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Bent-core liquid crystals forming two- and three-dimensional modulated structures
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Two columnar phases of bent-core molecules have been observed, with a two-dime(&Drettucture
modulated in the plane perpendicular to the direction of the spontaneous polarization vector. The phases are
switchable under an applied electric field, contrary to the commonly observed 2D modBlapbdise. These
new phases are built from broken smectic layers with orthogonal or tilted molecules. The evidence for a 3D
structure in which the density modulations along and perpendicular to the spontaneous polarization vector
co-exists is also given.
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Bent-core (banana mesogens, in common with rodlike of 4.5 A and pointing to the existence of liquidlike correla-
mesogens, readily form lamellar structures, i.e., phases wittions. In the low-angle region, however, few signals were
one-dimensional(1D) density modulation[1]. The most observed(Table ) that exclude a simple 1D lamellar struc-
studied smectic phase made of bent-core molecules iBthe ture.
phase[2]. Due to their bent shape, molecules cannot rotate The phase formed by compound 1 has been identified
freely, resulting in long-range correlation of molecular dipolepreviously as theéB; phase[8] built of columns formed by
moments and thus, in ferroelectricity in the single smectidayer fragments, and it exhibits density modulations in the
layer. In the multilayer structure, the compensation of sponplane parallel td’s vector. The x-ray pattern of tH&y phase,
taneous electric polarizatiorP{) is obtained by the antifer- found for compound 2, was similar to that observed for the
roelectric arrangement of neighboring layers. B, phase of compound 1 and matched a 2D rectangular cen-

The alternative route by which the system can avoid bulkered latticg Fig. 3(@)]. For both theB; andBy phases, one
spontaneous polarization is by breaking the layers and formef the crystallographic lattice parametebs,is close to the
ing 2D or even 3D modulated structures. Columnar 2Dmolecular length. This length was estimated by molecular
modulated phases made of broken layers are known famodeling (HYPERCHEM software and taken as shortest dis-
many classes of mesogenic compounds e.g., rodlike motance between molecular ends. The other dimensioa is
ecules with strongly polar terminal grouf$] or polycatenar
compounds[4]. However, for bent-core molecules, since
there are three competing order parameters: density modula- ©
tion, tilt and polarization, a more complex variety of phases
can be obtained. The most frequently observed 2D modu-
lated phase made of bent-core molecules is the colupar
phasq 5] with density modulation in the plane parallel to the
P, vector[Fig. 1(@)]. This phase has an antiferroelectric crys-
tallographic unit cell and is reported as being nonswitchable.
However, it is also feasible that density modulations could be
formed in the plane perpendicular B vector[Fig. 1(b)]
and such a structure has been already suggested for dimeric
compoundg6]. We will show that this phase, which will be
designated as reverseBl; (Birey, When made of rigid,
bent-core molecules is switchable and thus, has distinctly g,
different polar and optical properties to tBg phase. In fact,
we will show that twoB e, phases, with tilted or nontilted
smectic layers, exist. Also, the case of a 3D structure will be
discussed in which both mentioned density modulations,
along and perpendicular to thi& direction coexist.

The phase sequence for the studied matefidlgFig. 2)
was determined by differential scanning calorimefPgrkin
Elmer DSC-7. The structure of the mesophases was eluci-
dated by x-ray measuremen@u-K, radiation, patterns reg-
istered with Inel CPS 120 curved counter or Guinier camera F|G. 1. Schematic drawing dB) B; and (b) Bjge, Structures.
setup. For all phases studied, a diffuse signal is observed irarrows indicate theP vector in the column, a and b are dimensions
the high-angle region, corresponding to an average distanas the crystallographic unit cell.
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FIG. 3. Low-angle part of the x-ray images registered with a

FIG. 2. Molecular structure of compounds 1-4 with the phase ™' ¢
Guinier camera in théa) By and(b) By, phase for compound 2.

