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Banana-shaped � ve-ring mesogens derived from either isophthalic acid or 4-bromoisophthalic
acid have been synthesized. It is shown that the melting and clearing points of the bromine-
substituted compounds are markedly decreased in comparison with the analogous unsubstituted
compounds. On the basis of X-ray diŒraction studies and NMR measurements, as well as
dielectric and electro-optical investigations, the mesophase of these compounds could be
identi� ed as a B2 phase.

1. Introduction The in� uence of small lateral substituents on the
mesophase behaviour of banana-shaped compounds isBent mesogens represent a topical � eld in current liquid
a further aspect of interest that has been studied bycrystal research. Due to their shape the molecules are
several research groups. The diŒerent positions of sub-able to create a polar ordering within the smectic layers
stitution must be distinguished. The outer rings can[1]. Together with a tilt of the molecular long axis, the
most probably be substituted without loss of the liquidsymmetry breaking can lead to chiral discrimination
crystalline properties [7–9]. The disturbing eŒect seems to[2]. Therefore, some B-phases (B2 , B5 , B7 ) exhibit a
be very large if the rings situated more inside the moleculesferro-/antiferro-electric switching behaviour although
are laterally substituted [10]. Many investigations havethe single molecules are non-chiral [3]. Most of the
been made to study the in� uence of halogen atoms orbanana-shaped liquid crystal molecules reported in the
small groups positioned at the central 1,3-phenyleneliterature up to now contain a 1,3-phenylene fragment
ring, especially for derivatives of resorcinol. Even smallto create a bending angle of about 120 ß [3–5]. Many
substituents in the 5-position at the top of � ve-ringcompounds are derived from resorcinol, which serves as
molecules, except for � uorine, prevent the formationthe central unit [5, 6]. In contrast, esters of isophthalic
of mesophases [6]. Small groups like methyl or nitroacid have been reported only by Nguyen et al. [7]. They
can be introduced into position 2, that is in the obtusedescribed nematic and smectic phases for bis[4-(4-alkoxy-
angle of the bent mesogen, and can result in interest-benzoylthio)phenyl] isophthalates. The introduction of
ing phases such as B5 and B7 , respectively [3, 11, 12].� uorine in lateral positions of the outer rings of these
Introduction of substituents is possible in the 4-position,molecules changed the polymorphism markedly. Four
for example, liquid crystalline esters not only of 4-chloro-diŒerent smectic phases without in-plane order were
and 4-cyano-resorci nol, but also of 4,6-dichlororeso rcinol,detected, but the assignment of the phases has not been
have been reported [3, 13–16]. It is important tocompleted up to now.
recognize that substituents which are attached at the
central phenylene ring can change the conformation*Author for correspondence;

e-mail: weiss� og@chemie.uni-halle.de of the whole molecule. While the bending angle of
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1270 H. Dehne et al.

Table 1. Phase transition temperatures ( ß C) of compounds 11,3-phenylene bis[4-(4-n-octyloxyphenyliminomethy l)-
(X 5 H).benzoate] is about 120 ß , the angle is increased up to

131 ß and to about 165 ß , respectively, for the related Compound R1 Cr B2 I
derivatives of 4-chloro- and 4,6-dichloro-r esorcinol [3, 16].

In this paper, esters of isophthalic acid are used
1a E 200 — Eto study the in� uence of the direction of orientation of

the carboxylate groups at the central benzene ring.
1b E 188 — EFurthermore, starting with 4-bromoisophthalic acid,

the in� uence of this halogen atom on the mesophase
behaviour, the molecular conformation and selected 1c E 184 (E a 178) E

physical properties are investigated by diŒerent methods,
e.g. X-ray, NMR studies, and dielectric and electro-optical 1d E 210 — E

measurements.

