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Novel sulphur-containing banana-shaped liquid crystal molecules

G. HEPPKE, D. D. PARGHI and H. SAWADE*

Iwan-N.-Stranski Institut, Technische Universität Berlin, Str. des 17 Juni 135,
D-10623 Berlin, Germany

(Received 9 July 1999; in � nal form 14 August 1999; accepted 30 August 1999 )

In this preliminary report we present the mesomorphic properties and electro-optic investi-
gations of three new ‘banana-shaped’ mesogens. The materials are structurally similar to
Niori’s the original bent-core materials but possess alkylthio substituents in place of alkoxy
substituents. Microscopic investigations revealed an unusual ‘spiral-domain texture’, similar
to that observed in the ‘B7 ’ phase of related materials. Further investigations support our
earlier observations that the materials display antiferroelectric switching in this phase, in two
of the new materials studied. The nature of this phase, in comparison with the ‘switchable’
(B2 ) and ‘chiral-domain’ (B4 ) phases of the original materials, is discussed.

1. Introduction together can lead to a chiral layer symmetry, although
the molecules themselves are not chiral. Recent investi-In 1974 Meyer et al. showed that tilted smectic liquid

crystalline phases composed of chiral molecules (such as gations on the switching properties of the original
materials, initially speculated as being ferroelectric bythe SmC*, SmI* and SmF* phases) can exhibit a net

spontaneous polarization [1]. The fact that this spon- Niori et al. [7], have provided strong evidence to
support the postulation that the materials are actuallytaneous polarization (Ps ) could be reversed by the appli-

cation of an external electric � eld placed the materials antiferroelectric in nature [8–10].
In fact the chiral character exhibited by these materialsinto a new class of ferroelectrics. Ferrielectric and anti-

ferroelectric properties were also found to exist in liquid has been indicated by the appearance, between uncrossed
polarizers, of domains of opposite optical activity in thecrystals towards the end of the following decade [2].

Subsequent to these discoveries a vast number of new B4 † phase of the original materials [11]. Very recently
a microscopic ‘spiral-domain’ or ‘telephone wire-like’liquid crystalline substances with these properties has

been synthesized [3]. texture in the newly discovered ‘B7 ’ phase of some
nitro substituted homologues has also been reportedIt was generally recognized that the reduced sym-

metry, which is responsible for the origin of both ferro- [12]. The existence of helical ordering in mesophases
formed by ‘banana-shaped ’ molecules is believed to beelectricity and antiferroelectricity in liquid crystalline

substances, is partially a consequence of the chiral a consequence of the chiral layer structure [13].
structure of the constituent molecules [1, 4]. However,
a number of molecules have been reported recently
which do not possess a chiral structure and nevertheless 2. Results and discussion

2.1. Mesomorphic propertiesdisplay ferroelectric properties in the bulk material [5].
One such group of materials consists of the bent-core In order to study the structural factors necessary for

the formation of the ‘switchable’ B2 phase by banana-‘banana-shaped ’ liquid crystal molecules originally syn-
thesized by Matsunaga et al. [6] and reported to be shaped liquid crystal molecules, a new homologous series

of materials was synthesized recently [14]. The materialsferroelectric by Niori et al. [7].
The origin of the spontaneous polarization in these di� er from the original materials only by the presence

of alkylthio substituents in place of the alkyloxy sub-novel systems is believed to be a combination of three
factors: (i ) the highly polar character of the molecules, stituents (� gure 1). The transition temperatures ( ß C) and

phase sequence of the new materials, in comparison with(ii) the packing arrangement of the molecules in smectic
layers (with the dipoles facing in a common direction those of the original materials, are listed in the table.
within the layers), and (iii) the tilt of the molecules with
respect to the smectic layer normal [8]. All three factors †Note that the notation used to describe these phases (‘B

x
’)

is based on the system approved at the International Workshop
on Banana-Shaped Liquid Crystals: ‘Chirality by Achiral
Molecules’ (TU Berlin, 1997) .*Author for correspondence.
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314 G. Heppke et al.

Table. Transition temperatures (ß C) of the new materials (B-n(S); n = 8–10) in comparison with the alkoxy analogues
(B-n(O); n = 8–10), obtained by polarizing optical microscopy and DSC.

