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Structural characterization of the new polymorphic mesophases
formed by bent-core molecules

A. EREMIN, I. WIRTH, S. DIELE, G. PELZL*, H. SCHMALFUSS,
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A new achiral banana-shaped � ve-ring 2-methylresorcinol derivative � uorinated on the outer
rings has been synthesized. This compound exhibits four antiferroelectric smectic phases
characteristic for bent-core molecules (B2 , B ¾2 , B2 , B5 ). In addition, a highly viscous solid-like
phase has been detected which also shows electro-optical switching. This is the � rst switchable
highly ordered B phase. The characterization of the mesophases was made by X-ray diVraction,
electro-optical measurements and dielectric spectroscopy.

1. Introduction an intercalated B2 structure [2, 6]. The structure of the
B7 phase is not yet known, but X-ray investigations onBanana-shaped mesogens represent a new sub-� eld of

thermotropic liquid crystals which attract not only great powder-like samples point to a 2D or 3D superstructure,
although the lateral distances are liquid-like [7, 8]. Theinterest in the light of fundamental liquid crystal physics,

but also with respect to possible practical applications. characteristi c features of this phase are screw-like domains
and unusual optical textures which indicate a helicalBecause of the sterically induced polar packing of the

bent molecules, new smectic-like mesophases can occur superstructure [7, 8]. Recently we discovered a polar
biaxial SmA phase where the banana-shaped molecules[1] which have no counterpart in calamitic liquid

crystals. Up to now six new mesophases have been are packed in the bent direction, but in contrast to the B2
phase they are arranged parallel to the layer normal [9].clearly identi� ed, four of which exhibit ferro- or anti-

ferro-electric properties [2]. The most frequently investi- The symmetry of this phase is C
2v

and the equilibrium
state is an antiferroelectric one. This smectic phasegated phase is the so-called B2 phase which possesses

an antiferroelectric ground state and can be switched was theoretically predicted by Brand et al. [10] and
designated CP .into ferroelectric states. Since the polar packed molecules

are tilted with respect to the layer normal, the smectic In this paper we present a new � ve-ring banana-shape d
mesogen with a CH3 group in the 2-position of the centrallayers possess C2 symmetry. The combination of polar

order and tilt leads to a chirality of the smectic layers core and with � uorine substituents at the terminal rings.
Four mesophases could be clearly distinguished andalthough the individual molecules are achiral [3]. The

B5 phase is structurally quite similar to the B2 phase; characterized by X-ray investigations, by electro-optical
measurements and by dielectric spectroscopy.the only diVerence is an additional order of the central

cores which still has short range order character [2, 4].
The B1 phase is, in principle, a columnar phase, in which

2. Materiallayer fragments of the B2 phase form a rectangular two
The compound 2-methyl-1,3-p henylene bis[4-(3-� uoro-dimensional structure [2, 5]. In the B6 phase the bent

4-n-octyloxyphenyliminomet hyl)benzoate] was preparedmolecules are intercalated and tilted and corresponds to
by reaction of 4-(3-� uoro-4-n-octyloxyphenyliminomethyl)-
benzoic acid with 2-methylresorcinol using dicyclohexyl-*Author for correspondence;

e-mail: schramme@chemie.uni-halle.de carbodiimide according to the procedure described in [11].
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776 A. Eremin et al.

Perkin Elmer). The optical textures were observed
using a polarizing microscope (Leitz Laborlux) equipped

with a Linkam hot stage and an automatic temperature

controller. X-ray diVraction (XRD) experiments on non-
oriented samples were performed with a focusing Guinier

goniometer (Huber DiVraktionstechnik , GmbH). Oriented

samples were obtained by long annealing of a drop of
the liquid crystal on a glass plate after slow cooling

of the isotropic liquid. In this case the smectic layers are

arranged parallel to the substrate. The X-ray patterns
were obtained using a 2D detector (HI-Star, Siemens

AG). Because of the special sample preparation, the

lower part of the reciprocal sphere is shadowed. In order
to estimate the intensity near the equator, the experi-

mental curves Imeas (x) were normalized with a trans-

mission function t (x), where x is an angle between theFigure 1. DSC thermogram (cooling run).
scattering vector and the equator [9]. The transmission

function t(x) has been obtained by recording the scatter-
After recrystallization from DMF–ethanol (three-times) ing of the sample in the isotropic phase. In this ideal
and toluene–heptane (twice) the yield was 23.5%. case the intensity of the diVuse scattering is independent

of x.