transition temperatures and enthalpy chandis parentheses,
Ig. tions match the orthorhombic structure was foulfeg.
3(b)]. The dimensiona andb of the 2D crystallographic unit
=112 A for B, phase anch=154 A for theBy phase. As- cell are slightly shorter than for tH&y phase, and the devia-
suming a density of 1 g/cfrand the average molecular dis- tion from the rectangular shape of the crystallographic lattice
tance along the column5 A, the number of the molecules is small—the tilt angle is about 10°.
in the cross-section of the column can be estimated to be 9 The optical textures of thB, andBy phases are similar
and 12 in theB; and By phases, respectively. The x-ray (Fig. 4). They both exhibit pseudobroken fans or circular
patterns are nearly temperature independent within eaclomains with extinction brushes directed along polarizing
phase temperature range. For compound 2, belowBthe directions. The textures, obtained in a thin glass cell are of
phase, another columnar pha3g,, for which x-ray reflec- low birefringence. The birefringence, estimated from the

TABLE |. X-ray diffraction signals forB;, By, By;, andBy phases and corresponding crystallographic distances.

(020 Cell
Signal indexes (200 (110 (210 (400 (220 dimensions
(120
B, Measured distanced) 55.8 46.4  38.1 276 249 23.0 a=111.6
25.4
Calculated distancéA) 55.8 46.4 37.6 27.6 23.0 b=53.5
24.9
(020 (330 (440
Signal indexes (200 (110 (310 (220 (540 (660 a=154.0
(120 (430 (340
SmX Measured distanced) 77.0 50.5 37.0 26.2 24.5 16.2 12.8 12.2 8.4 b=53.5
26.7 16.8 125
Calculated distancéd) 77.0 50.5 37.0 25.2 12.2 8.4
26.3 16.2 12.8
(220
Signal indexes (200 (110 (110) (310 (400 (310) (20) (620 (330 (440 a=128.3
(020
SmX; Measured distancéd) 63.1 515 445 35,7 316 29.3 249 21.8 18.2 16,5 12.7b=51.8
25.2
Calculated distancéd) 63.1 51.5 44.5 35.8 31.6 29.8 22.2 17.9 16.8 12.6a=79.6°
254
Signal indexes (002 (200 (110 Calculated cell dimensions
Smy Compound 3 82.8 71.3 38.9 a=142.6,b=40.4,c=165.6
Compound 4 87.5 70.0 45.3 a=140.1,b=47.9,c=174.0
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FIG. 4. (Color) Texture of theBx andBy; phases for compound
2 in a 4u cell. The lower part of each picture shows the area s
between electrodes. The yellow/violet color corresponds to the bi-
refringenceAn=0.08/0.15.(a) The By phase after applying a weak
(about 7 Vjum) pulse electric field(b) the switch-on state of the
By phase,(c) the switch-off state of thdy; phase. The arrows
indicate the polarizer and analyzer directions.
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FIG. 5. Temperature dependence of spontaneous polarization
(squares and switching time(circles for compound 2. The arrow
indicates theBy-By, transition temperature. Inset: the switching
current peak registered in thi, phase.
tabulated interference colors of quartz wedge, was
=0.09 forB; phase andAn=0.08 forBy phase, suggesting ing current occurs. Upon increasing the dc electric field, no
that in both phases molecules are aligned with their banansubstantial texture reorganization is observed except for a
planes on the glass surface. For compofrad the transition  small, reversible and continuous increase in birefringétwe
to the lower-temperatur8y, phase, the circular domains An=0.16), that reflects an increase in the orientational or-
become broken and blurred, but the direction of the extincder. The threshold field that reverses the polarization as well
tion brushes is preservdérigs. 4b) and 4c)]. The texture as the spontaneous electric polarization and the switching
changes are reminiscent of those observed at th&-SmC  time increase continuously with decreasing temperature,
phase transitiof9]. In the fanlike texture, small areas of without any anomaly at thBy-By; phase transitioiiFig. 5).
distinctly higher birefringenceXn=0.17), seen in thd&y Moreover, when the low-temperature phase is formed under
phase, grow in to th&y, phase. the electric field, the phase transition is not detected micro-