Compound n Cr B4 B3 B2 ‘B7 ’ I

B-8(O) 8 E 105.0 E 155.2 E 162.0 E — — 175.3 E

B-8(S) 8 E 124.4 — — E — — 143.4 E 148.8 E

B-9(O) 9 E 106.2 E 152.5 E 154.5 E — — 174.9 E

B-9(S) 9 E 125.3 — — E — — 137.9 E 148.8 E

B-10(O) 10 E 103.7 E 150.6 E 153.0 E — — 174.0 E

B-10(S) 10 E 126.0 — — E — — 134.6 E 149.4 E

B-8(O) to B-10(O)—and the phase morphology is quite
considerably altered. The B2 phase was not observed in
any of the materials, but they did possess a phase with
a similar optical texture to that of the ‘B7 ’ phase reported
by Pelzl et al. [12]. The growth of the spiral domain

Figure 1. Structure of the new sulphur-containing banana- texture of this phase in two of the materials, B-9(S) and
shaped molecules, B-n(S) (n = 8–10). B-8(S), is shown in � gures 2 and 3, respectively. The

enthalpy values for all the materials are comparable
The phases were identi� ed by textural observations on with those obtained for the same phases in other banana-
thin � lms between glass slides using a microscope � tted shaped mesogens [12, 13]; � gure 4 shows the DSC heat-
with crossed polarizers. ing and cooling cycles for one of the materials, B-9(S).

The data in the table show that replacing the alkoxy The only phase in common in both series of materials
terminal chains in the original materials by the corres- is the B3 phase. In the original materials this phase lies
ponding alkylthio chains maintains the occurrence of between the B4 and B2 phases, whereas in the alkythio
mesophases in the new materials. The transition temper- materials the B3 phase is found below the ‘B7 ’ phase. A
atures of the new materials—B-8(S) to B-10(S)—are contact preparation between a member of the new series,

B-9(S), and a standard ‘switchable’ banana-shapedgenerally lower than those of the original materials—

Figure 2 (a–d ). Growth of two ‘spiral domains’ (indicated by arrows) in the microscopic texture of the ‘B7 ’ phase of B-9(S)
(glass slide, Ö 25 magni� cation). The photographs were taken at intervals of 2 s at 147.5 ß C.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



315New mesogens with banana-shaped molecules

Figure 5. (a) B-14, a ‘standard’ B2 -forming banana-shaped
mesogen; (b) B-8, the � rst banana-shaped molecule toFigure 3. Individual spiral domains in the microscopic texture
form a ‘switchable’ B2 phase.of the ‘B7 ’ phase of B-8(S) at 147.2 ß C (glass slide, Ö 32

magni� cation).

mesogen, B-14, in which the B2 phase was found to be As with the alkoxy materials, an increase in the length
of the terminal chains, from 8 carbons to 10 carbons,miscible with that of the � rst ‘switchable’ example, B-(8)

implied (albeit rather crudely) that the phases were compounds B-8(S) to B-10(S), has little e� ect on the
observed transition temperatures.immiscible with each other, see � gures 5 (a) and 5 (b).

This partially supports the speculation that the two
phases are not identical in structure. More detailed 2.2. Electro-optic investigations

The electro-optic properties of two of the new materials,investigations of the miscibility of the ‘B7 ’ phase, in
combination with X-ray studies, are presently being B-8(S) and B-10(S) were investigated by the current

pulse method [16]. The � rst measurements were carriedundertaken in order to ascertain the actual di� erences
in structure and nature between the ‘B7 ’ and B2 phases out in a commercially available ITO-coated (EHC)

test cell without alignment layers. The thickness of the[15].

Figure 4. DSC trace of B-9(S)
on heating and cooling cycles
(3.0 ß C minÕ

1 ). The B3 and ‘B7 ’
phases arise via clear � rst order
transitions.
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316 G. Heppke et al.

cell was found to be 2.7 mm by measurement of its graphed. Domains in which the molecules are aligned
in opposite ferroelectric states are clearly observable incapacitance before � lling. A small quantity of B-10(S)

was � lled into the cell by capillary action, with care � gure 6 (a). These domains were found to ‘switch’ to the
opposite ferroelectric states on reversing the direction oftaken to exclude air bubbles from the 16 mm2 electrode

(‘active’) area. The liquid crystal was heated to the applied � eld, � gure 6 (b), so that the ‘dark’ domains
appeared ‘bright’, and vice versa [11].isotropic phase and allowed to cool slowly (1 K minÕ

1 )
into the ‘B7 ’ phase. The micrographs in � gure 6 show A few degrees below the transition to the isotropic

phase, the switching appeared to be bistate since thethe textures of the ‘B7 ’ phase of the material in the cell
between crossed polarizers, at 149 ß C, under an applied intermediate antiferroelectric state could not be

observed, even on removal of the electric � eld. Ontriangular-wave electric � eld of 100 Vp p (Ô 18.4 V mm Õ
1 ).