1e E 205 (E a 193) E

2. Materials
The banana-sha ped molecules studied can be represented 1f E 199 (E a 194) E

by the following general formula:

1g E 234 — E

1h E 181 E 204 E

1i E 196 (E 188) E

a Phase assignment based on the optical texture only.
The isophthalic acid diesters 1 and 2 were prepared by
reaction of isophthaloyl chloride or 4-bromoisophth aloyl
chloride in pyridine with the corresponding phenols, i.e. the mesophase stability is reduced by about 25–35 K,

as seen by comparison of the clearing temperatures ofalkyl esters of 4-hydroxybiphenyl- 4 ¾ -carboxylic acid and
4-(4-alkyl- or 4-alkoxy-phenoxycarbony l)phenols. The corresponding bromine-substituted and unbrominated

compounds.reaction mixture was stirred at room temperature for
8 h and worked up in the usual way. The puri� cation
of the raw materials was achieved by recrystallization 3. Experimental

The thermal behaviour of the compounds was investi-from ethanol/toluene or ethanol/DMF. The yields were
greater than 80% after the � rst recrystallization. gated using a Perkin Elmer DSC 7 diŒerential scanning

calorimeter. The microscopic textures and the � eld-The melting behaviour of the isophthalic acid diesters
is summarized in table 1, and that of the 4-bromo- induced changes of the textures were examined using a

polarising optical microscope (Leitz Orthoplan) equippedisophthalic diesters in table 2 [17].
The clearing points of the isophthalic acid diesters 1 with a Linkam THM 600/S hot stage.

X-ray investigations on non-oriented samples wereare much higher than those of comparable derivatives of
resorcinol. For example, the inversion of all carboxylate carried out using a Guinier-� lm-camera and a Guinier-

Goniometer (Huber DiŒraktionstechnik GmbH). Orientedgroups of compound 1e, which exhibits a mesophase up
to 193 ß C, results in the corresponding resorcinol derivative samples were obtained by annealing a drop of liquid

crystal placed on a glass plate. In this case the beamhaving a clearing point of 121 ß C [3]. However, in most
cases the isophthalic acid compounds 1 exhibit high was incident nearly parallel to the glass plate. X-ray

patterns were recorded with a 2D-detector (HI-Star,melting points, and therefore only for one homologue
1h could an enantiotropic mesophase be detected. Siemens AG). Because of the special sample preparation

only the scattering intensity of the upper half of theStarting with 4-bromoisophthali c acid, the melting
as well as the clearing points of the resulting esters 2 reciprocal space could be recorded.

NMR measurements were made using a Bruker MSLare decreased. Because the melting temperatures are
reduced more, substances with enantiotropic mesophases 500 spectrometer at a � eld of 11.7 T. The temperature

of the 5 mm sample tubes was regulated by a Brukerexist, and these are suitable for further investigations.
By introduction of the bromine atom in the central BST-100 temperature controller. Simple pulse excitations

and cross-polarization experiments with continuous orbenzene unit of the � ve-ring isophthalic acid diesters,
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1271New brominated banana-shaped mesogens

Table 2. Phase transition temperatures ( ß C) of the compounds 2
(X 5 Br).

Compound R1 Cr B2 I

2a E 133 (E 129) E

2b E 127 E 145 E

2c E 136 E 164 E

2d E 135 E 164 E

2e E 138 E 164 E Figure 1. Texture with circular domains of the B2 phase of
compound 2d (160 ß C).

2f E 132 E 166 E

2g E 130 E 166 E

2h E 130 E 167 E

2i E 202 — E

2j E 165 (E 147) E

pulsed 1H decoupling were used for the 13C NMR at
125 MHz. The amplitude of the decoupling � eld in liquid
crystalline phases was as low as possible (0.6–0.8 mT)
to avoid heating of the sample.

Figure 2. Fan-shaped texture and grainy texture of the B2Dielectric measurements were performed using the
phase of compound 1h (194 ß C).