Despite similar textures of thB;, By, andBy; phases, scopically[Fig. 4b)]. Thus, the new phase structure is built
their electrooptic properties are qualitatively different. Thus,without molecular reorientation. When the field is removed
when an electric field is applied to th®; phase, neither in the low-temperature phase, the irregular stripe texture
variation of birefringence nor switching current is recorded.forms slowly. The high birefringence of these strip&a
However, both phases formed by compound 2 are responsive0.16—0.17 [Fig. 4(c)] shows that molecules are synclinic
to an applied electric field. If a weak electric field in neighboring smectic layers.
(<10 V/um) is applied to a freshly prepared sample, a sud- A contact sample with the compounds 1 and 2 was pre-
den increase in birefringence ton=0.15, as well as a ref- pared. In the contact area the temperature range of the lamel-
ormation of the texturéFig. 4) are observed. However, the lar, intercalatedBg phase[1l], present in compound 1,
light extinction directions parallel to the polarization direc- strongly increases and the clearing temperature is strongly
tions remain unchanged, showing that the eigendirections dbwered. This suggest the phase diagram for binary mixture
the refractive index ellipsoid are not affected by the field.of compounds 1 and 2 in whicB; and By phases are not
The alterations are irreversible—removing the field does nommiscible. This supports the conclusion th&¢ and By co-
restore the low birefringent, virgin texture. The texture reor-lumnar phases have different structures.
ganization under weak electric field is not accompanied by a In the dielectric studies aBB;, By, andBy; phases re-
polarization switching current. Thus, similar to the Sg;n veal their antiferroelectric character. In the measured fre-
phase, most probably this process is driven by the Freederilquency rangé20 Hz—300 kHz, Wayne Kerr Impedance Ana-
transition [10] e.g., the dielectric anisotropy-electric field lyzer), there are no modes that are specific for the liquid
coupling, in which bent-core molecules reorient their planesrystalline phases. Only a single, weakg~10) process
from a parallel to a perpendicular orientation with respect towith a relaxation frequency at 10° Hz is found that varies
the glass surface. continuously through the liquid crystalline as well as the

The polarization switching current is detected in bothisotropic phases. We assume that the mode arises from non-
the Bx and By; phases at significantly higher voltage collective molecular rotationgl1]. Since the phase is anti-
(>15 V/um) than that necessary to realign the virgin tex-ferroelectric, the single current peak detected in polarization
ture. Only a single current peak is registered even at lowneasurements should be considered as two signals merged
frequency, down to 1 HZFig. 5 inse}f that disappears in into one due to the long relaxation time necessary to restore
isotropic phase. The value of spontaneous electric polarizahe antiferroelectric state.
tion, 450- 600 nC/crs, is comparable to that reported for ~ Summarizing, both th&; and By phases have centered,
other banana phad®, (350—700 nC/crf) [1]. No peculiar rectangular, crystallographic lattices and can be considered
optical change is detected at the voltage at which the switchas made of broken, nontilted layers that form a 2D crystal-
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FIG. 6. Schematic structure of the 3D modulated phase.

