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Electric-field-induced B1-B2 transition in bent-core mesogens
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We report experimental results on two bent-shaped mesogens showing theB1 phase. Contrary to the con-
ventionalB1 structures, we have found that our compounds display a clear electro-optic effect in this phase.
Under the influence of a 100-Hz square-wave electric field of moderate amplitude, an increase of the birefrin-
gence is observed. However, no switching current is detected, indicating that the materials remain antiferro-
electric. For high enough fields, a drastic change in the texture occurs. This change is a phase transition to aB2

phase, and shows the typical antiferroelectric switching of this phase. The inducedB2 phase has been identified
to be homochiral. Upon removal of the field, theB1 structure is recovered. Our study is based on differential
scanning calorimetry, x-ray, electro-optics, polarization reversal, and dielectric measurements.
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I. INTRODUCTION

Bent-core molecules, due to their special shape, p
forming lamellar structures with an in-layer polar order@1,2#.
The simplest mesophase in this kind of materials is theB2
phase@2,3#, which is a smectic structure with an antiferr
electric arrangement of the electric dipoles in neighbor
layers@Fig. 1~a!#. This mesophase is found in molecules w
relatively long aliphatic chains, and is supposed to
brought about by the tendency of the aromatic cores to s
regate from the terminal chains. As the length of the chain
decreased, the materials have an alternative route to a
bulk spontaneous polarization, tending to form theB1 phase
@2,4#. In this structure@Figs. 1~b! and 1~b8!# @5#, the chains of
the molecules of one domain overlap with the cores of
molecules of the neighboring domain at the interfaces
tween domains. The structure is stabilized by the competi
of the core-core attraction and the core-chain segregatio
these interfaces. If the chain length is reduced further, theB6
phase appears@Fig. 1~c!#, which is a lamellar structure with
intercalated molecules@2,8#. The intercalation can occur be
cause the unfavorable core-chain interaction is small in
case, whereas the entropy of this phase is larger than th
the B1 phase.

This scheme for the successive appearance of the diffe
structures in a homologous series of bent-core molecule
well followed in practice @9,10#. Usually the materials
present only one of the referred mesophases, though in a
cases aB6-B1 dimorphism is found@8#. Curiously, however,
theB1-B2 sequence is extremely rare. In fact, we have fou
only one material in the literature where both phases app
both on heating and cooling@11#. Therefore, it seems of in
terest to present more examples of this phase transition
this paper, we will study one new compound with this pha
sequence. In addition, we will see with two examples that
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B1-B2 transition can also be induced by an electric fie
This phenomenon has not been observed up to now.

II. MATERIALS AND EXPERIMENTAL TECHNIQUES

The chemical structures together with the phase seque
of the studied materials are shown in Fig. 2. The synthesi
the compounds will be reported elsewhere. The identificat
of the different phases will be explained below. The mate
als were investigated by means of several techniques: di
ential scanning calorimetry~DSC!, optical microscopy, x-ray
scattering, spontaneous polarization, and dielectric meas
ments. For the optical, polarization, and dielectric studi
commercial glass cells were used~Linkam, with thickness
d55 mm and EHC, withd57 mm). The x-ray measure
ments were carried out on unaligned samples in capill
tubes.

III. STUDY OF THE HIGH-TEMPERATURE MESOPHASES

We will first present our characterization studies of t
high-temperature mesophases of compounds 1 and 2. T
phases were identified asB1 and the identification was base
on the following evidence.

~i! The textures obtained on slow cooling from the isotr
pic liquid @Figs. 3~a! and 3~b!# are of the so-called mosai
type, which are typical of theB1 phase.

~ii ! The low-angle x-ray reflections can be successfu
indexed under the hypothesis of a columnar centered rec
gular (B1) phase~see Table I!. Thec parameter in both ma
terials is compatible with the molecular length deduced th
retically by molecular modeling, assuming a bending an
of 120° and an all-trans conformation for the aliphatic
chains. The deduced molecular lengths are somewhat la
L563 and 65 Å for compounds 1 and 2, respectively, wh
could mean a certain degree of interdigitation, smaller be
ing angles, or disorder in the terminal chains@12#. In the
high-angle region, a diffuse ring is also observed in bo
©2004 The American Physical Society03-1
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cases, corresponding to a liquid disorder in the columns w
an average molecular distance of 4.6 Å. Thea parameter
then corresponds to a number of molecules in the cross
tion of the column of about 9 for both compounds.

