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Novel Ferroelectric and Antiferroelectric Smectic and Columnar
Mesophases in Fluorinated Symmetrical Bent-Core Compounds
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We report the synthesis and mesomorphic properties of new bent-core (BC) mesogens exhibiting novel
antiferroelectric switching columnar phases with rectangular as well as oblique lattices. The homologues
with short chains show typical nonswitchable rectangular columnguptiase and a ferroelectric switching
smectic phase is obtained for the middle homologues. Interestingly, with increasing chain length, the
switchable columnar phases are induced and the X-ray diffraction pattern with well-oriented samples
indicates the presence of rectangular and oblique lattices. On the basis of the experimental observations,
possible models have been proposed for these phases. Field-induce@&-Sm@& M, phases are also
observed in the ferroelectric and antiferroelectric rectangular columnar phases, at high and low
temperatures, respectively. Switching chiral domains of opposite handedness as well as a change in the
sense of chirality within a domain could also be observed for the first time for the ferroelectric phase.
Two different switching mechanisms in the ferroelectric and antiferroelectric columnar phases have also
been observed. In the presently investigated two series of compounds, the electrooptical switching changes
from ferroelectric to antiferroelectric behavior with increasing chain length.

Introduction crystals have attracted more interest because of the piezo-,

laui Is (liqui Is f pyroelectric, and second-order nonlinear optical properties
Banana liquid crystals (liquid crystals formed by com- that they exhibit. Ferroelectricity was first obserfed

poync:js who%e cobr;st'ituent molecules Eave a tf)ent core) r_;_"’r‘]\,’%rystals with a noncentrosymmetric structure. The discovery
galdne consl r?ra N |mp0drta][1ce (_)vert Ie past %\;v_réyegrs. Sof ferroelectricity in liquid crystals is due to the pioneering
IS due to such compounds forming polar smecticsviz., work of Meyer et al who showed that one of the require-

ferro- and antiferro-electric phase; as also a wide var_iety of ments for this phenomenon to occur is compounds composed
polar columnar mesophasé addition, very careful high of enantiomerically rich lath-like molecules which tilt in the

resolution experiments carried out recenily establishing smectic layers. A large number of such ferroelectric liquid

new §tru_ctures, namely, modulated smectic phases with S'pl":lycrystals have already been synthesized and investigated for
polarization, have enhanced further growth. Among the

. o . .2 "'~ various physical properties and applications. However, in
various liquid crystalline phases, the ferroelectric liquid 1996, Niori et al reported ferroelectric switching behavior

in compounds composed of achiral banana-shaped molecules
* _ il .
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antiferroelectric ground-state structure. Further, depending Scheme 1. Synthetic Route Employed for the Preparation of

on the tilt sense of molecules in adjacent layers/columns, New Banana-Shaped Mesogens

the mesophase obtained could be chira{H< synclinic m

(uniform) tilt of molecules with ferroelectric polarization in HO on * ”°°°_©_°°”2P“
adjacent layers or columnsaBa, anticlinic (alternating) tilt 1 DCC, DMAP 2
of molecules with an antiferroelectric polarization in adjacent CHCl,

layers or columns] or racemic Bk, anticlinic (alternating) o o

tilt of molecules with ferroelectric polarization in adjacent omo

layers or columns; €4, synclinic (uniform) tilt of molecules /O)L J'\@\ 3
with an antiferroelectric polarization in adjacent layers or
columns], or a mixture of both.In other words, in the
SmMGPa and SmGPr structures the uniform chirality of all

the layers leads to a homogeneously chiral state, whereas in R J::CL 2
HO OH
F

H,, 5% Pd-C

PhCH,0 OCH,Ph
1,4 - Dioxane

the SmGPA and SmGP: structures the chirality alternates
from layer to layer producing a macroscopically racemic
state. d DCC, DMAP

However, from the available data reported so far, it is Hooe OGMamt | cHel,
known that most of the chiral mesophases exhibited by bent-
core compounds have an antiferroelectric interlayer structure. o m o
There are exceptions to these general observations, such as o D)LO ok@ °
the brilliant approach by Walba et &lwho introduced a o o
racemic octan-2-ol moiety in one of the terminal positions .0 I-n oc
of a bent-core structure. Similarly, the introduction of a F E
fluorine substituenbrtho to the terminaln-alkoxy chains
also results in a ferroelectric switching phds&everal n=4,7.9,10......... 16,18,20
attempts have been made to understand the occurrence of
ferroelectricity in BC compounds. Recently, Tschierske et in an earlier publicatio?> Compounds of serieli- n were
al 1% designed and synthesized a new class of BC moleculessynthesized as follows. The commercial 2,7-dihydroxynaph-
in which one of the terminal positions contains an oligosi- thalene obtained was purified by column chromatography
loxane unit and such compounds do show ferroelectric and crystallized. 4-Benzyloxybenzoic acid was prepared
switching behavior. On the basis of these experimental following a procedure described earlfér3-Fluoro-4n-
observations, they have speculated that the occurrence oflkoxybenzoic acids were prepared as repdfterkviously.
ferro- and anti-ferroelectricity in banana liquid crystals may The phenol4 was obtained in two steps: first by the
strongly depend on the interlayer interactions. However, this esterification reaction of 2,7-dihydroxynaphthalehgeywith
may not be applicable to the columnar phases due to the4-benzyloxybenzoic acid?, in the presence ofN,N'-
presence of the frustrated layer structures which provide thedicyclohexylcarbodiimide as dehydrating agent andNaN¢
most efficient escape from the macroscopic polarization. dimethylamino)pyridine as a catalyst, followed by hydro-

