the second rank term
the LdG expansion of the free energy,D«0 is the molecular
anisotropy of dielectric permittivity in the zero frequenc
limit, ^DM2&v is the mean of the square of the order para
eter fluctuations,x}(T2T* )21 denotes the susceptibility,a
is the critical exponent of the specific heat: in this casea
'0.5 was found. Relations~2! and ~3! are valid for the
‘‘static’’ conditions: f t!1 and f tm!1 wheref is the NDE
measurement frequency,t is the relaxation time of pretran
sitional processes andtm is the molecular relaxation time o
rodlike molecules.

These equations are similar to those applied in the iso
pic phase of critical solutions@37,39,43#. The reciprocal of
ENDE

1 (T) was found to be linear up toTx'TC138 K, with no
distortions in the immediate vicinity ofTC @39#. The value of
Tx agrees with the temperature at which prenematic fluct
tions cease to exist@32–34#. Concerning dielectric permittiv-
ity equation~2! was found to be valid even 100 K fromTC
@39#. It is worth noticing that in KE, CME, orI L studies,
experimental data describing relation~1! are valid in the
range 5–10 K fromTC only, with small distortions in its
immediate vicinity@1–20#. Furthermore additional, empirica
5355 ©2000 The American Physical Society
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background terms had to be introduced into the analysis
Studies of KE, I L , and CME in smectogenic materia
yielded more ambiguous results@6,12,14–17#. The simple
behavior given by Eq.~1! was found here to be valid onl
remote from the smectic clearing point. In its vicinity pr
transitional effects exhibit small distortions strongly be
down, bend up or remain constant. To the best of the aut
knowledge there is no suscessfull theoretical description
pretransitional effect beyond theI -N transition. For the
I -SmA some attempts were made by applying the pertur
tion theory to the Landau–de Gennes model@6#. However,
the obtained relation only portrayedEI L

21(T) experimental re-

sults where the mentioned discrepancies from relation~1! are
relatively small@6#. It should be noted that such an analys
significantly increases the number of fitted parameters.
cently, Mukherjeeet al. @44# showed that basic features o
the I –Sm-A transition, particularly relatively large value o
discontinuity can be obtained within a simple LdG mod
When phase transitions from the isotropic liquid to mo
complex mesophases are considered worth mentionin
also recent analysis of the topology of theI -N transitions in
biaxial nematics@45#. Particularly noteworthy is recent re
analyses of the LdG model by Nandiet al. @46#. Paying at-
tention to the identification of the order parameter for t
I –Sm-A transition and to the proper renormalization
terms in the LdG series they obtained a simple Curie-We
type relation dependence:

x5
a

T2T*
, ~4!

wherea is the constant coefficient of the second rank term
the renormalized free energy expansion.

Particularly interesting in Ref.@46# is the possibility of
calculating the value ofDT for the I –Sm-A transition. For
12CB DT56.78 K was obtained which is in a very goo
agreement withDT'6.4 K obtained from static~low fre-
quency! NDE tests@36#. The models mentioned above d
not predict an anomaly of the specific heat related proper
in the isotropic phase of smectogenic compounds. T
anomaly of the specific heat was observed experiment
but it was too weak for a numerical analysis@6#.

This paper shows results of studies of ‘‘linear’’~«! and
‘‘nonlinear’’ ~NDE! static dielectric permittivity in the ho-
mologous series of 4-n-48-isothiocyanatobiphenyl (nBT)
@47# for n52 – 10. For all compounds only the transitio
from the isotropic liquid to the ‘‘soft crystal’’ smecticE
phase takes place@8#. Apart from the pretransitional behavio
in the isotropic phase the dependencies ofT* (n), DT(n) in
the homologous series are discussed. In 5BT the influenc
pressure on mentioned parameters was tested. The obt
results are compared with those for theI -N and I –Sm-A
transitions in 4-cyano-4-n-alkylbiphenyls (nCB! homolo-
gous series, forn54 to n512, including recent results o
pressure studies@36–42,48#.