The optical textures can be interpreted even more qua
tatively. First, some circular domains~or at least part of
them! are clearly visible both in Figs. 3~a! and 3~b!, where
the extinction brushes are oriented along the polarizer
analyzer directions. This indicates an orthogonal phase@14#,
compatible with theB1 structure. On the other hand, th
different colors of the textures can be explained as due
different birefringence valuesDn because of the differen
molecular orientations@15#. More specifically, in compound
1 the colors vary from purple (Dnmin50.11) to green
(Dnmax50.16), and in compound 2 the highestDn value is
Dnmax50.13 ~blue! and the smallestDnmin50.08 ~yellow!.
These data were checked with a compensator.Dnmax corre-
sponds to a molecular orientation where the dipole is perp
dicular to the cell plates, whereasDnmin is for the molecular
plane nearly parallel to the plates. The molecules can
modeled by means of two uniaxial wings~Fig. 4! with ordi-
nary and extraordinary refractive indices typical of calam
molecules (no51.5, ne51.7), and with a bending angleb.

FIG. 1. Schematic representation of the molecular arrangem
in phases~a! B2 , ~b! and (b8) B1 , and~c! B6 . For simplicity, the
molecular tilt in theB2 phase has been omitted.
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Assuming ab value of 124° for compound 1 and 115° fo
compound 2, the correspondence with the experime
maximum and minimumDn values is fairly good. All these
parameters seem reasonable. The values of the calcu
principal indices and birefringence together with the expe
mental birefringence are indicated in Fig. 4.

Now, contrary to the commonly observedB1 structures,
the phases of these compounds do respond to the ele
field. Figures 3~c! and 3~d! show the texture transformatio
under a square-wave field of amplitude 15 V/mm and fre-
quencyn5100 Hz. In both cases, the variety of colors d
appears, leaving only a uniform color that corresponds to
maximumDn. This means that all the electric dipoles in th
sample orient in a direction perpendicular to the cell plat
However, there is no polarization switching current, whi
indicates that the alignment of dipoles is an effect proba
due to the dielectric anisotropy of the materials and is q
dratic in the field. The materials therefore remain antifer
electric. The effect is partially reversible, i.e., some of t
original colors are restored when the field is removed. Thi
especially the case for compound 1.

In principle, all these texture observations would be co
patible with theB1 reversed (B1rev) phase@Fig. 1~b8!# @16#.
The B1rev phase has also been proposed for a dimeric co
pound where birefringence changes have been found u
an applied electric field@17#. A definitive proof of how the
molecular orientation is could be given by means of x-r

ts

FIG. 2. Chemical structure and phase sequences on coolin
the studied compounds.I , K, andK8 represent isotropic and two
different crystalline phases, respectively. The transition enthal
appear in brackets and are expressed in kJ/mol. The transition
peratures correspond to those obtained by DSC measurement
3-2
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ELECTRIC-FIELD-INDUCEDB1-B2 TRANSITION IN . . . PHYSICAL REVIEW E69, 011703 ~2004!
microbeam diffraction experiments under electric field. T
type of experiment is above our present capabilities. Ho
ever, according to Ref.@16#, the field-induced texture chang
is completely irreversible, and switching current is detec
at theB1rev phase for fields higher than 15 V/mm, without
changes in the optical texture. This is not the case with
compounds, which could indicate that we have a conv
tional B1 phase but with the peculiarity of displaying a ce
tain electro-optic response.