Herein we report a new homologous series of BC genolysis of the produ@ thus obtained using 5% P in
compounds in which the influence of a fluorine substituent, 1,4-dioxane under an atmosphere of hydrogen. The bis-
as well as the length of the terminal chain, on the liquid phenol4 obtained was condensed with two equiv of an
crystalline properties have been investigated. All these appropriate 3-fluoro-4+alkoxybenzoic acid following the
compounds are symmetrical six-ring esters containing a esterification reaction described above to obtain the target
fluorine on the outer phenyl ringrthoto then-alkoxy chain compoundsI- n.

and are derived from a 2,7-dihydroxynaphthalene central unit.  (b) Mesomorphic Properties of the Compounds of
These results have been compared with the previously Series In. The mesomorphic properties of all the compounds
reported® compounds containing a resorcinol central unit. were investigated using classical techniques. The transition
temperatures and the associated enthalpy values obtained for
Results and Discussion the compounds of seridsn and Il-n are summarized in
Tables 1 and 2, respectively. The mesomorphic properties
of compoundd-n have already been reported in an earlier

nHZnn

(a) SynthesisThe bent-core compounds belonging to the

two homologous series, viz. series andll- n (n indicates S .
. . . . publication?® As described, compounds7 to I-11 are not
the aliphatic chain length) were prepared following a general liquid crystalline and the mesophase of compouhii2 o

synthetic pathway shown in Scheme 1. The detailed synthesis

and characterization of compounds of setiesare reported I-16 Is SmeCt'C with dark textures Fhat S.hOW chiral d°ma'”s
of opposite handedness on rotating either the polarizer or

. analyzer. This mesophase shows ferroelectric switching
(8) Walba, D. M.; Korblova, E.; Shao, R.; Maclennan, J. E.; Link, D. R;; .. .
Glaser, M. A.- Clark, N. AScience200Q 288, 2181. characteristics and has been designated assBml@terest-
(9) Bedel, J. P.; Rouillon, J. C.; Marcerou, J. P.; Laguerre, M.; Nguyen, ingly, compoundsl-18 and I-20 showed very interesting
H. T, Achard, M. F.Lig. Cryst. 2000 27, 1411. mesomorphic behavior. A detailed electrooptical investiga-

(10) Dantlgraber, G.; Eremin, A.; Diele, S.; Hauser, A.; Kresse, H.; Pelzl, ) Rl
G.; Tschierske, CAngew. Chem., Int. E®002 41, 2408. tion of the ferroelectric switching phase of compourtB
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Table 1. Transition Temperatures (T/°C) and Enthalpies (AH/kJ
mol~1) (in brackets) for Compounds I-nP

P OW
(o) (o)
an2n+1o oanZnﬂ
F F

phase transition temperatut@

compound n (enthalpy, kJ mot?)
I-7 7 Cr130.0(73.3) |
-9 9 Cr 130.0 (47.6) | (b)
-10 10 Cr129.0 (85.7) (19) > <+ (010)
-11 11 Cr129.0 (111) 1 <4 (08)
I-12 12 Cr 128.0 (110) (Sm&: 127.5) (21.8) | an —»
I-14 14 Cr 124.0 (97.9) Smé: 128.5 (23.3) | (15) g — (06)
I-16 16 Cr 121.0 (104.9) Sm¢Pr 129.0 (24.3) | — . (04
I-18 18 Cr118.0 (125.7) Cal128.5 (24.4) | (13} ——p o (©02)
1-20 20 Cr117.5 (95.8) Cglr 127.0 (24.5) |
1-202 20 Cr117.5 M < Colar 127.01
aPhase transitions under an electric figldbbreviations (applicable :
to Tables 1 and 2): Cr, crystalline phase; Cokctangular columnar g
mesophase (Bphase); Sm&Pr, ferroelectric polar synclinic correlated ~ o’

smectic C phase; Cgl ferroelectric switching columnar phase with a
rectangular centered lattice; Ggl, antiferroelectric switching novel
columnar phase with a rectangular centered latticepfagl=antiferro-
electric switching novel columnar phase with an oblique latticg; M

unidentified mesophase with a smectic type structure; |, isotropic phase. Figure 1. (a) X-ray diffraction pattern of an aligned sample of the £ol

phase of compound18 at 120°C; arrows indicate the preferred orientation
direction of aliphatic/aromatic parts in the wide angle region; (b) expanded
small angle region of (a) together with the Miller indices.