EXPERIMENT

The measurement set up applied in these studies is
same as in the author’s previous works@36–42#. The detailed
description of the NDE apparatus is given in Ref.@49#. NDE
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measurement involves application of two electric fields:
weak, measuring field (f 5400 kHz andUpeak-peak51.5 V)
and a strong steady field in the form of pulses of durat
DtD58 ms with voltage from 200 to 1200 V. At each me
surement point the conditionD«E}E2 was fulfilled. For the
chosen frequency of the measuring field the mention
above ‘‘static’’ condition was always satisfied, manifested
the lack of discrepancies from relation~3! in the vicinity of
TC @36–42#. The strong electric field changed the capa
tance of the measurement capacitor of the sample by~1–10
fF!. These changes were registered with three-digit res
tion. Dielectric permittivity was measured usingSOLARTRON

1260 impedance analyzer with 1000 periods averaging giv
a five-digit accuracy. The measurement frequenciesf
51 – 10 kHz was placed on the out of dispersion ‘‘static p
teau’’ @5# frequency increase the dispersion processes w
detectable forf .300 kHz. On the other hand low frequenc
ionic polarization was significant below 200 Hz. The samp
was placed in specially designed capacitors, with gapd
50.3 mm andC056.6 pF, made from Invar. The capacito
contained 0.3 cm3 of the sample. In pressure studies t
pressure was transmitted to the sample by deformation o
mm Teflon film, so the sample was always isolated from
medium exerting pressure~silicon oil!. The pressure cham
ber and the capacitor for tests under atmospheric pres
was surrounded by a special jacket fed from FP 45 HD
labo thermostat with external circulation. It made the sta
lization and changes in temperature6 0.01 K in a wide
range of temperatures possible. Temperature was meas
by a means a miniature platinum resistor~DIN 43 260! using
Keithley 195 multimeter. Data were analyzed by means
5.0 ORIGIN software.

RESULTS AND DISCUSSION

Figure 1 and 2 show inverses of measured NDE values
two ‘‘boundary’’ compounds in the testednBT homologous
series: 2BT and 10BT. It can be seen that dependencies~2!
and~3! portray the NDE behavior in the large range of tem

FIG. 1. Reciprocals of measured static NDE values in the i
tropic phase of 2BT. The inset shows the derivative of experime
data from the main part of the figure. The solid arrows point to
discontinuousI – Sm-E phase transition. The dashed arrow sho
the extrapolated temperature of a hypothetical continuous ph
transition. The value of the discontinuity is given in the figure.
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PRE 61 5357PHASE TRANSITIONS FROM THE ISOTROPIC LIQUID . . .
peratures fromTC5TI –Sm-E to Tx'T* 160 K. The latter
temperature, which may be identified as the limit of ex
tence of pretransitional fluctuations, is clearly visible for t
differential analysis shown on insets. The value ofTx in nBT
is approximately the same for all testednBT. It is notewor-
thy that in thenCB seriesT* 2Tx'38 K @39#.

In 10 BT the discontinuity is equal to aboutDT'5.4 K
whereas in 2BTDT'41 K. To the best of the author
knowledge the latter value is the largest value ofDT ever
detected in studies of liquid crystalline materials. Values
DT(n) for all testednBT compounds determined from ND
studies are shown in Fig. 3. A systematic decrease of
parameter with the rise of the number of carbon atoms in
alkyl chain can be approximated by an almost linear fu
tion:

FIG. 2. Reciprocals of measured static NDE values on
proaching SmE phase in the isotropic phase of 10BT. The ins
shows the derivative of experimental data from the main part of
figure.

FIG. 3. Values of discontinuities ofI – Sm-E transition in the
nBT homologous series obtained from the NDE studies. The b
tom inset shows the experimental dependence of the NDE am
tude in thenBT series. Solid line portrays relations~5! and~6!. The
upper inset presents the evolution of clearing temperaturesTc ,
circles! and temperatures of hypothetical continuous phase tra
tions (T* , squares!. Solid points and open point are for even a
oddnBT compounds, respectively. Solid and dotted lines are on
guide for the eyes.
-

f

is
e
-

DT~n!551.125.91n~120.023n! °C ~5!

The bottom inset shows that the NDE amplitude changes
similar way asDT(n):

ANDE
T ~n!5119215.5n~120.03n!310216m2 V2 ~6!

Taking relation~3! into account one may suppose thatANDE
T

reflects the change of the susceptibility amplitude. The up
inset shows the experimental dependence ofTC(n) and
T* (n). The Sm-E clearing temperature exhibits a wel
known odd-even effect@3,5,7,8#. It is also clearly visible for
T* (n) estimated in NDE studies. This effect definitely do
not appear forDT. Result of fitting for data from Fig. 3 are
collected in Table I.

Figure 4 shows that the static dielectric permittivity e
hibits a pretransitional behavior analogous to that discus
in the introduction@relation ~2!#:

«~T!56.56560.0320.01860.0015~T260.1660.1!

10.1160.03~T260.16!0.49~60.03! for 10 BT, ~7!