IV. ELECTRIC-FIELD-INDUCED PHASE TRANSITION

The texture transformation discussed up to now does
correspond to any structural change. However, on increa
the field further, a real phase transition takes place. Thi
evidenced by a drastic modification of the texture, pass

FIG. 3. ~Color online! Textures of the studied compounds und
different electric fields~square-wave field, 100 Hz!. ~a!, ~c!, ~e!, and
~g! correspond to the compound 1 and~b!, ~d!, ~f!, and ~h! to the
compound 2. Under no field is a mosaic structure characteristi
the B1 phase observed@~a! and ~b!#. Under a field of 15 Vmm21,
the texture colors change to that corresponding to the maxim
birefringence:~c! green for compound 1 (Dn50.16) and~d! blue
for compound 2 (Dn50.13). At a field of 25 Vmm21, a phase
transition takes place@~e! and ~f!#. Above that field, the phase i
homochiralB2 for both compounds@~g! and ~h!#. The width of the
photographs corresponding to compound 1 is 600mm while that of
compound 2 is 1200mm.
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through an intermediate stage with a ‘‘sandy’’ texture a
domain flow, usually meaning a deterioration of the mate
@Figs. 3~e! and 3~f!#. Nevertheless, the materials do not suff
any degradation. At even higher fields a steady texture
velops, with larger domains and a birefringence similar to
maximumDn found in theB1 phase. Figures 3~g! and 3~h!
show the new textures under square-wave fields of 30 V/mm
and n5100 Hz. In some areas of the samples, circular
mains are still visible, but the extinction brushes are n
oriented at about 45° from the polarizing directions@Figs.
5~a! and 5~b!#. This means that the new structures are s

FIG. 4. Schematic representation of the approach used to ca
late the refractive indices in theB1 phase. The molecule can b
assumed to be composed of two uniaxial wings making an angb
and with refractive indicesne andno . The principal refractive in-
dices of theB1 phase are obtained by averaging the contribution
the wings. The calculated refractive indices for both compounds
presented in the table together with the calculated and meas
(Dnmin andDnmax) birefringences.

TABLE I. Indexing of the observed spacings and lattice para
eters of the rectangular cell of theB1 phase for the studied com
pounds.c corresponds approximately to the molecular length.

Compound h k l Observed spacing~Å! Cell parameters~Å!

1 1 0 1 46.2 a581.7c556.0
0 0 2 28.0
2 0 2 23.1

2 1 0 1 43.8 a579.7c552.4
0 0 2 26.0
1 0 3 17.2
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clinic under the field and the tilt values are close tou
545°. This specialu value prevents us from observing
texture change when the polarity of the field is revers
However, the materials are in fact switching, as demo
strated in Fig. 6~a! for compound 1, where the polarizatio
switching current under a triangular wave is shown. Wh
the maximum field is around 20 V/mm, two well-separated
small bumps per half period of the exciting wave arise.
creasing the field and coinciding with the appearance of
sandy texture, a third peak develops in between. For
V/mm, the current cycle exhibits a behavior typical of
smectic antiferroelectric phase. The material remains in
new phase during the whole period of the exciting wave. T
peak’s disposition is similar to that shown by the low
temperature phase as depicted in Fig. 6~b!. In this figure, the
switching current for two different temperatures is repr
sented, one corresponding to the low-temperature phase
the other to theB1 phase. At this point, it is interesting to
comment that the transition temperatures in glass cells
different from those deduced from DSC measurements~the
B1 phase takes place between 159 °C and 130 °C). We h
found this current response in theB1 phase whenever the
applied field is above the threshold that produces the sa
texture. In Fig. 7 we have plotted some critical fields vers
temperature including the low- and high-temperature pha
Eth represents the field that induces the sandy texture in
B1 phase and above which we observe switching;EAF is the
position of the current peak that corresponds to
antiferroelectric-ferroelectric transition andEFA is the posi-
tion of the peak that corresponds to the ferroelectr
antiferroelectric one~always triangular field, 50 Hz!. Several
points have to be remarked.Eth is quite large and decrease
smoothly with temperature.EAF andEFA have a smooth be-
havior across the phase transition and even show a s
decrease as temperature increases whenever the applied
is larger thanEth in theB1 phase. We think that theB1 phase
under fields higher thanEth transforms into aB2 phase~in
the following paragraph we will give more evidence abo
this point!, and the material remains in this phase wh
switching. This fact would also explain the similarity of th
cycles in both mesophases.