HP 4192A and the Solartron Schlumberger SI 1260
impedance analyser. The samples were put in a double
plate capacitor (A 5 2cm2, d 5 0.02cm) which was calibrated
with cyclohexane.

Electro-optical investigations were carried out using
the usual experimental set-up where the cells are heated
on the hot stage of a polarizing microscope and a power
supply (Keithley 3910) generates the voltage signals. The
triangular wave method was used to investigate the
current response of the cells.

4. Experimental results
4.1. Optical textures

On cooling the isotropic liquid, the mesophase pre-
ferentially forms oval nuclei. They coalesce to a beautiful
non-uniform texture which consists of unspeci� c ‘grainy’
regions together with fan-like and circular domains, as
shown in � gures 1 and 2, respectively. These domains Figure 3. Schlieren texture of the B2 phase of compound 2d

(160 ß C).frequently show irregular stripes parallel to the smectic
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1272 H. Dehne et al.

(a)

(b)

Figure 4. (a) Sketch of the molecule and assignment of the atoms and rings of compound 2d. Also shown is a molecular long axis
in a symmetric position. The torsion angles (table 3) refer to a rotation of the segmental planes with respect to the plane of
the whole molecules. (b) 13C spectrum of compound 2d at 125 MHz in the isotropic phase at 440 K (upper: pulsed WALTZ-
decoupling, 40 scans) and in the smectic phase at 416 K (lower: DT 5 12 K, CP excitation with WALTZ-decoupling, 80 scans).
The isotropic shifts of the aromatic region for compound 2h agree with the values shown above each spectrum. Small
diŒerences in the anisotropic shifts in the liquid crystalline phase change the overlapping of lines.

layers. In the circular domains, the smectic layers are with the directions of the crossed polarizers and which
does not change on rotating the sample. Depending onarranged circularly with the result that the layer planes

are more or less perpendicular to the substrate. This is the surface conditions schlieren-like textures can also be
observed (� gure 3).indicated by the black extinction cross which coincides
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1273New brominated banana-shaped mesogens

4.2. NMR measurements discussion. As shown in [11, 14], in this way the angles
e and Q for the segmental rings and the linkage groupsNMR measurements were performed on compounds

2d and 2h. Figure 4 (b) displays the 13C spectra for the can be determined and these are summarized in table 3.
It is obvious from the table that similarly to chlorine-isotropic and liquid crystalline states. The assignment of

the lines was carried out in a similar way to that described substituted banana-shaped molecules, the two legs of
the molecules are not completely symmetrically disposedfor other banana-shaped mesogens [14]. In � gure 4 (a)

the molecular structure is sketched and the individual with respect to the molecular long axis, but the diŒerence
is not pronounced (1 ß –2 ß ).carbon atoms are designated. In addition, the molecular

long axis is drawn in a symmetric position. The angle e The absolute values of the angles depend on the
assumed model, but the values obtained for the ringscorresponds to the angle between the molecular long

axis and the para-axis of aromatic rings B and A, in the diŒerent compounds are more precise. The two
molecules have similar geometries. The torsion of therespectively. From e the bending angle a 5 180 ß Õ 2e can

be determined. The torsion angle Q refers to a rotation carboxylate groups at the central ring also rotates
the dipole moments of these groups by roughly 45 ß andof the segmental planes with respect to the plane of the

whole molecule. reduces the average moment along the bend direction
(� gure 6). Furthermore, it is found that the torsion ofThe central ring is not involved in intramolecular

motions and de� nes the skeleton of the molecule. We the ester plane connecting the central ring with both
legs deviates markedly from chlorine substituted banana-use the anisotropic shifts of carbons 9 and 10 to evaluate

the order parameter S (neglecting contributions from D). shaped molecules which have the opposite direction of
orientation of the carboxylate groups [14].The values shown in � gure 5 are high and increase

slightly with decreasing temperature. The anisotropic shifts of equivalent methylene groups
in the short chain homologues diŒer in the two legs,Using S we can extract the anisotropic shifts for the

Ci belonging to the rings and linkage groups of both even for the CH3 groups. The conformations are rigid
enough to preserve the diŒerent geometries of the twolegs. Their magnitude depends on the time-averaged

geometry, that is, on the angle e and the torsion angle A rings along the chain.
Q (� gure 4). We have compared the derived values with
those of single rod-like reference molecules which con-
sist of two aromatic rings and of the same linkage
groups as the legs of the banana-shaped molecules under

Figure 6. Molecular model of compound 2h created with
Cerius 2.