The electro-optical measurements were carried out using
commercial ITO cells (EHC) of thickness 5 and 10 mm

with and without rubbed polyimide layers. However,

the surface treatment did not help to obtain uniformly
NMR (400 MHz, CDCl3 ): d 5 0.86–0.90 (m, 6H, CH3 ), oriented samples. The cells were � lled with the liquid
1.24–1.51 (m, 20H, (CH2 )5 ), 1.79–1.86 (m, 4H, crystal in the isotropic phase and slowly cooled in the
OCH2CH2 ), 2.13 (s, 3H, Ar CH3 ), 4.05 (t, 3J 5 6.6 Hz, presence of a square-wave voltage (100 V, 50 Hz). The
4H, OCH2 ), 6.98 (t, 3J 5 8.5 Hz, 2H, Ar H), 7.04–7.07 measurements were made employing the triangular-wave
(m, 3J 5 8.5 Hz, 4J 5 2.5 Hz, 2H, Ar H), 7.11 (dd, technique as well as the square-wave method where the
4J 5 2.5 Hz, 2H, Ar H), 7.15 (d, 3J 5 8.1 Hz, 2H, Ar H), voltage varies from 100 V to 0 V.
7.32 (d, 3J 5 8.1 Hz, 1H, Ar H), 8.02 (d, 3J 5 8.4 Hz, 4H, Dielectric measurements were performed in the fre-
Ar H), 8.30 (d, 3J 5 8.4 Hz, 4H, Ar H), 8.53 (s, 2H, quency range from 1 Hz to 10 MHz using a Solartron
CH N) Schlumberger SI 1260 impedance analyser and the Chelsea

The transition temperatures determined by diVerential Interface. A brass cell coated with gold (d 5 0.05 mm)
scanning calorimetry (DSC) are related to the cooling was used as capacitor. The calibration was made with
run at a rate of 10 K min Õ 1 (� gure 1). In the transition cyclohexane . It should be noted that all the measurements
scheme below the results of the phase assignments are pre- were performed on cooling the sample.
sented. The numbers below the transition temperatures
designate the transition enthalpies in kJ molÕ 1.

4. Results
I

153 ß C

[18.10]
B2

147 ß C

[†]
B ¾2

142 ß C

[0.04]
B2

136 ß C

[0.40] 4.1. Polarizing microscopy

The B2 phase appears on cooling the isotropic liquid

and exhibits a grainy fan-shaped texture, � gure 2 (a).B5
112 ß C

[0.50]
Bx

103 ß C‡

[11.40]
Cr

At the transition B2
� B ¾2 the texture does not change,

whereas at the transition B¾2
� B2 a paramorphoti c smooth

3. Experimental fan-shaped texture arises, � gure 2 (b). The transition into
The phase transition temperatures were determined the B5 phase is accompanied by a minor change of the

using a diVerential scanning calorimeter (DSC—Pyris 1, texture—by a small change of the birefringence and by

the formation of irregular stripes perpendicular to the
†This transition was observed using NMR and XRD

fans, � gure 2 (c). The transition into the low temper-
techniques and was not detected by DSC.

ature phase BX could not be recognized by polarizing‡The melting point on heating is 125 ß C, meaning that the BX
phase is monotropic and occurs only on cooling the B5 phase. microscopy.
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777B phase structures of bent-core mesogens

With the exception of the phase transition B2
� B ¾2 ,

which has been observed in NMR and XRD experiments,
all transitions have been detected by diVerential scanning
calorimetry (� gure 1). It is remarkable that the clearing
enthalpy is higher than the melting enthalpy. On the
other hand, the transition enthalpies between the B
phases are rather low (0.04–0.5 kJ molÕ 1 ).