FIG. 5. ~Color online! Details of the textures of the field
induced B2 phase under an electric square-wave field
30 V mm21, 100 Hz.~a! and~b! correspond to compounds 1 and
respectively. The extinction brushes are rotated an angle of a
45° in both pictures, which indicates a synclinic molecular arran
ment in theB2 phase. The width of the photographs corresponds
150 mm.
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Another evidence of the high-field phase identification
B2 is based on the textures@Figs. 3~g!, 3~h!, 5~a!, and 5~b!#
typical of this structure. The identification is also consiste
with the difficulty and relatively long time~a few seconds!
that is necessary experimentally to complete the transfor
tion from theB1 phase. This seems logical since theB1-B2
transition involves a profound rearrangement of the ph
because it requires a breaking of the close-packingB1 struc-
ture and a subsequent formation of smectic layers.

There is still another fact supporting the identification a
B2 phase. As will be shown next, the low-temperature ph
of compound 1 is aB2 phase, with the same texture under
electric field as that shown in Figs. 3~g! and 5~a!. Figure 8
shows the texture of this phase. Under an applied field,
structure is SmCSPF , with the brushes tilted about 45°@Fig.
8~a!#. The remarkable dark color after field removal@Fig.
8~b!# is due to the fact that a tilt angle near 45° in a SmCAPA
structure causes the material to be close to the orthoc
situation that provokes a drastic decrease of the birefringe
@18#. The x-ray results are also compatible with this ide
Three low-angle reflections are observed in this phase, w

f

ut
-
o

FIG. 6. Polarization switching current for compound 1 unde
triangular-wave electric field of 50 Hz.~a! For different maximum
field values in the high-temperature phase;~b! for the same electric
field at two different temperatures corresponding to the high-
low-temperature phases.
3-4
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ELECTRIC-FIELD-INDUCEDB1-B2 TRANSITION IN . . . PHYSICAL REVIEW E69, 011703 ~2004!
spacings 47.3, 23.7, and 16.0 Å, practically independen
temperature. These reflections can be explained in terms
unique characteristic distanced547.5 Å, which corresponds
to the smectic layer spacing of theB2 phase, and would
imply a molecular tilt of 41° assuming a rigid molecul
model.

It would be of great interest to carry out x-ray measu
ments in order to state definitively the identification of t
field-induced phase asB2 . Unfortunately, this experimen
cannot be performed since the required high bias field
above the damage threshold of these materials.

V. DIELECTRIC MEASUREMENTS

Figures 9~a! and 9~b! are three-dimensional plots of th
dielectric losses versus temperature and frequency for
compounds on cooling~EHC cells,d57 mm). The spectrum

FIG. 7. Critical electric fields vs temperature for compound
~triangular-wave, 50 Hz!. Eth : threshold field that induces th
B1-B2 phase transition.EFA : field at which the ferroelectric-
antiferroelectric transition takes place.EAF : field corresponds to the
antiferroelectric-ferroelectric transition. The temperatures co
spond to measures carried out in glass cells for which the h
temperature phase has been observed from 159 °C down to 13
The vertical lines separate theI -B1 and theB1-B2 regions for null
electric field.

FIG. 8. ~Color online! Textures of theB2 phase of compound 1
Under electric field ~a! the extinction brushes deviate for th
polarizer-analyzer position about 45°. This texture is similar to t
of the high-temperature phase under an electric field aboveEth .
After having removed the field~b! the brushes coincide with th
polarizer-analyzer position due to the anticlinic arrangement of
molecules. The orientation of the extinction brushes appears cle
in the regions enclosed by the white circles. The width of the p
tographs corresponds to 250mm.
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of the B1 phase of compound 2 is dominated by a mo
around 105 Hz @Fig. 9~b!#. For compound 1, a mode whos
frequency is around 105 Hz near theI -B1 transition is also
present with a strong thermal activation@Fig. 9~a!#. At
around 130 °C, coinciding with the appearance of some
mains of theB2 phase, a new relaxation mode at a larg
frequency starts to appear. During several degrees,
modes are present. Figures 10~a! and 10~b! show, respec-
tively, the frequencies and strengths versus temperatur
the modes mentioned above.