Table 2. Transition Temperatures (T/°C) and Enthalpies AH/kJ
mol~Y) (in brackets) for Compounds II-nP

i
/@)LO Oj\©\
CoHzniiO OC,Hyes

F
phase transition temperatui@

total number of molecules estimated is about 14 per unit
cell. On the basis of these X-ray and electrooptical investiga-
tions, now this mesophase has been designated as Col
phase. The bistable switching domdmaith tilted extinction

cross or dark brushes (obtained when the orientation direction

F

compound n (enthalpy, kJ mot') of the long axes of the bent-core molecules coincides with
-4 4 Cr 170.0 (29.5) CeR07.0 (12.9) | the position of the optical axes) in the ground state clearly
Il-7 7 Cr164.0 (51.7) Cell89.5 (18.9) | indicate a synclinic tilt of the molecules in adjacent clusters
11-9 9 Cr 156.0 (57.6) Col183.0 (19.2) | . o
11-10 10 Cr 156.5 (58.4) SméP- 183.5 (19.4) | or fragmgnts_. The bistable switching process suggests that
1-11 11 Cr 154.5 (81.8) Sm¢Pr 183.5 (20.3) | the polarization reversal takes place around a tilt cone of
I-12 12 Cr 155.0 (84.9) SméPx 184.0 (20.7) | the molecules as often observed in the classical SmC*
11-13 13 Cr 155.0 (102.0) Cal184.5 (22.7) | il ) I f details ab h
11-132 13 Cr 155.0 Cok 179.0 SMGP: 184.5 | ma.terl'as (See Flgure 7 later for more details about the
I-14 14 Cr 155.5 (94.7) Cai184.0 (22.0) | switching mechanism).
Il-14= 14 Cr155.5Cok 175.0 SmGP:184.0| The mesophase of compouh@0 showed the following
I1-15 15 Cr 152.5 (105.5) Celr 184.0 (23.5) | ) . o 2
1-152 15 Cr152.5 M— Colar 184.0 | fe_atures. On cooling the Isotropic I!qwd under a polarizing
11-16 16 Cr 152.5(99.8) Calr 184.0 (22.1) | microscope, the mesophase exhibited a fan-shaped texture.
Il-16= 16 Cr152.5M-—Colar184.01 The electrooptical investigations were carried out by sand-
1-18 18 Cr 151.0 (112.0) Celar 182.5 (21.9) | o )
11-20 20 Cr 149.5 (92.3) Cabar 180.0 (22.6) | wiching a sample between two ITO-coated conducting glass

plates (thickness 11.4m). On cooling the isotropic liquid

to the mesophase and applying a triangular-wave electric field
of about+13 Vum~1 at 30 Hz, two polarization current peaks
has already been report#As described, this mesophase appeared and the switching current response obtained is
shows bistable (ferroelectric) switching and has been des-shown in Figure 2b. The calculated polarization value is
ignated as B, phase. The X-ray diffraction (XRD) pattern about 810 nC cm?. The textural patterns obtained under
of an aligned sample (Figure 1) shows strong reflections in these conditions are shown below the current response traces.
the small angle region indicating a two-dimensional structure Based on these, the mesophase has been abbreviateghas Col
for the mesophase. The XRD data together with the Miller (see XRD studies for more details). No optical switching
indices confirm the columnar phase with a centered rectan-could be observed under these conditions and the polarization
gular lattice. The calculated tilt angle of molecules from the reversal that takes place by a collective rotation of molecules
oriented pattern is about 35The lattice parameter values around the long axi&. On lowering the temperature, one of
as well as the Miller indices obtained are recorded in Table the polarization peaks gradually disappeared and the remain-
3. The value of the lattice parameters almost double the  ing peak grew sharply and saturated as shown in Figure 2a.
molecular length by assuming a tilt of the molecules. The However, no change in the polarization value could be

aPhase transitions under an electric figldbbreviations are the same
as those listed for Table 1.
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Table 3.d-Spacings (A) Obtained in the Mesophases of Some Compounds of Series &nd II-n@

phase
compound d-spacings/A type T/°C

1-18 46.7 (02), 26.6 (13), 23.5 (04), 17.8 (15), 15.9 (06), 13.0 (17), 11.9 (08), 10.3 (19), 9.4 (010); Cole 120
Calcd: 23.8 (04), 17.5 (15), 15.6 (06), 12.9 (17), 11.7 (08), 10.2 (19), 9.3 (810p1.2 anch = 93.4.

1-20 48.7 (02), 27.7 (13), 24.9 (04), 18.7 (15), 16.6 (06), 13.7 (17), 12.4 (08), 11.0 (19); Colar 119
Calcd: 24.4 (04), 18.3 (15), 16.2 (06), 13.5(17), 12.2 (08), 10.6 @9)53.1 anch = 97.4.

11-14 42.8 (02), 24.2 (13), 21.2 (04), 16.3 (15), 14.1 (06), 12.0 (17), 10.7 (08), 9.5 (19); Cole 162
Calcd: 21.4 (04), 16.0 (15), 14.2 (06), 11.8 (17), 10.7 (08), 9.3 @9)45.6 anch = 85.7.

1I-15 44.5 (02), 25.7 (13), 22.3 (04), 17.2 (15), 15.0 (06), 12.9 (17), 10.0 (19); Coliar 160
Calcd: 22.2 (04), 16.8 (15), 14.8 (06), 12.3 (17), 9.7 (89% 51.4 andb = 89.0.

11-16 45.0 (02), 26.6 (13), 22.4 (04), 17.7 (15), 15.0 (06), 10.2 (19); Coliar 160
Calcd: 22.5(04), 17.2 (15), 15.0 (06), 9.8 (18} 57.5 andb = 90.0. ~

11-18 46.5 (01), 35.1 (10), 29.4 (11), 26.91(1 23.2 (02), 18.6 (@), 15.7 (2), 10.9 (3); Colobar 165
Calcd: 26.8 (1), 23.2 (02), 18.6 (2), 15.9 (2), 11.1 (3);a=35.3,b=146.7;5 = 84.6.