4.2. Electro-optical investigations
All four phases showed similar electro-optical responses

to the applied d.c. electric � eld. The initial fan-shaped
texture transformed into a smooth SmA-like fan-shaped
texture at a � eld higher than a threshold of 0.5–0.8 V mm Õ 1
for the mesophases B2 , B ¾2 , B2 and B5 (� gures 3 and 4).
The textures relax into their initial state when the
external � eld is removed (at E 5 0).

(a)

(b)

(a)

(b)

(c)
Figure 3. Field-induced texture change of the B ¾2 phase:

Figure 2. Optical textures of (a) the B2 phase (148 ß C); (b) the (a) � eld-oV state; (b) Ô 2.8 V mm Õ 1 (cell thickness 10 mm,
B2 phase (140 ß C); (c) the B5 phase (130 ß C). temperature 143 ß C).
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778 A. Eremin et al.

(a)

(b)

Figure 5. Switching current response of the B2 phase to an
applied triangular wave � eld at T 5 141 ß C: (a) f 5 0.5 Hz,
Epp 5 4.0 V mm Õ 1 ; (b) f 5 5 Hz, Epp 5 4.0 V mm Õ 1.

(a)

(b)

Figure 4. Field-induced texture change of the B5 phase:
(a) � eld-oV state; (b) Ô 4.8 V mmÕ 1 (cell thickness 10 mm,
temperature 132 ß C).

for the chiral antiferroelectri c SmC*
A phase where only one

current response peak was observed at high frequencies.
Recently, Bedel et al. [13] found a similar eVect onThe current response to the applied triangular-wave

voltage contains two peaks of repolarization current, ‘banana’ phases.
Figure 6 displays the temperature dependence of the� gure 5 (a). From this � nding, together with the relaxation

of the polarized state into the initial state in the experi- spontaneous polarization, which reaches 800 nC cm Õ 2.
At the transition into the low temperature phase BX thements with d.c. voltage, we can assume an antiferro-

electric (AFE) ground state of the mesophases. However threshold signi� cantly increased. The relaxation from
the polarized state into the ground state was quite slow,the two current response peaks were observed at con-

siderably low frequencies 1.0–0.5 Hz, and only one peak probably due to the high viscosity of the sample.
was observed at higher frequencies, � gure 5 (b). The
repolarization signals have also been observed on apply-
ing a square impulse varying from E > Eth to E 5 0. If 4.3. X-ray investigations

The XRD patterns of the three high temperaturethe time of relaxation of the � eld-induced ferroelectric
state (FE) into the AFE state is larger than the period phases show equally spaced Bragg re� ections indicating

a layer structure. The layer spacing does not changeof the applied � eld, a direct switching between two FE
states occurs. In this case only one current peak appears. markedly over the whole temperature range of these

phases and is equal to 4.08–4.16 nm.This phenomenon has been shown by Lee et al. [12]
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779B phase structures of bent-core mesogens

observed on the meridian; the maxima of the broad
outer diVuse scattering are situated out of the equator
indicating an inclination of the molecules and the

absence of long range positional order within the layers,
� gure 7 (a). From the x-scan the tilt angle of about 25 ß
has been derived. On cooling the sample into the B¾2
phase, the meridian re� ections split up into pairs, as can

be seen from the enlarged pro� le shown in the inset
of � gure 7 (b). This splitting corresponds to an angle of
~6 ß between the layer normal and the � bre axis. This
tilt is too small to be detected from the wide angle
diVuse outer scattering. However, this change conforms

with alterations in the NMR spectra. The split peaks
merge again on the meridian at the transition into the

B2 phase at 142 ß C. Below 135 ß C another mesophase
appears where, in addition to the diVuse wide angle

scattering, two stripes perpendicular to the equatorFigure 6. Temperature dependence of the spontaneous
polarization. are observed; see the equatorial scan in � gure 7 (c).