Figure 5. Order parameter S(T ) of the B2 phase of compounds Figure 7. X-ray diŒraction pattern of a non-oriented sample
of the B2 phase of compound 2h (150 ß C) obtained with2d and 2h calculated from the anisotropic shifts of carbons

in the central ring C (C9H, C9Br, C10H, C10Br). Guinier equipment.
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1274 H. Dehne et al.

Table 3. Geometry of molecular segments in the branches of compounds 1 (H) and compounds 2 (Br); all angles are given in
degrees.

Geometry Ring AH Ring ABr Ring BH Ring BBr COOBr/H

2d Tilt e 28.5 30.5 26 27 30a
Torsion Q 44 42.5 44 57 41/37

2h Tilt e 29 31 26.5 28 30a
Torsion Q 44 42.5 43 56 45/40

a Presumed for a regular aromatic ring.

Figure 8. X-ray pattern of a B2 monodomain of com- Figure 10. Detailed analysis of the wide angle X-ray scattering
pound 2h (130 ß C) recorded with a Siemens HI-Star two- of the B2 phase of compound 2c. The scattering pro� le has
dimensional detector. The orientation was obtained by been � tted by two Gaussian functions. The two maxima
prolonged annealing of a small drop of the compound on correspond to the following lattice distances: d1 5 0.45 nm,
glass surfaces. d2 5 0.36 nm.

Figure 11. Static (e0 ) and quasi-static (e1 ) dielectric constantsFigure 9. Layer spacings in the B2 phase as a function of
of compound 2h at diŒerent temperatures.the chain length (compounds 2c–2h) determined with the

Guinier equipment.

presented as a representative example. The pattern of a
well oriented monodomain is shown in � gure 8. In the4.3. X-ray investigations

Six compounds (2c–2h) have been investigated by small angle region, a strong Bragg re� ection and its
higher order re� ections can be seen, indicating a smecticX-ray diŒraction. In � gure 7, the X-ray pattern of a non-

oriented sample of the mesophase of compound 2h is layer structure. A layer spacing d 5 4.66 nm could be
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1275New brominated banana-shaped mesogens

determined. For comparison, the length of the bent The Guinier-� lm patterns of the short chain homo-
logues in particular suggest a second diŒuse scatteringmolecule is about 5 nm using the bending angle of

126 ß obtained by NMR measurements. The wide angle maximum in the wide angle region. In the case of the
long chain compounds, the outer diŒuse scattering isscattering (~10 ß ) located out of the equator of the

pattern is diŒuse, which points to a liquid-like order more smeared out, so that the two maxima can hardly
be separated. This can be explained by the lower pro-within the smectic layers. From the position of the

wide angle scattering maxima with respect to the layer portion of Br relative to the whole molecule. The more
detailed analysis of the scattering diagram is shown inre� ections, a tilt angle of 23 ß can be determined. This

means that the bent molecules are tilted with respect to � gure 10. The scattering curve shown has been obtained
by subtracting the background scattering. After thisthe layer normal which is characteristic of a B2 phase.

