
PHYSICAL REVIEW E APRIL 2000VOLUME 61, NUMBER 4
Intermolecular and intramolecular reorientations in nonchiral smectic liquid-crystalline phases
studied by broadband dielectric spectroscopy
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Molecular dynamics has been studied by broadband dielectric relaxation spectroscopy in the Sm-A, Sm-B,
and Sm-E phases~Sm denotes smectic! of a homologous series of nonchiral stilbenes. An assignment of modes
is presented based on their dependence on temperature and molecular length, and, as far as they obey the
Arrhenius law, their activation energy has been determined. In general, reorientations of entire molecules
around their short axis are active, whereas reorientations of entire molecules around their long axis are locked
out in the Sm-E phase of shorter homologs, yet intramolecular reorientations of polar sites have been estab-
lished. Strong evidence is presented for an interdependence of reorientations of entire molecules around the
short and long axes within the biaxial Sm-E phase of longer homologs.

PACS number~s!: 77.84.Nh, 77.22.Gm
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I. INTRODUCTION

Intramolecular reorientations as well as reorientations
entire molecules contribute to the molecular dynamics
liquid-crystalline phases. Reorientations of entire molecu
around their short and long axes are characteristics that
tinguish the liquid-crystalline state from crystalline phas
where these reorientations as well as intramolecular reor
tations are usually frozen and only vibrations of ato
around their equilibrium position still persist. The molecu
dynamics of liquid crystals provides considerable insight i
molecular interactions still representing a fundamental
search target to improve theoretical models. Recently,
frequency range of dielectric relaxation spectroscopy
been increased dramatically and broadband dielectric re
ation measurements became an indispensable tool to ch
terize noncollective modes related to reorientations of n
chiral, dipolar low molecular mass liquid crystals.

In this work the temperature dependence and the influe
of the molecular length on dipolar reorientations have b
characterized in the frequency range 10 Hz to 1 GHz an
a homologous series of stilbenes, possessing orthog
smectic liquid-crystalline phases~Sm-A, Sm-B), including
the higher-ordered, almost crystallinelike, Sm-E phase. Re-
orientations of entire molecules around their short and lo
molecular axes are clearly distinguished from intramolecu
reorientations of polar sites of the molecules.

Maier and Meier@1,2# observed a dielectric dispersion
surprisingly low frequencies in the oriented uniaxial nema
phase ofp-azoxyanisole derivatives. This dispersion was
signed to reorientations of overall molecules around th
PRE 611063-651X/2000/61~4!/3926~10!/$15.00
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short molecular axis connected to a reorientation of th
parallel component of the average dipole moment. This
erage is taken with respect to faster reorientations, e.g.
orientations of entire molecules around their long molecu
axis, intramolecular reorientations, and intramolecular vib
tions. Additionally, Maier and Meier have attributed the d
crease of the relaxation frequencyf 1 of the low-frequency
dispersion with temperature to the nematic potential barr
a quantity which is, to some extent, interconnected with
nematic order parameterS commonly employed within the
‘‘Maier-Saupe’’ mean-field theory of the nematic phase@3#.
Although nearest-neighbor interactions are supposed to
an important role@4#, reorientations of entire molecule
around their short molecular axis are biased or even hinde
depending on the height of the nematic potential barr
Subsequently, reorientations of whole molecules around
short molecular axis were described in terms of a molecu
statistical approach by Maier and Saupe@5# who derived the
temperature dependence of the corresponding relaxation
quency

f 1~T!

f 0
5

u

kTFexpS u

kTD21G , ~1!

where f 0 corresponds to the relaxation frequency measu
in the isotropic phase near the isotropic to nematic ph
transition,u is the height of the nematic potential barrier, a
k is the Boltzmann constant. Equation~1! is in good agree-
ment with measurements of the relaxation frequencyf 1 in
the nematic phase@6#. Martin, Meier, and Saupe@7# com-
3926 © 2000 The American Physical Society
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PRE 61 3927INTERMOLECULAR AND INTRAMOLECULAR
bined their approach with Debye’s theory@8# describing the
reorientation of dipolar molecules. A more general appro
considering the effect of the nematic ordering was publis
by Nordio, Rigatti, and Segre@9# as well as by Luckhurst and
Yeates@10#. Within their approach, the reorientation of e
tire molecules around the short molecular axis appears
Debye mode in the dielectric spectrum at frequencies lo
than f 0. The influence of the free volume, and the interd
pendence betweenf 1 and the nematic order parameterSwas
derived by Diogo and Martins@11#

f 1~T!5
kT

h
expS 2a

S~T!

kT
2b

S2~T!

T2TV
D , ~2!

where k and h are the Boltzmann and Planck’s consta
respectively,S(T) is the temperature-dependent nematic
der parameter,TV is the Vogel temperature at whichf 1 di-
verges, anda andb represent individual material propertie
Equation~2! reduces to the Arrhenius equation

f 1~T!5A1 expS 2
Ei

kTD ~3!

if the b term in Eq.~2! is negligible compared to thea term,
and the exponential dominates over the linear term. Tha
term describes the reorientation around the short molec
axis to be a thermally activated process with the activat
energyEi and a preexponential factorA1.