A fairly low frequency of 0.5 Hz was applied to allow cooling to several degrees above the transition to the B3

phase, a third green-coloured ‘striped’ texture becamethe textures of the ferroelectric states to be photo-

Figure 6 (a, b). Photomicrographs
of the optical textures of the
two ferroelectric states in the
‘B7 ’ phase of B-10(S) (149 ß C).

Figure 7 (a–d ). Increase in the
observed current response on
increasing the amplitude of the
applied � eld (60–120 Vp p , 90 Hz)
in the ‘B7 ’ phase of B-10(S)
(149 ß C). The ‘shoulder’ (labelled)
indicates that a contribution
from antiferroelectric switching
may be present.
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317New mesogens with banana-shaped molecules

Figure 8 (a–c). Current response of the ‘B7 ’ phase of B-10(S) with increasing � eld strength (149ß C, 40 Hz).

clearly distinguishable. This apparent change between are shown in � gure 9. The magnitude of the observed Ps

increased with the applied � eld; the maximum value ofbistate and tristate switching behaviour will be the
subject of future investigations [17]. On cooling further the Ps was found to be 94 nC cm Õ

2 . This is much lower
than values obtained for the original ‘banana-shaped ’into the B3 phase, switching could no longer be observed;

this is no doubt due to the crystalline nature of this (alkoxy) homologues. At the transition to the B3 phase,
the current response peaks decreased in intensity, despitephase [18].

Figure 7 shows the e� ect of increasing the applied increasing the strength of the applied � eld, until the
peaks could no longer be observed. The absence of anyvoltage from 60 to 120 Vp p on the observed current

response. A single polarization peak indicated that ferro- observable switching in the B3 phase is consistent with
recent observations [18].electric switching was occurring in the material. A contri-

bution from antiferroelectric (‘tristate’) switching to the The electro-optic switching observed in the ‘B7 ’ phase
of B-10(S) was also found in the same phase of theoverall switching is tentatively speculated as being pre-

sent from the observation of an apparent ‘shoulder’ on nonylthio homologue, B-9(S), in a 5.2 mm-thick test cell.
As before, the cell did not possess any alignment layers.this peak ( labelled in � gure 7).

On decreasing the frequency from 90 to 40 Hz, two Similar electro-optic switching, between two ferroelectric
states with identical overall transmittance, was observedpeaks became clearly discernible on the current response

trace at applied voltages of 70 and 85 Vp p , � gures 8 (a) in this cell at a frequency of 0.5 Hz (100 Vp p ). On cooling
to several degrees above the transition to the B3 phase,and 8 (b). This ‘double-� ow’ of charge is characteristic

for ‘tristate’ antiferroelectric switching and supports our the third ‘antiferroelectric’ state became clearly visible.
The micrographs in � gure 10 show the optical texturesinitial speculations that the ‘B7 ’ phase, as with the B2

phase, is antiferroelectric in nature. This behaviour is
comparable to the SmC*

A phase of ‘standard’ chiral anti-
ferroelectric liquid crystal such as (R)- or (S)-MHPOBC;
at lower frequencies the single current response peak
(denoting direct switching between the ferroelectric states)
can be resolved into two peaks (denoting switching
between the ferroelectric states via the antiferroelectric
state) [2]. At 120 Vp p an apparent third peak, which
follows the two postulated antiferroelectric peaks, is
observed, � gure 8 (c). This may suggest that in addition
to the bistate and tristate switching, a combination of
switching through the two di� erent types of antiferro-
electric phases (homochiral and racemic) [8, 9] is occurring
in this sample. This is, at the present time, of course
purely speculative as further detailed work must be under-
taken to investigate the nature of the antiferroelectric
switching which takes place in this phase.

The corresponding Ps values of the material as a Figure 9. Observed Ps for B-10(S) on increasing the applied
� eld.function of increasing � eld strength, measured at 90 Hz,
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318 G. Heppke et al.

Figure 10. Optical textures of the two observed ferroelectric states (a) and (c) and the speculative antiferroelectric state (b), in a
5.2 mm-thick cell, B-9(S).