The continuous stripes express the fact that there is
no positional correlation between the molecules from

diVerent layers and the position of the stripes indicatesThe patterns of oriented samples display some further
positional ordering within the layers. The intensity pro-details (� gure 7). The high temperature phase exhibits a
� le along the stripe has a maximum on the equator aspattern typical for a tilted smectic phase without in-plane
well as above and below it. Thus, the scattering diagramorder, like SmC or B2 (the latter has been con� rmed

by the electro-optic technique) : the layer re� ections are can be described by the formation of a two-dimensional

(a) (b)

(c) (d)

Figure 7. X-ray patterns of oriented samples and their equatorial intensity scans; the inset pictures show a three-dimensional
pro� le of the meridian (0 0 1) re� ection: (a) B2 phase (T 5 149 ß C); (b) B ¾2 phase (T 5 145 ß C); (c) B5 phase (T 5 120 ß C);
(d) BX phase (T 5 110 ß C).
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780 A. Eremin et al.

rectangular cell within the layers on a short range scale, place below T $ 102 ß C. The scattering radiation con-
denses to many Bragg re� ections corresponding to awhich is characteristic of a B5 phase. With decreasing

temperature, the intensity on the equator becomes more true crystalline phase.
and more pronounced.

The pattern of the BX phase is characterized by the 4.4. Dielectric spectroscopy
The experimental dependences of the real and theappearance of distinct spots on the h k rows, which indi-

cates positional correlation of adjacent layers, � gure 7 (d). imaginary parts of the dielectric permittivity e ¾ and e ²
are given in � gure 8. The processes of chemical decom-With respect to this, the phase can be considered as a

three-dimensional crystal, although the remaining diVuse position, inevitable in such experiments, result in a slight
decrease of the transition temperatures. Therefore, thescattering implies a large amount of disorder in this

phase. The position of the spots (perpendicular to the temperature values had to be scaled to comply with the
values obtained from other techniques (DSC, polarizingequator of the pattern) suggests an orthogonal cell. But

some satellites around the 0 0 l re� ections (out of the microscopy) .
The experimental points for e ¾ and e ² were � tted usingmeridian) relate to a more complex structure (perhaps

a helical superstructure) , which cannot be resolved at the model described by equation (1) consisting of two
Cole–Cole mechanisms (term 2 and 3), a conductivitypresent. The next change in the X-ray pattern takes

(a) (b)

(c) (d)

Figure 8. The real and imaginary part of the dielectric permittivity (e¾ , e² ) as a function of the frequency: (a) isotropic phase
(154 ß C); (b) B2 phase (150 ß C); (c) B2 phase (138 ß C); (d) B5 phase (128 ß C).
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781B phase structures of bent-core mesogens

contribution (term 4) and term 5 accounting for the 10% were calculated. Since the error De0 increases with
decreasing temperature, no data for e0 and t1 are givencapacitance of the ionic double layer appearing on the

surface of the electrodes at low frequencies: in � gures 9 and 10 for temperatures below 136ß C. The
dielectric permittivity e1 re� ects nearly all the phase
transitions found by microscopic measurements ande* 5 e2 1

e0 Õ e1
1 1 (ivt1 )1 Õ a1

1
e1 Õ e2

1 1 (ivt2 )1Õ a2
Õ

iA
f M

1
B
f N indicated by vertical lines. It should be noted that the

dielectric increment D2 5 e1 Õ e2 changes signi� cantly at(1)
the I/B2 , B ¾2 /B2 , and B2 /B5 transitions. A relatively high

where e
i

are the low and high frequency limits of the D2 in the B phases in comparison with the isotropic
dielectric permittivity, v 5 2p f ( f 5 frequency), t

i
are liquid points to a strong positive dipole correlation. The

the relaxation times, a
i

the Cole–Cole distribution decrease of D2 at the B5 /BX transition may be connected
parameters, the conductivity term is A (k 5 2Ape0, with either a complete disappearance or a stepwise
e0 5 8.85 Ö 10 Õ 12 As/Vm, if M 5 1), and M, B and N are � t decrease of the relaxation frequency of some decades
parameters responsible for the slope of the conductivity (phase transition into a highly ordered solid-like B phase).
and capacity of the double layer. The Cole–Cole distribution parameter was calculated to