Equation~2! reduces to the Vogel-Fulcher-Tammann la
if the b term dominates over thea term

f 1~T!5C1 expS 2
B1

T2TV
D ~4!

with B1 and C1 representing material constants; hence,
reorientation around the short molecular axis depends on
free volume since theb term in Eq. ~2! is related to the
probability for a given molecule to flip around the short m
lecular axis. A wide distribution of jump angles may ex
depending on the temperature and structure of the liq
crystalline phase.

de Jeu@12# pointed out that interactions of permane
dipoles are neglected in any of the above theories. Th
interactions are usually considered as a minor contribu
within the nematic phase, but in hexatic or higher-orde
liquid-crystalline phases this contribution may be importa
as expected from single-crystal structure analysis wh
shows that the sum of dipole moments in a unit cell is u
ally minimized. The sum of all dipole moments is exac
zero in centrosymmetric crystals, but even if molecular sy
metry is incompatible with a centrosymmetric structure,
even number of molecules is usually packed in an antipa
lel manner within the unit cell to minimize the sum of th
dipole moments@13#.

The dielectric dispersion related to reorientations of
perpendicular component of the average dipole moment
first observed by Baessler, Beard, and Labes@14#. This di-
electric dispersion has been ascribed to a reorienta
around the long molecular axis with a relaxation frequen
f 2 which is assumed to be almost independent of the nem
order parameter in a good agreement to experimental res
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A continuous behavior off 2 was found even in the vicinity
of phase transitions into smectic phases as well as betw
various smectic phases@15#, which proves that the impact o
the smectic potential on reorientations around the long m
lecular axis may be small@16# in some cases. The relaxatio
frequency f 2 describing reorientations of entire molecul
around the long axis commonly obeys the Arrhenius law

f 2~T!5A2 expS 2
E'

kTD , ~5!

with E' the activation energy related to reorientatio
around the long molecular axis andA2 a preexponential fac-
tor. A comprehensive theory describing the reorientations
entire molecules in the nematic as well as in various sme
phases has not been developed yet.

The uniaxial Sm-A phase is often symbolized by a ‘‘stac
of layers’’ of molecules oriented parallel to the smectic lay
normal, although a very small and approximately sinusoi
modulation of the mass density exists@17# with a character-
istic length usually correlated to the molecular length. T
axis of macroscopic rotational symmetry coincides with t
director, the smectic layer normal, and one principal dir
tion of an anisotropic bulk material property described by
second rank tensor.

The hexatic smectic-B phase possesses a sixfold axis
symmetry which originates from the long-range orientatio
order of the center of mass of molecules within each parti
lar smectic layer~bond orientational order!. No quasi-long-
range positional order within a smectic layer is present
was first demonstrated experimentally by x-ray diffraction
free-standing films@18#. Dielectric measurements performe
by Benguigui@19# reveal that reorientations of entire mo
ecules around their short molecular axis are active in the S
A and the Sm-B phase and a jump of the relaxation fr
quency f 1 at the phase transition between these sme
phases has been reported@20,21#. Reorientations of entire
molecules around their short axis have been describe
terms of a single-particle mechanism controlled by the f
volume @19#.

Three-dimensional long-range positional order is pres
in the Sm-E phase, but x-ray diffraction patterns usually e
hibit only a few symmetry-independent reflections fro
which an orthogonal unit cell and a ‘‘herringbone packing
of molecules may be deduced. Therefore, the range of p
tional order is shorter compared to ordinary molecular cr
tals @22,23#. In fact, many properties of a Sm-E phase re-
semble those of plastic crystals. Using dielect
measurements Kresseet al. @24–26# and Bukaet al. @27#
established that reorientations of entire molecules around
short axis are active in the Sm-E phase. These reorientation
are frozen in the ‘‘crystalline’’ smectic-B phase@15#.

It is the purpose of the current paper to investigate
tramolecular reorientations and to characterize reorientat
of entire molecules around their short and long molecu
axis depicted in Fig. 1, schematically, with emphasis on th
temperature dependence and effect of the molecular leng
orthogonal smectic phases of a homologous series of n
chiral stilbenes possessing the smectic-A ~Sm-A), the hexatic
smectic-B ~Sm-B), and the ‘‘crystalline like,’’ higher-
ordered smectic-E ~Sm-E) phase. Our measurements sho
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3928 PRE 61J. SCHACHTet al.
that the reorientations of entire molecules around their s
and long axes do not necessarily obey the Arrhenius law
the Sm-E phase, and we present a strong evidence for
interdependence of reorientations of entire molecules aro
their short and long axes in the Sm-E phase. Intramolecula

FIG. 1. Schematic representation of the dielectric dispersion
calamitic nonchiral liquid crystals~relaxation frequencyf k , dielec-
tric incrementD«k , k51,2,3): ~a! reorientations of entire mol-
ecules around their short axis (f 1 , D«1), ~b! reorientations of entire
molecules around their long axis (f 2 , D«2), ~c! intramolecular re-
orientations of polar sites (f 3 , D«3).
rt
in
n

nd

reorientations of polar sites are observed below 1 GHz in
Sm-E phase of some homologs.