-
t
e

t-
li-

i-

a

TABLE I. Values of parameters determined in NDE measu
ments in the isotropic phase of compounds fromnBT homologous
series. The temperature of the hypothetical continuous transitio
equal toT* 5Tc2DT.

n DT ~K! Tc ~°C! ANDE
T (10216 m2 V22)

2 41 83.8 90
3 33 88.5 77
4 29 81.3 64
5 25 73.1 55
6 21.5 73.2 42
7 16 69.5 30
8 12 69.5 27
9 9.2 66.8 14

10 5.5 65.0 10

FIG. 4. The temperature dependence of dielectric permittivity
the isotropic phase of 10BT (DT'5.5 K) and 9BT (DT'9.2 K).
The inset shows results of differential of experimental data from
main part of the figure.
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«~T!56.5360.0820.01860.002~T256.6!10.1260.1

3~T256.6!0.48~60.1! for 9 BT, ~8!

For thenBT compounds with smaller number of carbon a
oms of the alkyl chain~n! this anomaly disappears due to th
increase of the discontinuity of the transition. Even for 9B
the fit was possible only if the value ofT* was taken from
the fit of the NDE measurements. Noteworthy is the fact t
experimental data are portrayed by relation~2! in the whole
tested range of temperatures. The inset in Fig. 4 pres
results of differential analysis of«(T) experimental data
which do not reveal any distortions from relations~8! and
~9!. The result of this analysis is plotted in the inset in t
form which clearly confirms the validity of these equatio
with exponenta'0.5. It should be noted that the depe
dence ofd«/dT}cP}(T2T* )2a, wherecp is the specific
heat, was first proposed by Mistura for the anomaly of
electric permittivity in the homogeneous phase of critic
binary solutions@50#. As mentioned before the same beha
ior of dielectric permittivity was found for the static dielec
tric permittivity in the isotropic phase on approaching t
nematic phase. It can be related to the cancellation of per
nent dipole moments, positioned along rodlike molecu
which are contained in prenematic fluctuations. The fact t
the same pretransitional behavior was obtained on appro
ing the nematic@36–41,48# and the Sm-A phase@43# and
now the Sm-E phase may mean that the same mechan
may be valid in all these cases.

When discussing the properties of the discontinuity of
transition the influence of pressure is worth noticing. For
I-N transition an increase ofDT(P) with rising pressure was
found@39,41#, in agreement with theoretical predictions@51#.
Only recently first studies of this type were conducted for
I – Sm-A transition @41,42#. It has been found thatDT(P)
first decreases from DT(0.1 MPa)56.4 MPa to
DT(125 MPa)53.2 K in 12 CB and fromDT(0.1 MPa)
54.2 K to DT(54 MPa)52 K in 10 CB @42#. Next a strong
increase ofDT(P) with rising pressure was found. This be

FIG. 5. Isothermal, pressure behavior of the inverse of meas
NDE values in the isotropic phase of 5BT. The inset shows
pretransitional behavior for temperature studies under atmosph
pressure. The solid arrows show positions of SmE clearing points
(Tc ,Pc). The intersection of solid lines with the abscissa determ
the parameters of (P* ,T* ).
t
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havior may be related to the fact that the increase of pres
will mainly shift molecules along the direction of the loc
director, showing the preferred orientational ordering of ro
like molecule. This may finally destroy the SmA structure
and cause the appearance of a ‘‘well packed’’ and stron
ordered nematic structure. Such an evolution narrows
distance between symmetries of the mesophase and the
tropic liquid which should initially decrease the discontinui
of the transition. The resulting appearance of the press
induced nematic phase and the isotropic–nematic–smecA
triple point has been yet reporting for smectogenic co
pounds@52#.
Figure 5 show inverses of measured NDE for isotherm
pressure studies in the isotropic phase of 5BT. The temp
ture behavior under atmospheric pressure is presented in
inset in Fig. 6. It is clearly visible that pressure studies
pressure analogue of relation~3! is valid:

ENDE~P!5
ANDE

B

P* 2P
, P,PC1DP. ~9!

The inset in Fig. 7 shows that on approaching the SmE clear-
ing point in 5BT pressure initially reduces the discontinu
of the transition as in the case of theI – Sm-A transition
@41,42#. Similarly to the case ofI -N andI – Sm-A transitions
TC andT* increases with rising pressure. The main part
Fig. 7 shows that temperature and pressure NDE pretra
tional effects can be superposed into a one scaling curve
to the transformation of temperature scale into the press
scale via

T2T* →P* 2P5S dT*

dP D 21

~T2T* !. ~10!

The appearance of the single, scaling line may be treate
the consequence of the Ehrenfest-type relation

ed
e
ric

e

FIG. 6. The scaling behavior of NDE pretransitional effect f
pressure and temperature paths of approaching the line of vi
critical points (T* ,P* ) in 5BT for data from Fig. 5. The
inset shows the behaviorTc(P) and T* (P) obtained in NDE
studies. Solid lines parametrize equationsTc(P)5(73.2561

10.23260.015)P andT* (P)5(56.161.210.29560.02)P.
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ANDE
P

ANDE
T 5

x0
T

x0
P 5

~dV/dP!T→T*
~dV/dT!P→P*

5
dT*

dP*
5

dT*

dP
. ~11!