In the most usualI -B2 phase transition, the reported@19#
dielectric behavior consists, basically, in a mode in bo
phases, whose frequency shows a jump at the transition.
mode is related to the rotation around the molecular lo
axis and then involves the transverse dipole moment, q
large for this type of compound. In the present case, in wh
an I -B1 phase transition is present, the dielectric behav
has the same origin. We checked with metallic cells that
mode was also present in theI phases of our materials a
around 107 Hz ~it was not possible to use the glass cells f
this purpose because of the spurious contribution at h
frequencies of the finite resistivity of the ITO electrodes!. In
the B2 phase of compound 1, a mode at a larger freque
than in theB1 phase is present. We think that it is also relat
to the rotation around the molecular long axis, its frequen
in the B1 phase being smaller than that in theB2 phase,

-
h-
C.

t

e
rly
-

FIG. 9. 3D plots of the dielectric losses vs temperature a
frequency for compound 1~a! and 2~b!.
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probably due to the higher order of the short molecular ax
The presence of the low-frequency mode, coming from
B1 phase, together with the one corresponding to theB2
phase is understandable because there is phase coexis
What is not that clear is its behavior versus temperature;
frequency quickly decreases while the strength increases
Fig. 10~b!. Probably this effect, due to the metastability
the B1 phase, should imply a highly increasing tendency
the strength of the mode in this phase when lowering
temperature.

Finally, we would like to mention that the behavior of th
dielectric permittivity corroborates part of our previous co
clusions about the effect of high fields on theB1 phase. For
both compounds, the complex dielectric permittivity is sim

FIG. 10. Temperature behavior of the dielectric modes.~a!
Arrhenius plot of the frequencies.~b! Dielectric strengths vs tem
perature. Solid and open symbols correspond to compounds 1
2, respectively. Circles,I phase; squares,B1 phase; triangles,B2

phase. For compound 1, a coexistence of theB1 andB2 phases can
be observed in a wide temperature range.
o

E

pp
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lar in three situations:~a! For a virgin sample in theB1
phase, Figs. 3~a! and 3~b!; ~b! upon removal of a field similar
to that needed to obtain the texture of Figs. 3~c! and 3~d!; ~c!
upon removal of a field larger thanEth .

The only difference is the strength of the mode:D«b
.D«a.D«c . This means that in~b! the sample is more
ordered than in~a! being in~c! when more disordered, as th
textures also suggest. It is also interesting to remark
although the texture~a! cannot be fully recovered after th
application of a high enough field, the texture~b! can be
reobtained from~c! just by applying an intermediate field
returning also the dielectric strength to the value obtained
~b!. This means that the field effects are reversible and do
produce any damage to the sample.

VI. CONCLUSIONS

In summary, we have observed aB1-B2 transition induced
by a low-frequency electric field in two materials. The r
quired field is rather strong,Eth525 V/mm, and the transi-
tion takes place through a profound molecular reorgan
tion, involving the alignment of the dipoles and th
formation of smectic layers with tilted molecules. The tra
sition is reversible, though the size and shape of theB1 do-
mains change completely when the field is returned to ze
Once theB2 phase is formed, the materials remain in th
phase even when subjected to a triangular-wave field, p
vided that the amplitude is larger thanEth and the frequency
above several Hz. Moreover, in this state the materials h
switching characteristics typical of usualB2 phases, with
critical fieldsEAF andEFA of magnitude well belowEth and
basically temperature-independent. This behavior of
threshold and critical fields resembles that found for the
called general Sm-C (Sm-CG) to B2 transition @20#. In our
case, however, this possibility is discarded given the
served textures and x-ray measurements in our h
temperature mesophases, which unambiguously point
wards aB1 phase. At the moment, we are unable to expl
the molecular features that make these phases respond t
electric field.
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