II. EXPERIMENT

The homologous series of liquid crystals, 4-~alkyloxy!-
48-~carboxymethyl!-trans-stilbene, abbreviatednMe with n
the number of carbon atoms in the alkoxy chain~see Table
I!, possesses orthogonal smectic phases~Sm-A, Sm-B, and
Sm-E) that have been characterized by differential scann
calorimetry and polarizing microscopy as well as small a
wide angle x-ray diffraction methods@28#. Their chemical
constitution, the sequence of their mesomorphic phases
the corresponding first-order phase transition temperat
are listed in Table I.

Dielectric spectra in the low-frequency range~LF! be-
tween 10 Hz and 13 MHz were carried out using an imp
ance analyzer~Hewlett-Packard, HP 4192A! equipped with a
Linkham hot stage and Linkham temperature controlling u
~TMS 600!. An oscillating electric field of an amplitude o
0.1 MV m21 has been used for all measurements, and
bias electric field has been applied. On a logarithmic sc
ten measurement points per frequency decade have been
lected. For each distinct frequency 64 transient meas
ments have been averaged at frequencies below 10 kHz
16 transient measurements at higher frequencies. Liq
crystal~LC! cells, built in-house, have been employed whi
were composed of glass plates with copper electrodes ev
rated on. Any charge injection into the liquid-crystalline m
terial has been prevented by a blocking SiO layer on top
the copper electrodes. The active electrode area of the

in
pic

TABLE I. Phase transition temperatures of the homologous seriesnMe (n, number of carbon atoms in the

alkoxy chain! and compound 11Et~see Fig. 9! all of which possessing the same sequence of enantiotro
phases: smecticA ~Sm-A), hexatic smecticB ~Sm-B), and higher-ordered smecticE ~Sm-E).
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PRE 61 3929INTERMOLECULAR AND INTRAMOLECULAR
cells was 15 mm2, and a cell thickness of approximate
10 mm was fixed by polymer spacers. A precise capacita
measurement of the empty LC cell and its stray capacita
~determined after filling withn-hexane! is necessary for the
calibration of each individual LC cell which were filled sub
sequently by capillary action at high temperature near
isotropic to Sm-A phase transition, and the exposure time
the samples to high temperatures has been minimized to
tain a sufficiently low static conductivity. The homologs i
vestigated exhibit an almost planar smectic layer alignm
~director n approximately parallel to the substrates! within
these LC cells. However, no surfactant has been used to
erate a perfect homeotropic smectic layer alignment,
moderate mechanical shear produces a texture that di
remarkably from the planar alignment. The evaporated c
per metal on the glass plates prevents the texture from b
observed in detail within the active volume of the LC cel

In the low-frequency regime a single Debye relaxati
has been observed for the smectic phases of a 12Me~see
Table I! compound. This mode is connected to reorientatio
around the short molecular axis@28#. The frequency and
temperature-dependent complex dielectric permittiv
«* (v,T) is described by Eq.~6! which includes contribu-
tions related to charge carriers and the finite resistivity of
metal electrodes leading to a cutoff at high frequencies

«* ~v,T!5
s

i«0v
1

D«1

11 ivt1
1

«h

11 ivtRC
, ~6!

with s the static conductivity related to charge carriers,D«1
the dielectric increment,t151/(2p f 1) the relaxation time of
a Debye mode describing reorientations of molecules aro
the short molecular axis,«h the dielectric constant containin
all contributions from processes exceeding the upper
quency limit of the LF bridge~13 MHz!, f RC51/(2ptRC)
the cutoff frequency of the measurement cell,«0 the vacuum
permittivity, andi 5A21 the imaginary unit.

The high-frequency~HF! reflectometer~Hewlett-Packard
HP 4191! has been employed for dielectric measurement
the frequency range between 1 MHz and 1 GHz. The sam
was placed in a capacitor which consists of two copper pla
directly inserted into the reflectometer. A heating syste
built in-house, has been used for temperature control.
long-time stability of the relative temperature was within 0
K, and the absolute temperature calibration due to stand
materials was better than61 K.

The HF dielectric spectra measured at various temp
tures for each homolog have been analyzed by fitting
Cole-Cole equation~7! to the experimental data

«* ~v,T!5
D«k

11~ ivtk!
12ak

, k52,3. ~7!