(b) (c)

Figure 11. (a) Unusual texture of the ‘B7 ’ phase in a 4.1 mm-thick B-8(S) cell (after removal of the applied � eld). (b, c) Domains
of ‘opposite optical activity’ observed in the ‘B7 ’ texture of B-8(S) by rotating the lower polariser � rst 10 ß clockwise (b), then
10 ß anticlockwise (c) from the ‘crossed’ position, in the same region of the cell as shown in � gure 10 (a).
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319New mesogens with banana-shaped molecules

of the two ferroelectric states, (a) and (c), and the ‘middle’
antiferroelectric state (b).

Electro-optic measurements were also carried out on
B-8(S), the octyl homologue of B-10(S). The EHC cell
used for these measurements was 4.1 mm thick and
possessed polyimide alignment layers. On cooling slowly
(1.0 K minÕ

1 ) from the isotropic liquid into the ‘B7 ’
phase, with an applied triangular-wave � eld of 100 Vp p

(Ô 12.2 V mm Õ
1 ) at 40 Hz, a di� erent texture from those

of the ‘B7 ’ phases in the cells of B-10(S) became visible,
� gure 11 (a). The fact that the cell possessed alignment
layers, whereas the cells used for investigating B-10(S)
did not, may have contributed to the di� erence in the
texture, although this may not account for such a large
di� erence. Rotating the lower polarizer of the microscope
clockwise by 10 ß , so that it was no longer ‘crossed’ at
90 ß with the upper polarizer, revealed that the texture
of this phase (in the cell ) was composed of ‘dark’ and
‘light’ domains, � gure 11 (b). Rotating the lower polarizer
anticlockwise by 20 ß from this position (so that it was
10 ß away from ‘crossed’ in the opposite direction) had
the e� ect of reversing the transmittance of light within
these domains; the ‘dark’ domains now appeared ‘light’
and vice versa, � gure 11 (c). These textures and this
behaviour bear close resemblance to those observed by
Heppke et al. in the B4 phase of B-10, one of the original
alkoxy-substitute d ‘banana-shaped ’ mesogens [11]. In
the original material, similar domains which were found
to possess ‘opposite optical activity’ were postulated as
resulting from the spontaneous optical resolution of the
phase on cooling from the B2 phase. This microseparation ,
between like and unlike chiral domains, provided further
evidence to support the hypothesis that smectic phases
formed by achiral banana-shaped molecules are in fact
chiral by nature.

Conversely, by cooling B-8(S) at a faster rate
(5 ß C minÕ

1 ), and without applying an electric � eld, the
texture of the ‘B7 ’ phase appeared to resemble those of
the phases in the B-10(S) cell. On application of a � eld
of 90 Vp p (Ô 10.1 V mm Õ

1 , 10 Hz) the focal-conic-like
texture began to ‘switch’ in a similar manner to that in

Figure 12. (a) Increase in the observed Ps on cooling from thethe previous cells. This switching was also accompanied
isotropic liquid; (b) measured Ps hysteresis (on increasing

by a measurable Ps peak on the current response: and decreasing applied � eld) in the ‘B7 ’ phase for B-8(S)
� gure 12 (a) shows the increase in the observed Ps , on (143.0 ß C).
cooling the material from the isotropic liquid, measured
with an applied � eld of 100 Vp p (Ô 12.2 V mm Õ

1 ) at a
frequency of 200 Hz. The Ps hysteresis against � eld 3. Conclusions

A series of new sulphur-containing LC materials withstrength of the material in the ‘B7 ’ phase at 143 ß C, is
shown in � gure 12 (b). banana-shaped molecules has been prepared and charac-

terized. The materials exhibit the unusual ‘spiral-domain’The maximum value of the Ps from the hysteresis
measurement was found to be 160.2 nC cm Õ

2 . This texture in the novel ‘B7 ’ phase, which is believed to
provide evidence to indicate the helical character, andvalue is greater than that obtained for B-10(S), but still

smaller than the Ps values of the original banana-shaped consequently chiral nature, of the phase. In addition
one of the materials, B-8(S ), exhibited a texture withmesogens [7].
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1997, L iq. Cryst., 22, 309; Bustamante, E. A. S.,domains of ‘opposite optical activity’ in an aligned cell.
Yablonskii, S. V., Ostrovskii, B. I., Beresnev, L. A.,Two of the materials investigated, B-8(S) and B-10(S),
Blinov, L. M., and Haase, W., 1996, L iq. Cryst., 21, 829.