The data acquired in the isotropic phase up to 50 kHz be a2 5 0.01 Ô 0.01 in all phases which corresponds to a
could be described well by use of the � rst and the last classical Debye mechanism. For the low frequency absorp-
two terms. It is not necessary to consider a relaxation tion, Cole–Cole distribution parameters a1 5 0.32 Ô 0.03
term since no dispersion of the dielectric permittivity (B2 ) and 0.25 Ô 0.03 (B ¾2 ) were obtained, pointing to a
was observed. Data at f > 600 kHz, which have been distribution of the relaxation times.
aVected by the beginning of absorption at high fre- The relatively high value of e2 5 6 in the BX phase
quencies and by a standing wave between the capacitor indicates a modi� cation in which fast dynamics of the
plates, were not used in � tting. In the B2 phases, two polar end groups and probably also local motion within
absorption bands have to be taken into account for the the core take place. This phase transforms at about 102ß C
data interpretation [14]. Thus, for the B2 modi� cations slowly into a solid phase in which partial reorientation
a high frequency process at about 300 kHz and a low of dipoles occurs; therefore e2 decreases on further cool-
frequency one at 500 Hz, and for the B2 phase at 150 kHz ing to temperatures below 100 ß C to about 4 (not shown
and 300 Hz have been found; see � gures 8 (b) and in � gure 9).
8 (c), respectively. The limits of the dielectric permittivity The relaxation times are given in � gure 10. Within
calculated from the experimental data according to error there is no diVerence between the data for t1equation (1) are shown in � gure 9. Con� dence intervals in phases B2 and B¾2 . A mean activation energy EA 5
for the dielectric permittivity given in equation (1) of (56 Ô 10) kJ mol Õ 1 was calculated. We interpret this
De0 5 Ô 2.0, De1 5 Ô 1, De2 5 Ô 0.3, as well as a relative process as a collective motion of antiparallel ordered
error for the relaxation times t1 of Ô 25% and t2 of dipoles [15]. The faster process characterized by t2 is

connected with the reorientation of the dipoles about

Figure 9. Limits of the dielectric permittivity in the isotropic, Figure 10. Relaxation times t1 , t2 and their dependence on
the inverse temperature in the B2 , B ¾2 , B2 and B5 phase.B2 , B ¾2 , B2 , B5 and BX phases.
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782 B phase structures of bent-core mesogens

the long axes. This process becomes partially one of short range region. We were able to perform quantitative
electro-optical investigations on the B5 phase for thecollective character due to the strong steric interaction
� rst time.of the lateral dipoles among themselves [15]. The step

From the X-ray investigations it follows that the lowin t2 at the B ¾2 /B2 transition is outside the experimental
temperature phase preliminarily designated as Bx is aerror. The decrease of the parameters D2 and of t2 at
three-dimensiona l solid-like phase. Surprisingly this phasethe B¾2 /B2 transition may indicate that in the B2 phase
shows electrical switching at suYciently high electricthe interaction of the dipoles is reduced with respect
� eld (10–20 V mm Õ 1 ). In contrast to the B2 , B ¾2 , B2 andto that in the B ¾2 phase and gives an argument for a
B5 phases the switched state slowly relaxes to the groundphase transition. The mean activation energies EA (B2 ) 5
state when the � eld is switched oV. The Bx phase is the(130 Ô 15) kJ mol Õ 1, EA (B¾2 ) 5 (180 Ô 30) kJ mol Õ 1 and
� rst switchable highly ordered ‘banana phase’.EA (B5 ) 5 (270 Ô 20) kJ mol Õ 1 were calculated.

This work was supported by the Deutsche Forschungs-
Discussion gemeinschaft (DFG), the Fonds der Chemischen Industrie

In 1999 Ngyuen et al. [16] � rst reported bent-core and DAAD.
mesogens with � uorine substituents on the outer rings.
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