Equation ~7! describes reorientations of entire molecu
around the long axis (k52) or intramolecular reorientation
of polar sites (k53), with ak the symmetric distribution
parameter of relaxation times,D«k the dielectric increment
and f k51/(2ptk) the relaxation frequency.
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III. RESULTS AND DISCUSSION

Reorientations of entire molecules around their short a
are influenced by the nematic potential barrier which d
pends on temperature and molecular length. In general,
nematic potential barrier increases with decreasing temp
ture or elongation of molecules. As a homologous serie
ascended, the width of the nematic phase is commonly
duced and smectic polymorphism occurs or is extended
contrast, reorientations of entire molecules around their lo
axis are almost independent of the molecular length. The
fore, both reorientations of entire molecules may be dis
guished from each other unambiguously. The molecu
length is invariant due to a shift of one methylene gro
from the alkoxy chain to the opposite side of the molecu
transforming the carboxymethyl derivative into its carbox
ethyl isomer. Reorientations of entire molecules are s
posed to remain approximately unchanged, whereas intra
lecular reorientations of polar sites are supposed to
affected significantly.

A. Molecular length dependence

The temperature dependence of the relaxation freque
f 1 related to the overall molecular reorientations around
short axis is depicted in Fig. 2. In general, each first-or
phase transition is accompanied by a discontinuity in
f 1(T) curve ~steps! in accordance with the results reporte
previously@19#. These steps decrease as the homologous
ries is ascended, therefore, the range of frequencies occu
by the Sm-E phase of all homologs is significantly large
than the corresponding range of the Sm-A phase. The impac

FIG. 2. Relaxation frequencyf 1 ~reorientation of entire mol-
ecules around their short axis; LF, low-frequency regime; HF, hi
frequency regime! as a function of the reciprocal temperature 1T
for the higher-ordered Sm-E, the hexatic Sm-B, and the Sm-A
phases of the homologous seriesnMe. The integern defines the
number of carbon atoms within the alkoxy chain. The dashed li
indicate first-order phase transitions.
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TABLE II. Activation energies (kJ mol21) of the reorientation around the short molecular axis and
long molecular axis of the homologous seriesn Me and compound 11Et within their isotropic~Iso!,
smectic-A ~Sm-A!, hexatic smectic-B ~Sm-B!, and higher-ordered smectic-E ~Sm-E! phase.

Reorientation of entire molecules Reorientations of entire molecules
around the long molecular axis around the short molecular axis

Sm-E Sm-B Sm-A Iso Sm-E Sm-B Sm-A

4Me a b b 15.0 c b b

7Me a 10.6 12.6 13.6 76.7 122.0 116.8
8Me a 20.8 18.1 21.1 75.3 102.1 121.3
9Me 16.4 14.6 20.1 16.0 68.2 96.0 121.6
12Me d 17.2 17.0 13.6 d 74.6 c

11Et a a 15.0 13.8 77.8 73.8 71.8

aReorientation is locked out.
bNonexistent phase~see Table I!.
cNot determined.
dTemperature dependence does not obey the Arrhenius law~see Fig. 3!.
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of the molecular length on the relaxation frequencyf 1 in-
creases from Sm-A to Sm-E. The nematic order parameterS
is not an appropriate quantity to be solely correlated with
relaxation frequencyf 1 connected to reorientations of enti
molecules around the short axis, sinceS closely approaches
unity within the Sm-E phase of the homologous series irr
spective of the molecular length. Although the temperat
dependence off 1 is described satisfactorily by the theory
Diogo and Martin@cf. Eq.~2!# for the individual homologs, a
decrease off 1 with increasing molecular length may be e
pected since the nematic potential barrier increases with
creasing temperature and increasing molecular length
cause a longer molecule experiences a larger orienting f
due to the nematic potential. The opposite behavior is
served: f 1 increases as the homologous series is ascen
starting from the heptyloxy derivative 7Me to the dodec
loxy derivative 12Me. These results support the conclus
drawn by Benguigui: The reorientation of entire molecu
around the short molecular axis in orthogonal smectic pha
is dominated by the anisotropic free volume. In the biax
Sm-E phase reorientations of entire molecules around th
short axis are, to a lesser extent, controlled by the nem
order parameterS, but predominantly to the density and th
packing of molecules. In contrast, the long-range orien
tional order may be considered to affectf 1 predominately in
a nematic phase.

Generally, the relaxation frequencyf 1 describing molecu-
lar reorientation around the short axis of the molecule ob
an Arrhenius law within the orthogonal smectic phases ir
spective of the molecular length with the exception of t
Sm-E phase of compound 12Me. The activation energies
listed in Table II. For each homolog, the activation energyEi
decreases in the following order of smectic mesophases:
A, Sm-B, to Sm-E. Furthermore,Ei decreases as the ho
mologous series is ascended as it can be deduced from F
and Table II. In many cases, a reasonable fit of an Arrhen
equation to the experimental data is obtained taking into
count experimental limitations and the commonly small te
perature range of the mesomorphic phases.