11-20 48.8 (01), 31.4 (10), 27.0 (11), 24.3 (02), 19.8 (12), 16.4 (03), 11.9 (14); Colobar 160

Calcd: 24.4 (02), 19.8 (12), 16.3 (03), 11.6 (14): 31.4,b = 48.8;8 = 87.2.

aXRD measurements have been carried out on mesophases obtained on cooling.

temperature, frustration between the fragments decreases
which leads to the formation of smectic structure under the
field. In addition, a continuous decrease in the threshold
voltage with decreasing temperature further supports such a
phase transition. This is somewhat similar to a phase
transition observéd? between B and B phases with an
applied electric field and without a field. However, we have
not succeeded as yet in carrying out the XRD measurements
under the electric field to prove the smectic structure of the
low-temperature phase. Hence, the low-temperature ferro-
electric switching phase has been designated aphbse.
The XRD data of an oriented sample of the columnar phase
can be indexed to a centered rectangular lattice as obtained
for the mesophase of compouhd8. The small angle XRD
data together with the Miller indices obtained for the
mesophase of compou?0 are recorded in Table 3. The

(@) () outer scattering is diffuse with a maximum at 4.7 A indicating
Figure 2. Switqhing cgrrent response traces toa_triangular-wave fieldand g mesophase structure without Iong—range positional order
tcr:)emcglrﬁ%‘f_%?"}g)ogtt'ﬁg?gf’tgr?yc(gg;ﬁgzgéta'ned forthe mesophase ofy i the columns. It is located out of the equatorial plane,

which confirms a tilted arrangement of the molecules’)38
observed at the transition, except for a small shift in the It should be noted that the oriented XRD patterns obtained
position of the polarization peak. Also, a complete change for the mesophases of compoundid8 and [-20 are
in the textural pattern took place at the transition and a indicative of a centered rectangular lattice. As repdftbgl
photomicrograph of this is shown below the corresponding us, the mesophase of compouriB shows only ferroelectric
current response trace (Figure 2a). The field induced phase(bistable) switching, whereas that of compouD shows
and texture are stable even on terminating the applied field. antiferroelectric switching characteristics.
However, at this temperature neither a change in transition (c) Mesomorphic Properties of the Compounds of
enthalpy nor a change in the XRD pattern could be observedSeries II-n. The new set of compoundk n were obtained
in the absence of electric field. Furthermore, the phase by replacing the 1,3-phenylene central unit with a 2,7-
transition temperature depends on the experimental condi-naphthylene system. The transition temperatures and the
tions such as frequency and applied voltage. An increase inassociated enthalpy values obtained for these compounds are
the voltage or the frequency stabilizes the low-temperature recorded in Table 2. A total of 12 compounds were
ferroelectric switching phase, which means that the phasesynthesized and investigated and they exhibit six different
transition temperature increases. The field induced texturemesophases including the field induced phases which are
at low temperature is indicative of a smectic phase and thedescribed below.
striped pattern suggests a synclinic tilt of the molecules. The mesophase of compouritig to [I-9 shows textural
These observations suggest the following. (1) The phase isfeatures that are normally observed for a rectangular
antiferroelectric over the entire thermal range of the me- columnar (Cq) B, phase. This phase assignment was further
sophase and due to the high viscosity the higher switching confirmed by XRD studies. The X-ray diffraction pattern
voltage required favors a direct switching between the two
ferroelectric states which results in a single polarization peak (11) ortega, J.; de la Fuente, M. R.; Etxebarria, J.: Folcia, C. L.; Diez, S.;
with decreasing temperature. (2) The organization of frag- Gallastegui, J. A.; Gimeno, N.; Ros, M. B.; Perez-Jubindo, MPAys.
) Rev. E 2004 69, 011703.

_ments in the COIum_nar phasg (clusters of _mOIGCUIeS _are(lz) Dantlgraber, G.; Shen, D.; Diele, S.; TschierskeCem. Mater2002
induced from smectic layers) is such that with decreasing 14, 1149.
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Figure 3. (a) Birefringent fan-shaped texture obtained in SfAQphase

of compoundI-11 under a triangular-wave electric field. (b) Ferroelectric
switching current response trace obtained on application of a triangular-
wave electric field £25 Vum1, 0.2 Hz).

obtained for compount-9 is described as an example. The
powder diffraction pattern shows four sharp reflections in
the small angle region correspondingdp= 34.9 A (11),

d, = 21.2 A (02),d; = 17.4 A (22), andd; = 13.9 A (13)
which could be indexed on to a centered rectangular lattice.
The lattice parameter values obtained are 60.9 A andb

= 42.4 A. The lattice parametércorresponds to the length
of the molecule. We have also recorded the XRD pattern of
an aligned sample which confirms the indexing of the small
angle region. In addition, the wide-angle diffuse region
aligned in the perpendicular direction wrt the (02) reflection
in the meridian suggests no tilt of the molecute$0n the
basis of these observations, a molecular model for the Col

Reddy et al.