Its validity was previously shown for theI -N transition@39#.
In the opinion of the authors it would be interesting

compare the above results with similar results for other
mologous series. This is possible fornCB homologous series
basing on static NDE studies. Figure 7 shows theDT(n)
dependence for all compounds fromn54 to n512, collect-
ing results from refs.@36–42#, @48#. For n54 there is a
monotropicI -N transition and the sample crystallized befo
reachingTC @48# and its value was taken from catalog da
@53#. The discontinuity of isotropic-mesophase transitio
(DT) increases with the rise of parametern. This depen-
dence follows two different straight lines for smectogen
and nematogenicnCB. Noteworthy is the decrease ofDT
whose extrapolated value reaches approximately zero
2CB. Unfortunately, in 2CB the sample crystallizes 60
above hypotheticalTC('T* ). For 10CB and 12CB there ar
two values for eachDT. The smaller values are the min
mum ones obtained in pressure studies mentioned ab
@42#. Within the limit of experimental error they are locate
on the extrapolated line describing the nematogenic c
pounds. This behavior supports the mentioned hypoth
formulated in Ref.@42# that pressure destroys the Sm-A
phase and the transition from the isotropic liquid to w
packed, high pressure nematic appears. The inset in F
shows the well-known odd-even dependence forTC(n) and
the similar evolution ofT* (n) from NDE studies. The odd
even effect does not appear forDT(n) dependence. All data
shown in Fig. 7 are collected in Table II. The table al
contains values of the NDE pretransitional amplitudes.
evolution is similar to that found innBT, i.e., ANDE

T de-
creases with the rise of the parametern:

ANDE
T 5315x4239.6x1n~110.037n!~10216m2 V22!.

~12!

FIG. 7. The evolution of the discontinuity of theI -N and
I – Sm-A transitions innCB homologous series obtained in stat
low-frequency, NDE studies. Open points are for temperature s
ies under atmospheric pressure@36–41,48# and solid points denote
the smallestDT values obtained in pressure studies of 10CB a
12CB @42#.
-
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or
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CONCLUSIONS

The main difference between results obtained fornBT
and nCB series is the behavior of the discontinuity of th
transition in the homologous series. It seems that in thenCB
series the orientational ordering of the nematic phase
creases with the rise of the total length of the rodlike m
ecule. Hence, the distance between symmetries of the iso
pic liquid and the following mesophase also increases giv
the DT(n) dependence presented in Fig. 7.

The Sm-E phase, appearing innBT, is often called ‘‘soft
smectic crystal’’ and is located between the solid crys
state and the ‘‘ordinary’’ liquid crystalline mesophases@8#.
Apart from the smectic layer structure, the Sm-E phase ad-
ditionally exhibits a strong herringbone array@8#. The well-
packed structure may cause that the only flexible part of
molecule is the alkyl chain. Hence, the increase of the len
of this chain may decrease the level of the Sm-E arrange-
ment. Consequently, the distance between symmetrie
Sm-E and I phases increases giving the obtained evolut
of DT(n). It is interesting that despite the different depe
dence ofDT(n) in nCB andnBT series the hydrostatic pres
sure seems to influence this parameter in a similar way.
perimental results presented above and that of Refs.@36–42#,
@48# show that the pretransitional behavior of ‘‘linear’’ an
‘‘nonlinear’’ dielectric permittivity is analogous to theI -N,
I – Sm-A, and I – Sm-E transitions. Particularly noteworthy
is the evidence for exponentg51 anda5 1

2 for the I – Sm-E
transition. It poses the question concerning the range of
lidity of the mentioned critical, fluidlike description@9,29–
31,37,39# also for phase transitions from the isotropic
smectic mesophases.
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TABLE II. Values of parameters determined in NDE measu
ments in the isotropic phase of compounds fromnCB homologous
series. The temperature of the hypothetical continuous transitio
equal toT* 5Tc2DT. For 10CB and 12CB the upper value ofDT
is for temperature studies under atmospheric pressure. The lo
value ofDT is the minimum one found in pressure studies.

n DT ~K! TC ~°C! ANDE
T (10216 m2 V22)

4 0.5 16.5 180
5 0.8 35.3 150
6 1.1 29.0 130
7 1.3 42.8 113
8 1.6 40.5 92
9 2.7 49.5 81

10 4.2 50.5 69
2

11 5.6 57.5 60
12 6.4 58.5 52

3.1
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