Dielectric relaxations with a relaxation frequency near
upper frequency limit of the LF bridge~13 MHz! are par-
e
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tially overlapped by theRC relaxation of the LC cell origi-
nating from the finite resistivityR of the copper electrodes
The accuracy of the fitting parameterf 1 is limited in this
frequency range, and the corresponding error of lnf1 is esti-
mated to be of the order of 10% in this case. Subsequen
the determination of the activation energy within the SmA
phase is hampered or even impossible. At particularly l
frequencies (f 1,3 kHz! the measurement error increas
with decreasing frequency which requires extensive data
cumulation and averaging. The accuracy of the dielec
measurements in the LF regime approaches an optim
within the range of frequencies between 3 and 300 kH
hence, the measurement error («8, «9) falls short of 1%
leading to an uncertainty of the fitting parameter lnf1 less

FIG. 3. Relaxation frequencyf 1 ~reorientation of entire mol-
ecules around their short axis; LF, low-frequency regime! as a func-
tion of the reciprocal temperature 1/T compared with the relaxation
frequency f 2 ~reorientation of entire molecules around their lon
axis; HF, high-frequency regime! for the higher-ordered Sm-E
phase of the homolog 12Me. Note the change of the activa
energy describing the temperature dependence off 1 ~solid lines!
and the increase off 2 with decreasing temperature~arrow!. The
dashed lines are for guidance.
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PRE 61 3931INTERMOLECULAR AND INTRAMOLECULAR
than 1%. Since the relaxation frequencyf 1 characterizing
reorientations of entire molecules around the short axi
located within the range of high accuracy of the LF dielect
measurements, the temperature dependence off 1 is deter-
mined most precisely within the Sm-E phase of compound
12Me. An Arrhenius-like temperature dependence off 1
within the temperature range of the Sm-E phase depicted in
Fig. 3 has to be excluded. Nevertheless, thef 1 data in the
high-temperature region and the low-temperature region
the Sm-E phase may be independently fitted to Arrhen
equations with activation energies of 73 and 53 kJ mol21,
respectively. The decrease of the activation energy aT
5238 °C is accompanied by a steplike increase of the re
ation frequencyf 2 describing reorientations of entire mo
ecules around their long molecular axis which do not ob
an Arrhenius-like temperature dependence. The mutual i
dence of the change of the activation energy assigne
reorientations around the short molecular axis and the
continuity in the temperature dependence of reorientati
around the long molecular axis compel a strong evidence
an interdependence of both reorientations in the high
ordered Sm-E phase of compound 12Me.

The increase off 1 with increasing molecular length~cf.
Fig. 2! is at variance with a ‘‘free’’ reorientation of entir
molecules around their short molecular axis within the
thogonal smectic phases, and the results are also compa
with a rotational diffusion or a rotational jump model. Bo
of these models depend on the free volume, a quantity th
supposed to increase with increasing length of the alk
chain of molecules.

Reorientations of entire molecules around their long m
lecular axis are usually observed in the high-frequency
gime ~HF! of the dielectric spectrum~10 MHz to 1 GHz!.
For the nonyloxy derivative of the homologous series,
temperature dependence of the dielectric incrementD«2 and
the relaxation frequencyf 2 of this mode are depicted in Fig
4. No discontinuity of eitherf 2(T) or D«2(T) at the first-

FIG. 4. Dielectric incrementD«2 and relaxation frequencyf 2

~reorientation of entire molecules around their long axis! versus
temperatureT for the higher-ordered Sm-E, the hexatic Sm-B, the
Sm-A phase, and the isotropic melt~Iso! of the nonyloxy derivative
9Me.
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order phase transitions between the orthogonal sme
phases is observed, within the experimental error, in cont
to the temperature dependence off 1 describing reorienta-
tions of entire molecules around the short molecular axis~cf.
Fig. 2!. The relaxation frequency of entire molecules arou
the long axisf 2 obeys an Arrhenius law within the entir
temperature range of all smectic phases of compound 9
and this observation agrees with the results of measurem
reported previously@16#. Within the measurement limita
tions, the smectic potential forming the long-range orien
tional order and the quasi-long-range positional order
smectic materials does not affect the reorientations of en
molecules around the long molecular axis.

The high-frequency dielectric behavior of the octylox
homolog, 8Me, is depicted in Fig. 5. In analogy to the h
molog 9Me, the relaxation frequencyf 2(T) obeys an
Arrhenius law within the entire temperature range of the i
tropic, the Sm-A, and the Sm-B phases of compound 8Me
Within the accuracy of the dielectric measurements and
fitting of the dielectric spectra, no discontinuities off 2(T) or
D«2(T) are observed at the first-order phase transitions se
rating the isotropic, the Sm-A, and the Sm-B phase. In con-
trast to the behavior of compound 9Me, the dielectric inc
mentD«2 related to reorientations of entire 8Me molecul
around their long axis vanishes in the vicinity of the Sm-B to
Sm-E phase transition, a strong argument for reorientatio
around the long molecular axis being at least partially lock
out in the Sm-E phase of compound 8Me.