Only ferroelectric switching was observed down to a
frequency of 0.1 Hz (see Figure 3b) over the entire range of
temperature even at different voltages. The switching current
response obtained in modified triangular-w#e(plateau

is introduced at zero voltage) is a further indication for the
ferroelectric switching. The spontaneous polarization value
obtained was about 600 nC cf(close to the clearing
temperature) which increased to 675 nC émwith decreas-

ing temperature. The birefringent texture obtained under the
field was retained even on terminating the applied field.
Furthermore, bistable switching states obtained under a dc
electric field (110 V, 5um) confirmed the ferroelectric
switching for the mesophase. As mentioned above, this
mesophase shows dark textures with chiral domains of
opposite handedness (on rotating polarizer or analyzer) on
cooling the isotropic liquid in the absence of an electric field.
Similarly, on slow cooling the isotropic liquid under dc
electric field, switching circular domains of opposite handed-
ness [Hf) and HE)] with a characteristic feature of
extinction crosses oriented in opposite directions in which
the tilted molecules are arranged in concentric circular
smectic layers (Figure 4-&d) are obtained. The extinction
crosses of these domains rotate in opposite directions on
reversing the polarity of the applied field which is a further
indication of opposite chirality of these domains. On switch-
ing off the field, the position of the extinction crosses is
retained, thus showing bistability. Furthermore, some other
switching domains (Figer 4 e and f) in which the sense of
chirality alternates from inner to outer part of the domains,
which is due to the alternating tilt of molecules occurs at
the macroscopic level and can be visualized as boundaries.
The chirality of the inner switching domain [H{] is
different from that of the outer [Hf)] domain and vice-
versa as indicated with models in Figure 4f. Such a behavior
has so far been observed only for the mesophase with

phase with an orthogonal arrangement of molecules has beemntiferroelectric switching by Link et &l.Similar XRD

proposed®9The calculated number of molecules was found
to be about 9 per unit cell and4% molecules in each cluster
or a ribbon. Because of slow response time to an applied
electric field coupled with high viscosity, no electrooptical
current response was recorded in this mesophase.

On increasing the chain length, compound&0 to II-

pattern and electrooptical switching characteristics were
observed for the remaining two compounds exhibiting
SmGP: phase. Recently, Dantlgraber et'@lreported a
similar type of smectic ferroelectric liquid crystal formed
by achiral polyphilic bent-core molecules.

On ascending the homologous series further, the me-

12 were obtained. The mesophases of these showed darlsophase of compound&13 andll-14 showed a kind of

textures and the domains of opposite chirality could be
visualized by rotating the polarizer or analyzer. The textural

fan-shaped texture as shown in Figure S1 (see Supporting
Information). On applying a triangular-wave voltage {5

features, as well as the switching characteristics, are similarVum™2, 30 Hz) to the mesophase (compouhd4) obtained

to those observed for axB phase®® XRD investigations
suggested a smectic phase without in-plane positional order
For example, compounié11 showed two sharp reflections

in the small angle region, correspondingdio= 40.5 A (01)
andd, = 20.3 A (02) and an outer diffuse maximumdat=

4.7 A. Electrooptical switching characteristics were deter-
mined on an 1%k«m thick sample. A triangular-wave voltage

on heating and close to the melting point, a sharp single

current peak appeared for each half period indicating a

ferroelectric switching for the mesophase. The single polar-
ization peak is retained down to a frequency of 0.1 Hz, which
further supports the ferroelectric switching for the mesophase.
This mesophase has been designated ag (de X-ray
investigations for further details). When the mesophase was

was applied to the mesophase below the clearing temperatureheated to about 17&, under the same conditions of electric

At lower voltages (below threshold) the mesophase appearedield, the polarization peak which was present in the

dark, while above the threshold it exhibited a birefringent columnar phase slowly disappeared, while the birefringent
texture as shown in Figure 3a. Simultaneously, a single texture became dark and remained so until the clearing
polarization current peak appeared in the triangular-wave temperature. Interestingly, the dark texture obtained showed
indicating a ferroelectric switching for the smectic phase. chiral domains of opposite handedness (on rotating polarizer
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H() H()

H(+) H(-)

Figure 4. Ferroelectric conglomerates (switching domains of opposite handednéssndiH-, indicated using red and blue directional arrows) obtained
(a—d) on cooling the mesophase of compouhdl under a dc electric field. The figures at extreme right (e and f) show the alternating chiratitpid

H— shown with molecular models) within the switching ferroelectric domain as separated by boundaries. They differ from each other only by the tilt
direction of molecules as indicated, as a result, the extinction crosses are oriented in opposite directions suggesting opposite chirdiitycdsesll t
switching mechanism takes place around a tilt cone of the molecules as in the case of conventional SmC* materials.