lographic lattice. However, since tigy phase is switchable,
thus it has a different structure to tBg phase. We deduced
that the density modulation wave in tBg phase is perpen- : =4
dicular to thePg direction[Fig. 1(b)], thus the phase is re- FIG. 7. (Color) The sequence of the pictures, showing the focal-
versedB; phase B;re). For the proposed structure the re- conic texture obtained with one-surface-free sample for compound
sponse to the electric field results from the collective rotatiorB, on lowering temperature. In temperatures around 180°, zero bi-
of molecules around their long axes without change in theefringence suggests anticlinic structure of the 3D modulated phase
column direction. A similar switching mechanism has beenwith 45° tilt angle.
already reported for the nontilted, bent-corg,®hasg 12].
For the phase presented here, the size a of the crystalldions, can be obtained by breaking the columns ofBhg.,
graphic cell seems to be sufficiently large {2 molecules) phase along th€001) direction into parts with length given
to consider one column as a fragment gf,(phase layer. by the (002 periodicity (Fig. 6). However, the texture obser-
The steric hindrance coming from interactions between colvation suggest even a more complicated structure which ad-
umn boundaries do not limit the molecular rotation, contraryditionally involves the anticlinic arrangement of molecules.
to the situation in theB; phase, in which switching would The virgin texture of the B phases is of focalconic and it
require breaking of the close-packing molecular structureshows electrooptical properties similar to gz, phase. At
Considering that th8y, phase is also switchable, that it has low electric field <15 V/um) the Freederiks transition
orthorhombic crystallographic unit cell and that it evolvestakes place, in which the birefringence increases fibm
from the nontiledB, r., phase, we conclude it is a reversed =0.05 to 0.07. Thus, the field-induced birefringence is much
type phaseB;ge, rieg—bUilt Of tilted layers, like the syn- |ower than that observed for compound 2, which excludes a
clinic B, phase. Since the transition between orthogonal angynclinic or orthogonal structures. An applied triangular volt-
tilted phases under electric filed occurs without opticalage produces a polarization switching curren® (
changes we deduced that at this transition the director is net 450 nC/cm), which is not accompanied by further optical
changed, while the layers tilt. Moreover, the lack of texturalchanges. The low birefringence fidld-onandfield-off states
change under electric field shows that the switching mechasuggests that both states have an anticlinic structure. The
nism is different to that found in th&, phase. In the assumption of anticlinic arrangement is also supported by the
B1rev TiteaPhase, under an electric field, the molecules adjusbbservation that a one-surface-free sample showing a focal-
their dipole moments by rotation along their long axes, rathetonic texture, at certain temperature is not birefring&id.
than by the rotation on the tilt cone. Since the ground state irT). The focal-conic texture indicates that the layers are per-
B1rev TiteaPhase is racemic but the switched on state is enarpendicular to the glass substrate, while the free surface forces
tiomeric this process can be seen as field induced chirality.the planes of the bent-core molecules to be perpendicular to
As two, basic modulated structures exist, with the densitythe air—LC boundary. To obtain zero birefringence for such
modulation waves alon® (B, phasé or perpendicular to a sample, the molecules should be anticlinic in subsequent
Ps (Birey Phases the question arises whether they bothcolumns or layers and have 45° tilt from the layer normal
could be combined into a 3D periodic structiFég. 6)? [13]. A possibleBy phase organization could be the structure
The x-ray pattern for th8y phase, found in compounds 3 shown in Fig. 6, however, built from tilted molecular blocks
and 4, seems to confirm such a possibility. In the low-anglevhich are formed from molecules tilted toward their side.
region, three incommensurate diffraction signals were regisAlong the(001) direction the subsequent blocks should have
tered. The strongest one is close to the molecular dimensiomjternating tilt direction. Since the tilt is temperature depen-
while the two others, of low intensity, correspond to dis-dent, the zero birefringence could be obtained when the tilt
tances much larger than molecular lengfhble ). This sug- reaches 45°.
gests a three-dimensional phase structure. The main signal In conclusion, it seems that the bent-shaped molecules
can be indexed as (118)011), while two weaker signals, easily form two types of 2D modulated structures in which
(200 and(002), correspond to modulation waves along two the density modulations are in the plane parallel or perpen-
orthogonal directions. One of the possible structures, thadlicular to the spontaneous electric polarization vector. The
seems to be the most probable due to close-packing condilirection of the density modulation is defined by the type of
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blocks that are formed by bent-shaped molecules. If the molplane of the central ring would prefer to stack along the
ecules prefer to organize into blocks with the infinite dimen-direction of banana arrow. It is possible when links at central
sion in the direction of the banana tip, tBggre, phase is phenyl ring are rather flexible, that take place for compound
formed. In contrast, the columns with the infinite dimension2. If none of these situations is dominating the blocks of
in the direction perpendicular to the banana plane are orgdmite dimensions in both directions can be formed, that leads
nized into theB; type phase. Considering the attractive vanto appearance of 3D modulated phases. The type of the

der WaalS mO|eCU|ar interactions, the |attel’ case seems to %ases formed by Compounds 1-4 seems to be Consistent
more probable for bent-core molecules that are almost flayith the above idea.

e.g., the phenyl moieties in banana branches are nearly co-

planar with the central ring. It is the case of compound 1, We would like to thank Dr. Mojca Cepic for many fruitful
where branches are linked to the central unit by the estediscussions and the EU for support provided to J. Matraszek
groups, that have low flexibility. The molecules with the phe-through the Marie Curie Training Site PODEUMM, Contract
nyl moieties in banana branches twisted with respect to th&lo. HPMT-2000-00016.
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