At low temperatures in the Sm-E phase of compound
8Me, a new dielectric dispersion of the Cole-Cole-type e
ters the dielectric spectrum at the upper frequency limit
the HF reflectometer. Its dielectric incrementD«3 is compa-
rable to the dielectric incrementD«2 of the reorientation of
entire molecules around their long axis but its relaxation f
quency f 3 exceeds f 2 measured at approximately 50 °
higher temperature in the isotropic phase of this compou

FIG. 5. Dielectric incrementD«2 and relaxation frequencyf 2

~reorientation of entire molecules around the long axis in the SmB,
Sm-A, and isotropic phases of compound 8Me! as well as dielectric
incrementD«3 and relaxation frequencyf 3 ~intramolecular reorien-
tation in the Sm-E phase! versus temperatureT ~cooling trace!. The
supercooled region of the Sm-E phase is included.
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Therefore, this dielectric dispersion shouldnot be assigned to
a reorientation of the entire 8Me molecule around its lo
axis. This dispersion is assigned and further addressed t
intramolecular reorientation of a polar site within the 8M
molecule. Usually, these reorientations are located in the
crowave region of the dielectric spectrum. However, in
higher-ordered, almost crystallinelike smectic phase as
Sm-E, such an intramolecular reorientation may slow do
considerably and may enter the frequency range of our
electric measurements. The temperature dependence i
propriately described by the Arrhenius equation even in
supercooled regime of the Sm-E phase of compound 8Me
Its dielectric incrementD«3 is approximately constant and
decreases upon crystallization. Hence, this mode is loc
out in the crystalline state of compound 8Me. In cons
quence, reorientations of entire molecules around their s
molecular axis and intramolecular reorientations of po
sites of the molecule are active in the Sm-E phase of com-
pound 8Me, while reorientations of entire molecules arou
their long molecular axis are, within our experimental acc
racy, strongly hindered or even locked out.

Figure 6 depicts the dielectric behavior of the homol
shortened by one methylene unit, compound 7Me. Again,
dielectric dispersion addressed to reorientations of en
molecules around their long molecular axis slows down a
ceases at the Sm-B to Sm-E phase transition. Owing to th
fact that the dielectric incrementD«2 becomes very small in
the vicinity of the Sm-B to Sm-E phase transition the accu
racy related to the fitting parameterf 2 is limited due to the
small temperature range. The dielectric dispersion assig
to intramolecular reorientations is clearly observed at low
temperatures within the Sm-E phase of compound 7Me an
it obeys the Arrhenius law.

The high-frequency dielectric behavior of the dodecylo
derivative, 12Me, is shown in Fig. 7. The relaxation fr

FIG. 6. Dielectric incrementD«2 and relaxation frequencyf 2

~reorientation of entire molecules around the long axis in the SmB,
Sm-A, and the isotropic phase of compound 7Me! as well as dielec-
tric incrementD«3 and relaxation frequencyf 3 ~intramolecular re-
orientation in the Sm-E phase! versus temperatureT ~cooling trace!.
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quency f 2 characterizing the reorientation of entire mo
ecules around their long molecular axis decreases cont
ously obeying an Arrhenius law within the entir
temperature range of the isotropic, Sm-A, and Sm-B phases.
The corresponding dielectric incrementD«2 decreases
slightly at the vicinity of the Sm-B to Sm-E first-order phase
transition, but this mode does not vanish as it is observed
the 7Me and 8Me derivatives. The relaxation frequencyf 2
continuously decreases with decreasing temperature in
Sm-E phase until a small jump off 2 to larger frequencies is
observed~see Fig. 2!. At further cooling f 2 increases con-
tinuously, passes through a broad maximum and decreas
the supercooled Sm-E phase of compound 12Me. As con
cluded from Fig. 2, the dielectric dispersion observed in
Sm-E phase of compound 12Me is assigned to reorientati
of entire molecules around their long axis. Its usual tempe
ture dependence is related to an interdependence betw
reorientations of entire molecules around their long and th
short molecular axes. Intramolecular reorientations wit
the Sm-E phases of the ‘‘longer homologs,’’ 9Me and 12M
exceed the measurement range of our HF reflectometer
are not observed.