displayed an electro-optic response in the ‘B7 ’ phase, [6] Matsunaga, Y., and Miyamoto, S., 1993, Mol. Cryst.
together with a measurable spontaneous polarization; liq. Cryst., 237, 311; Akutagawa, T., Matsunaga, Y.,

and Yashahura, K., 1994, L iq. Cryst., 17, 659.preliminary results indicate that the phase is antiferro-
[7] Niori, T., Sekine, T., Furukawa, T., and Takezoe, H.,electric in nature. Further detailed investigations of these

1996, J. mater. Chem., 6, 1231.materials will be presented in the near future [14, 15, 17].
[8] Link, D. R., Natale, G., Shao, R., Maclennan, J. E.,

Clark, N. A., Körblova, E., and Walba, D. M., 1997,
Science, 278, 1924; Heppke, G., and Moro, D., 1998,This work was funded by the Sonderforschungsbereich
Science, 279, 1972.335 and ORCHIS. The authors wish to express their

[9] JaÁ kli, A., Rauch, S., Lötzsch, D., and Heppke, G.,
gratitude to Sebastian Rauch, Michaela Wol� , and

1998, Phys. Rev. E, 57, 6737; Weissflog, W.,
Claus Dorn. Lischka, Ch., BenneÁ , I., Scharf, T., Pelzl, G.,

Diele, S., and Kruth, H., 1998, Proc. SPIE, 3319, 14.
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Sweden; Meyer, R. B., Liebert, L., Strzole, L., and and Collings, P. J. (in preparation).
Keller, P., 1975, J. Phys. L ett., 36, L69. [12] Pelzl, G., Diele, S., Lischka, Ch., Wirth, I., and

[2] Chandani, A. D. L., Ouchi, Y., Takezoe, H., Weissflog, W., 1998, L iq. Cryst., 26, 135.
Fukuda, A., Terashima, K., Furukawa, K., and [13] Pelzl, G., Diele, S., JaÁ kli, A., Lischka, Ch., Wirth, I.,
Kishi, A., 1989, Jpn. J. appl. Phys., 28, L1261; and Weissflog, W., 1999, L iq. Cryst., 26, 135; Sekine, T.,
Gorecka, E., Chandani, A. D. L., Ouchi, Y., Niori, T., Sone, M., Watanabe, J., Choi, S.-W.,
Takezoe, H., and Fukuda, A., 1990, Jpn. J. appl. Phys., Takanishi, Y., and Takezoe, H., 1997, Jpn. J. appl.
29, 131. Phys., 36, 6455.

[3] Fukuda, A., Takanishi, Y., Isozaki, T., Ishikawa, K., [14] Heppke, G., Parghi, D. D., and Sawade, H., 1999, in
and Takezoe, H., 1994, J. mater. Chem., 4, 997; Proceedings of the 28th Freiburger Arbeitstagung
Miyachi, K., and Fukuda, A., 1998, in Handbook of Flüssigkristalle, 1999, Freiburg, Germany; submitted to
L iquid Crystals, Vol. 2B: Low Molecular Weight Liquid Mol. Cryst. liq. Cryst.
Crystals II, edited by D. Demus, J. Goodby, G. W. Gray, [15] Heppke, G., Parghi, D. D., Sawade, H., Rauch, S.,
H.-W. Spiess and V. Vill (Weinheim: Wiley-VCH), p. 684. Diele, S., and Wirth, I. (in preparation).

[4] Meyer, R. B., 1976, Mol. Cryst. liq. Cryst., 40, 74; [16] Miyasato, K., Abe, S., Fukuda, A., and Kuze, E., 1983,
Lagerwall, S. T., Otterholm, B., and Skarp, K., 1987, Jpn. J. appl. Phys., 22, L661.
Mol. Cryst. liq. Cryst., 152, 503; Patel, J. S., and [17] Heppke, G., Parghi, D. D., and Sawade, H., submitted
Goodby, J. W., 1987, Opt. Eng., 26, 373. to Ferroelectrics.

[5] Tournilhac, F., Blinov, L. M., Simon, J., and [18] JaÁ kli, A., Heppke, G., Rauch, S., and Sawade, H.,
Yablonsky, S. V., 1992, Nature, 359, 621; Watanabe, T., 1999, Phys. Rev. E, 60, 5575; Kentischer, F.,
Nakata, Y., and Shimizu, K., 1994, J. Phys. II, 4, 581; MacDonald, R., Warnick, P., and Heppke, G., 1998,

L iq. Cryst., 25, 341.JaÁ kli, A., Saupe, A., Scherowsky, G., and Chen, X. H.,

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