Figure 5. Switching current response traces obtained in the mesophases of contipbdinahder a triangular-wave electric field: (a) ferroelectric switching
current response in the Gephase, (c) field induced ferroelectric switching SgRcphase, and (b) the transient state between-@old SmGP: phases.
The corresponding textural changes obtained under these conditions are given below the traces (a and c).

or analyzer) as observed for the SgREmesophase of lower  11-12. The field induced phase and texture are stable even
homologues. On cooling the sample from the isotropic liquid on terminating the applied field. The transition temperature
under the same conditions of electric field, the mesophaseis almost independent of field strengthtl °C). The
appeared dark and remained like that until the sample polarization value obtained in this Sns: mesophase is
crystallized. However, on heating the crystal to the me- about 240 nC cn?. The transient switching state between
sophase under a higher electric field of ab&u80 Vum™1, Colr and SmGP: phases is shown in Figure 5b. It should

a single polarization peak was observed in theQuahhase be noted that no transition enthalpy or a textural change could
as shown in Figure 5a. The calculated polarization value wasbe observed at this temperature (273 without the electric

850 nC cm2. On heating the sample further under the same field. Possibly, with increasing temperature under the field,
conditions to a temperature of about 175, an additional the entropy of the fragments increases, thus the modulated
polarization peak appeared at a different position and the structure (sinusoidal) present in the columnar phase which
original peak slowly disappeared. This transition was ac- is perpendicular to the polar plane may be suppressed. This
companied by a textural change and photomicrographs ofresults in the formation of flat smectic layers which are
these are shown below the current response traces in Figurgrobably stabilized by the surface upon removal of the
5a and c. The fan-shaped texture observed at high temperelectric field. Perhaps these observations remind us of the
ature is suggestive of a smectic structure and is similar to phase transition between a SmC and a Col phase obtained
textures of SmeP: phase exhibited by compountslO to in polycatenars? except for the fact that polar switching in
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[-20. On slow cooling the isotropic liquid of compoutid
16, a type of fan-shaped texture was obtained (Figure 6a).
The two polarization current peaks (antiferroelectric) that
were observed in the higher temperature columnar phase
gradually changed to a single peak as the temperature was
lowered, which was accompanied by a textural change as
observed for the mesophase of compoli@6. The polariza-
tion value obtained is about 720 nC cfand is almost
temperature independent even at the phase transition. If it is
due to change in the switching behavior from AFE to FE,
this cannot explain the change in the textural pattern at the
phase transition. These observations suggest a continuous
change from a columnar to a smectic structure under the
electric field as shown schematically in Figure 7. This is
due to a continuous increase in the segregation of aromatic
. . . . ) and aliphatic parts on lowering the temperature with decreas-
Figure 6. Optical photomicrograph obtained (a) at 1%5 in the Colar . .. . . . .
phase of compouni-16.. The current response traces obtained on applying 1N Steric interactions which favors the formation of a smectic
a triangular-wave voltage £24 Vum™*, 30 Hz); (b) ferroelectric type  phase. This inherent property of the mesophase is perhaps
isr‘l’vt';]%h'ggl!ltgﬁa'fepgfi%"é_lwc’ and (c) the antiferroelectric switching - ¢4/red under the electric field which is due to a synclinic
tilt of the molecules in adjacent clusters. However, at present
banana liquid crystals is due to the specific shape of the it is not clear as to the mechanism of the occurrence of two
constituent molecules. The proposed models for these phasgjifferent phases under the field, one at high temperature
transitions (see Figure 7 later) are consistent with the modeIS(SmQSpF) in the Cole phase and the other at low temperature
proposed for such phase transitions in polycatenars. (M) in the Colar phase. Oriented circular domains obtained
The XRD pattern of a nonorientgd sample of compognd under a dc electric field (125 V, m) of Colar phase of
Il-14 shows many sharp reflecnons in the small angle region. compoundll-16, in which the extinction crosses orient at
These reflections can be mdexed.on toa hexagoh al_lat'glce.an angle wrt the directions of the crossed polarizers is
However, the XRD pattern of an aligned sample is indicative . . o .
i independent of field reversal. On terminating the applied
of a centered rectangular symmetry and was indexed as such

and the data are shown in Table 3. The value of the Iatticeﬁeld, the circular domains relax such that the extinction
parameteb obtained is comparablé to twice the molecular C€rosses in some domains rotate in a clockwise direction while

length by assuming a tilt of the molecules. Similar textural the remaining rotate in an anticlockwise direction (shown

change as well as switching behavior was observed for thePy arrow in Figure 8 with a schematic of the molecular
mesophase of compount-13. orientation) with respect to the directions of the crossed

The mesomorphic behaviors of compounid$5 andll- polarizers. These domains differ in their tilt direction of
16 are different compared to those of the lower homologues molecules with respect to the layer normal resulting in
but are similar to the behavior of the mesophase of compounddomains of opposite chirality. The orientation of tilted

(ii) CoerF ColrF Mx ?

Figure 7. (i) One of the possible models for the Ggbhase and the bistable ferroelectric switching by the reversal of polarization around a tilt cone (retains
the macroscopic chirality). (i) The possible model for the ;&Gophase and the polarization reversal takes place by rotation around the long axis of the
molecules (field induced switching of macroscopic chirality). Polarization direction indicated using points (up) and crosses (down) whiglhe bkt
direction. Different colors indicate opposite chiralty. E, applied electric field; T, temperature.
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case of antiferroelectric phase polarization reversal takes
place only in alternative clusters resulting from a collective
rotation of molecules around the long axis. Similar polariza-
tion current response and electrooptical switching behavior
were observed for compourd15 also.