Figure 8 depicts the relaxation frequencyf 2 addressed to
reorientations of entire molecules around their long axis
different homologs. In contrast to the reorientations of en
molecules around their short molecular axis~cf. Fig. 1!, f 2
increases with increasing molecular length and weight.
activation energy of 1665 kJ mol21 is determined for this
relaxation within the isotropic, the Sm-A, and the Sm-B
phase irrespective of the molecular length~cf. Table II!. The
data in the Sm-E phase of the homologs 7Me and 8Me a
omitted in Fig. 8 since a completely different temperatu
dependence is observed. Therefore, these dielectric dis
sions have been assigned to intramolecular reorientation

FIG. 7. Dielectric incrementD«2 and relaxation frequencyf 2

~reorientation of entire molecules around their long axis! as a func-
tion of temperatureT for the Sm-E, Sm-B, Sm-A phases and the
isotropic melt ~Iso! of the homolog 12Me.f 2(T) shows a jump
~arrow! and a maximum within the Sm-E phase of compound 12Me
~cooling trace!. The supercooled region of the Sm-E is included.
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polar sites in the molecule. A comparison of the dielect
behavior of isomers possessing almost identical molec
length and weight will underpin this assignment of ban
Following the idea of Martinet al., reorientations of entire
molecules around the long and the short molecular axe
these isomers are almost unaffected, in contrast to intra
lecular reorientations which depend significantly on the m
lecular constitution.

B. Intramolecular reorientations within isomeric compounds
of equal molecular length

One methylene unit of the dodecyloxy chain of the c
boxymethyl compound 12Me is shifted to the opposite s
of the molecule. The new isomeric compound~see Table I!
comprises an undecyloxy chain and an carboxyethyl func
attached to the stilbenic core. This is schematically show
Fig. 9. The mesomorphic properties of both isomers h
been described in a previous work@28#. The molecular
length and width of both isomers are approximately equi
lent, and they exhibit the same sequence of smectic
sophases but the clearing point of compound 11Et is loca
22 °C below the clearing temperature of the 12Me isome

For comparison, the relaxation frequency of reorientatio
of entire molecules around the shortf 1 and the longf 2 mo-
lecular axes of both isomeric compounds are depicted in
10. Within the low-frequency regime~LF!, the temperature
dependence off 1 of the 11Et isomer corresponds with a
extrapolation~solid lines! from the f 1(T) curve of the 12Me
homolog towards lower temperatures. This is observed
either the Sm-A, the Sm-B, or the Sm-E phase. This finding
ensures that the mechanism of reorientations of entire m
ecules around their short molecular axis is very similar in
smectic phases of both isomers, and they are not affecte

FIG. 8. Relaxation frequencyf 2 ~reorientation of entire mol-
ecules around their long axis! versus the reciprocal temperature 1T
within the Sm-B and the Sm-A phases of the homologous seri
nMe. An Arrhenius-like temperature dependence is observed in
Sm-E phase of compound 9Me, but this dispersion was not
served in the Sm-E phase of the shorter homologs 7Me and 8M
The f 2 data measured in the Sm-E phase of homolog 12Me ha
been omitted since it does not obey an Arrhenius law~see Figs. 3
and 7!.
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the shift of one methylene unit~see Fig. 9! within the accu-
racy of our measurements.

The temperature dependences of the relaxation freque
f 2 of both isomers are very close to each other, althoug
small but significant shift of thef 2(T) curve of the 11Et
isomer to higher frequencies is observed. We address
small shift to a slightly different average conformation of t
isomers. Likewise, thef 1(T) curves of the isomers follow
one Arrhenius equation which means that the freque

e
-

.

FIG. 9. A pair of isomeric compounds is formed by a shift
one methylene unit of the alkoxy group of compound 12Me to
opposite side of the molecule. The new compound~11Et! exhibits
an undecyloxy and a carboxyethyl unit attached to the mesog
core~trans-stilbene!. Both isomeric compounds exhibit a molecul
length of 31 Å and an equivalent sequence of mesomorphic ph
@28#.

FIG. 10. Relaxation frequencyf 1 ~reorientation of entire mol-
ecules around their short axis! versus the reciprocal temperature 1T
compared to the relaxation frequencyf 2 ~reorientation of entire
molecules around their long axis! for the Sm-E, Sm-B, Sm-A, and
the isotropic phase of the homolog 12Me (s, d) and the isomeric
compound 11Et (h, j). The thick almost parallel solid lines indi
cate that the low-frequency shift off 1 is predominately caused b
the lower clearing temperature of the isomer 11Et. The dashed l
indicate first-order phase transitions.
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shifts are solely explained in terms of the different pha
transition temperatures of the isomers. Consequently, re
entations around the long molecular axis are more sens
to the shift of the methylene unit than the reorientatio
around the short molecular axis. In accordance to theor
can be concluded from Fig. 10 that the shift of the methyle
unit has almost no effect on the mechanisms of reorientat
of entire molecules around the short as well as the long
lecular axis, to a first approximation, and, in turn, this res
confirms the assignment of dielectric dispersions presen