Figure 9 displays the layer spacings d in the mesophases procedure the asymmetric pro� les have been � tted by two
Gaussian functions. The positions of the maxima yieldof six homologues (2c–2h). The linear dependence of the

d-values on the chain length indicates that the aliphatic averaged distances of d1 5 0.45 nm and d2 5 0.36 nm. The
� rst can be attributed to the disordered chains, whereaschains take a more or less all-trans-conformation.
the second may relate to the Br–Br distances [18]. This
is supported by the fact that the unsubstituted (Br free)
homologues do not give rise to such scattering. It should
be mentioned that the same distance is also found in
discotic systems in which it represents the averaged
phenyl–phenyl distance in the columns. Therefore, a
preferred lateral phenyl–phenyl distance can contribute
to the same maximum.

4.4. Dielectric measurements
The measurements were carried out on compound 2h

in the frequency range 1 Hz to 10 MHz. The measured
dielectric constants and losses were � tted to the
Cole–Cole equation [19]. In � gure 11, the limiting static
(e0 ) and quasi-static dielectric constants (e1 ) and their
dependence on temperature are presented for the B2
phase. Dielectric increments of 2.54 (160 ß C) and 3.15Figure 12. Relaxation times t as a function of the reciprocal

absolute temperature of compound 2h. (140 ß C) with a maximum value of 3.36 (156 ß C) were

Figure 13. Dependence of the optical texture on the polarity of the applied electric � eld: compound 2h, 4 mm thick EHC cell,
150 ß C, (a) 1 30 V, (b) 0 V, (c) Õ 30 V.
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1276 H. Dehne et al.

calculated. The Cole–Cole distribution parameter was
estimated to be 0.10. The related relaxation times are
shown in � gure 12. This high frequency absorption is
related to the reorientation of the dipoles around the
long axes in the stiŒmiddle parts of the molecules [20].

In the isotropic phase no dielectric absorption could
be separated. The dielectric constants of about 3.6
indicate that there must be an additional relaxation
process with shorter relaxation times which is out of our
experimental range. Measurements on other samples
prove the existence of this relaxation range and a step-
wise decrease of the relaxation time at the B2 /I transition
[20]. The step of one decade is the reason why no
absorption in the isotropic phase is seen. The relatively
high e0 value of the mesophase in comparison with that
of the isotropic liquid points to a ferroelectric order in
the short range.

The measured dielectric behaviour is, to our knowledge,
characteristic for the B2 phase.

4.5. Electro-optical investigations
If an electric � eld is applied to a 4 mm thick EHC cell,

domains with decreasing double refraction grow parallel
to the smectic layers giving rise to a red–violet coloured
texture (� gure 13). As shown in � gure 14, this � eld-
induced reorientation is characterized by a domain wall
motion which is extended over a limited voltage interval.
The textures of the switched states are independent of the
polarity of the applied � eld. Furthermore, the extinction
direction does not change on switching. As shown in
� gure 15 two current peaks could be measured per half
period of a triangular voltage waveform indicating an
antiferroelectric switching behaviour.

It follows from the model of Link et al. [2] that in
the homochiral ground state the extinction direction
rotates in the opposite direction in relation to the sign
of the electric � eld. In our case, not only are the switched
states identical for diŒerent signs of the � eld, but also
the extinction direction remains unchanged. This � nding
is compatible with a racemic antiferroelectric ground
state where the tilt of the molecules in successive layers
is synclinic and the polar direction alternates [2, 21–23].

5. Concluding remarks
We have prepared several � ve-ring banana-shaped

mesogens derived from isophthalic acid, which are dis-
tinguished by the linkage between the aromatic rings
and the substitution in the 4-position of the central ring.
It was found that the melting and clearing temperatures Figure 14. Dependence of the optical texture on the polarity
of the Br-substituted compounds are clearly lower than of the applied electric � eld: documentation of domain

wall motion, compound 2g, 4 mm thick EHC cell, 147 ß C;those of the analogous unsubstituted compounds. In
(a) 1 37 V, (b) 1 39 V, (c) 1 41 V.contrast to the Br-substituted compounds, most of

the unsubstituted compounds form only a metastable
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