The synclinic tilt of molecules in adjacent columns can
be realized from XRD and electric field measurements, and
based on these, structural models for,£ahd Colar phases
have been proposed (Figure 7). As can be seen from these
models, the synclinic tilt of molecules cannot maintain the
rectangular symmetry and in a real sense they are monoclinic/
oblique with a layer groupP112h as discussed in the
literaturé®1” although the XRD measurements indicated a
rectangular cell § ~ 90°). The angle between the lattice
parameters) also depends on the tilt angle of adjacent

+/~25 Vum’ ov columns and the domain size, and these factors lead to a
Homogeneous  Macroscopic pseudo-rectangular cell. The XRD patterns of aligned
chiral (CsPr) racemic (CsP,) samples of both the compound&l1l5 and II-16 are

Figure 8. Circular domains obtained under a dc electric field for thesol comparable to the Or'ente_d XRD pat_tem of cqmpqurhds
phase of compouni#-16. In the presence of electric field, extinction crosses 13 and [I-14 as they differ only in the direction of
orient between the crossed polarizers and tilt in opposite directions in larization in ; nt cl r n p Th

different domains on terminating the field (shown by blue and red directional pp a <_’:lt0 adjace t ¢ us_te S S(EZ and G A)' N .
arrows) indicating the domains of opposite chirality in the ground state; a diffraction pattern obtained is the same over the entire
schematic of the arrangement of molecules in each domain is also shown.temperature range of the mesophase. The calculated number
The syncllr_nc tilt of mole_cules with and without the flgld clearly indicates of molecules per unit cell amounts to 12 for compoU|hd

the relaxation by a rotation of molecules around their long axes as shown .
schematically. The field induced switching of macroscopic chirality has 14 and around 15 for compounitt16. The outer diffuse
also been demonstrated. maxima oriented at an angle wrt the direction of reflections

o ) ) ] ~inthe meridian indicate a tilt of the molecules. The obtained
extinction crosses with and without field of these domains ya1ye of the lattice parametér corresponds to twice the

clearly indicates the synclinic tilt of molecules in adjacent olecular length by assuming a tilt of the molecules.
clusters. This is a clear indication that the polarization

reversal, as well as the relaxation, must occur around the
molecular long axis in alternate clusters. However, it can be
clearly seen that the angle of tilted extinction crosses wrt
the directions of the crossed polarizers with the field§°)

is different from that in the absence of field-85°). This

On increasing the chain length further, compouhek3
andll-20 were obtained which show a completely different
behavior. On slow cooling of a thin film of a sample of
compoundll-20 observed under a polarizing microscope,
very long colorful banana leaf-like patterns as well as

may be due to the differences in the local layer structure of SPherulitic domains could be seen to grow (see Figure 9a)
the circular domains with and without the electric field as SU99esting a two-dimensional structure for the mesophase.

discussed by Takanishi et &.which obviously influences The XRD data of a nonoriented sample of compound

the position of the extinction crosses. If it is due to the 20could not be indexed on to a rectangular lattice as shown
relaxation of molecules around a tilt cone (on terminating earlier for compound#-15 andll-16. However, they can
the field), then the resulting extinction crosses must align be indexed on to an oblique lattice as recorded in Table 3.
along the directions of the crossed polarizers due to the The resulting Miller indices agree well with the oriented
anticlinic tilt of molecules in the ground state. On the basis XRD pattern of this compound which is shown in Figure
of these experimental observations, two possible switching 9b. Similarly, the XRD data obtained for compouhel8
mechanisms, namely the polarization reversal by rotation of could be indexed to an oblique lattice. The lattice parameter
the molecules around the tilt cone (pbr around molecular b is comparable to the full molecular length (unlike in the
long axe$>14(Colaf), have been proposed (Figure 7). Itis case of Cql and Colar phases in which thé value was
important to mention that the polar switching of molecules twice that of the molecular length) by assuming a tilt of
around a tilt cone reverses only the polarization direction, molecules. The value ¢f obtained for compound-18 is
whereas the switching around the long molecular axes

re\_/er$83 not On_ly the pola_rization direCti_on but also_ the (14) (a) Schider, M. W.; Diele, S.; Pelzl, G.; Weissflog, V@hem. Phys.
chirality. The differences in the switching mechanism Chem.2004 5, 99. (b) Bedel, J. P.; Rouillon, J. C.; Marcerou, J. P.;
between the ferroelectric and antiferroelectric phases may 1) xgn“gg;;a':'r{;ﬁ é’zcd';"?‘rgr_;'\ga'ézgmaﬁg JEKI\Z/I(;?gr.Ggh%?rgggzi "
strongly depend on the type of interaction between the 1936,

clusters or fragments present in the columnar phase. The(16) Takanishi, Y.; Ogasawara, T.; Ishikawa, K.; Takezoe, H.; Watanabe,
uniform polarization direction in the adjacent clusters of the ;,, %A)T}?gﬁ‘ﬁ’aschg' Xﬁ’];'ri?;a?ﬁahﬁéd%? %Z;Og?eﬁﬁio,\l,ﬁ;? g%umeister’ U

Colr phase favors the switching on a tilt cone, while in the Hahn, H.; Lang, H.; Tschierske, C. Presented at the International Liquid
Crystal Conference, Ljubljana, July—®, 2004, Book of Abstracts,
SYN-P023. (b) Keith, C.; Amaranatha Reddy, R.; Baumeister, U.;
(13) Nguyen, H. T.; Destrade, C,; Malthete Atlv. Mater. 1997, 9, 375. Tschierske, CJ. Am. Chem. So2004 126 (44), 14312.
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(2)

(b)