No data within the Sm-B and the Sm-E phase of isomer
11Et is included in Fig. 10, but, for the complete temperat
range of mesophases, the dependence of the dielectric
persions located in the high-frequency regime are depicte
Fig. 11. This diagram closely resembles that of the homol
8Me and 7Me depicted in Figs. 5 and 6, respectively. Re
entations of entire molecules around their long axis are
served in the isotropic and the Sm-A phase of the isome
11Et, but, in contrast to the behavior of the homologs 8
and 7Me, a dielectric dispersion related to intramolecu
reorientations appears already in the Sm-B phase as it is
concluded from the discontinuous dielectric behavior o
served at the Sm-A to Sm-B phase transition. Both, the re
laxation frequency and dielectric increment related to
tramolecular reorientations are larger than the respec
values characterizing reorientations of entire molecu
around the long axis at higher temperatures. Conseque
the average lateral dipole moment of the 11Et molecu
which incorporates all contributions of polar sites of the m
ecule, is smaller than the dipole moment related to the
tramolecular reorientation of at least one dipolar site. T

FIG. 11. Dielectric incrementD«2 and relaxation frequencyf 2

~reorientation of entire molecules around the long axis observe
the Sm-A and isotropic phase of compound 11Et! as well as dielec-
tric incrementD«3 and relaxation frequencyf 3 ~intramolecular re-
orientation observed in the Sm-E and the Sm-B phases of com-
pound 11Et! as a function temperatureT ~cooling trace!. In the
vicinity of the Sm-A to Sm-B phase transition~dashed line! reori-
entations of entire molecules around the long axis are not obser
and the relaxation frequencyf 2 related to intramolecular reorienta
tions exceeds the upper frequency limit of our measurement w
dow. Intramolecular reorientations are active in the hig
temperature crystalline phase (Cryst2).
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observation is easily understood in terms of a minimizat
of the lateral dipole moment due to an almost antipara
correlation of intramolecular dipole moments.

The relaxation frequency related to intramolecular reo
entations decreases with decreasing temperature, and a
continuity is observed in the vicinity of the Sm-B to Sm-E
phase transition. It is worth pointing out that this dielect
dispersion does not cease in the high-temperature crysta
state (Cryst2) of compound 11Et but it slows down at th
crystallization of the Sm-E phase. Nevertheless, these i
tramolecular reorientations are locked out in the lo
temperature crystalline state of compound 11Et as conclu
from the decrease of the dielectric increment below 77
Therefore, the high temperature crystalline phase of co
pound 11Et belongs to a disordered crystalline phase.

Unfortunately, intramolecular reorientations in both is
meric compounds, 12Me and 11Et, of approximately equi
lent molecular length cannot be compared directly. Intram
lecular reorientations were not observed below 1 GHz in
Sm-E phase of isomer 12Me~cf. Fig. 9!. The relaxation fre-
quencies f 3 assigned to intramolecular reorientations o
served within the Sm-E phase of homologs 7Me, 8Me ex
hibiting a carboxymethyl unit and the isomer 11Et carrying
carboxyethyl unit are compared in Fig. 12. The relaxat
frequencyf 3 is independent of the molecular length with
the homologous series but the isomer 11Et exhibits a sig
cantly larger relaxation frequency. This finding supports
assignment of this dielectric dispersion observed in the hi
frequency regime of the dielectric spectrum to an intram
lecular reorientation of polar sites, probably the carbox
methyl site within the homologs 7Me and 8Me or the ca
boxyethyl unit in compound 11Et.

IV. SUMMARY

Reorientations of entire molecules around their short a
their long molecular axes as well as intramolecular reori
tations of dipolar sites have been studied in the isotropic,
Sm-A, Sm-B, and Sm-E phases of a homologous series
nonchiral stilbenes and two isomeric compounds of eq

in

d,

n-
-

FIG. 12. Dielectric incrementD«3 and relaxation frequencyf 3

~intramolecular reorientations! in the Sm-E of homologs 7Me (.),
8Me (m), and the Sm-B and Sm-E of compound 11Et (h, j) as
a function of the reciprocal temperature 1/T ~cooling trace!.
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molecular length. Reorientations of entire molecules
present in the Sm-A, Sm-B, and Sm-E phases and their re
laxation frequencyf 1 increases remarkably with increasin
molecular length. The nematic order parameterS is not an
appropriate quantity to describe the temperature and mol
lar length dependence off 1 exclusively, and the free volum
has to be taken into consideration. Evidence is presented
an interdependence of reorientations of entire molecu
around their long and short axes. In general, reorientation
entire molecules around their long axis with a relaxation f
quency f 2 are active in the Sm-A and Sm-B phases of the
homologs, but these are, at least partially, locked out wit
the Sm-E phase of the shorter homologs 7Me and 8Me. T
relaxation frequencyf 2 increases with increasing molecul
length. Two isomeric compounds 12Me and 11Et posses
an equal molecular length exhibit a very similar temperat
.

em

er
e

u-

for
s
of
-

n
e

ng
e

dependence of the reorientations of entire molecules aro
their short and long axes, respectively.

Within the Sm-E phase of the shorter homologs, 7Me a
8Me, an additional dielectric dispersion within the hig
frequency regime is detected which is independent of
molecular length but dependent on the molecular const
tion. This mode has been addressed to intramolecular re
entations.
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