Figure 9. (a) Optical photomicrograph obtained in the &ak phase of compount-20. (b) XRD pattern of an aligned sample of the same compound at
160 °C; the oriented wide-angle region (shown by arrow) suggests a synclinic tilt of molecules. On the right side the expanded small angle region as well
as the Miller indices are shown. *: reflection is due to the Mylar windows of the sample chamber.
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84° and increases to 87for compoundl-20 as a result of 200
four additional methylene units in the aliphatic chains. The
calculated number of molecules that exist in each unit cell
amounts to 5. The outer diffuse region obtained in both the
cases indicates the fluidity of the mesophase, and the
preferred orientation direction points toward a synclinic tilt
of the molecules~42°). The change in the structure of the -1
lattice from rectangular to oblique with increasing chain -0.0018 0.0 0.004
length may be attributed to an increase in the tilt angle of
molecules in adjacent columns which makes a deviation from

the rectangular lattice. (b)

Two polarization current peaks within one-half period of
a triangular wave in Figure 10a indicates an antiferroelectric
ground structure for the mesophase of compoltid and
similar current response was obtained for the mesophase of
compoundll-20 also. Hence, this mesophase has been
identified as Cahar. The polarization value obtained is about
550 nC cm? for the mesophase of compoutiel8. No field
induced smectic pha‘?‘es could be observed m@qphase Figure 10. (a) Antiferroelectric switching current response obtained on
due to a large deviation between the clusters which makeSapplying a triangular-wave voltage 640 Vum~2, 200 Hz at 162 C for
it difficult to reorganize. As can be seen, the number of the Cobsar phase of compount-18. (b) Proposed model based on XRD

. . . ... and electrooptical studies. Note that the projected electron density of the

molecules in each cluster of the unit cell increase with columns is the same whether the molecules point up or down along the
increasing chain length, which is reflected in the values of column.
the lattice parametera and b. On the basis of these
experimental observations, a possible model fopgzophase  chirality as well as the electrooptical switching for smectic
has been proposed (shown in Figure 10b). The proposedand columnar phases accompanied by a change from
models for rectangular and oblique lattices are similar to homogeneously chiral to macroscopic racemic structures.
those recently proposed by Keith etaln summary, shown  Apart from other influences reported in the literatéfe, 10
graphically in Figure 11, an achiral columnar mesophase with we find that the length of the hydrocarbon chain at the
orthogonal arrangement of molecules without electrooptical terminal positions of the bent-core also plays an important
switching was obtained for short chain members. However, role either in generating new phase structures or a change
on increasing the chain length, the molecules tilt, inducing in the nature of polar switching.
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No polar Homogeneous Homogeneous Macroscopic Macroscopic
switching chiral (CsPy) chiral (CsPr) racemic (CsPa) racemic (CsPa)

With increasing terminal chain length

Figure 11. New phase sequence and proposed models for the mesophases obtained in a new homologous series of bent-core compounds with increasing
hydrocarbon chain length. A change from achiral to chiral phases followed by a change from homogeneously chiral to macroscopic racemic structures ha
been observed on increasing the chain length. Different colors indicate opposite chirality of the domains.

Conclusions which reverses only the polarization direction, and (ii)
switching around the long axis of the molecules in the
homologous series of compounds derived from 2,7-dihy- qntlfer_roel_ectrlc phases which reverses rjot_only the polariza-
. : . tion direction but also the sense of chirality. It should be

droxynaphthalene with a fluorine substituent on the outer . .

' . . noted that the corresponding parent compounds without
phenyl ringsortho to the n-alkoxy chain have been inves- e
. . : . . F-substitutio®® show only N to Cal Col, and SmCR phases
tigated using classical techniques. The mesomorphic proper-

ties of these compounds have been compared with thoseW|th increasing chain length. In other words, fluorine

derived from 1,3-dihydroxybenzene. A wide variety of substitution at this positiorofthoto terminaln-alkoxy chain)

electrooptically switchable mesophases have been obtainecr ot only suppresses the nematic phase but also induces the

by varying then-alkoxy chain length (Figure 11). Especially erroelectric smectic and the novel antiferroelectric columnar
the compounds with long aliphatic chains suppose to stabilizephases' It can also be séethat fluorine substitution only

; at this position induces the switchable columnar phases and
the layer structure, but in contrast only columnar phases are t at anv other position in these compounds with isomeric
obtained which is due to the effect of space filling within y P P

. . structures, which also suggests the importance of the position
the segregated regions. However, the increase or decrease ) : .
. . . : . of the electronegative fluorine substituent.
in the segregation between aromatic and aliphatic parts also

depends on the temperature. This is the first example of a Acknowledgment. We thank Ms. K. N. Vasudha for

series of compounds in which ferroelectric, antiferroelectric (echnical support, and the Sophisticated Instruments Facility,
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increasing chain length, which gives a new phase sequencepectra.

in banana liquid crystals. Change in the sense of macroscopic

chirality within the ferroelectric switching domain (reversal ~ Supporting Information Available: Textural photomicrograph
of chirality along the layer normal) is reported for the first ©f compoundi-14 (Figure S1); experimental details and analytical
time in the ferroelectric smectic phase. Careful electrooptical data for compounds of seriéis n (pdf). This material is available
investigations indicated two different switching mechanisms; €€ Of charge via the Internet at htp://pubs.acs.org.
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