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In the past few years, bent-core liquid crystals (BCLC) have
become a prime topic of research in the field of liquid crystals

due to the singular properties of this type of materials.1,2 At the
beginning, attention was mostly focusing on the structure-
properties relationship of this novel kind of soft materials.
Modifications in the different parts of the bent-core structure
were assayed in order to induce changes, generally on the type
of mesophase, the transition temperatures or the phase
sequences.1b�d Additionally, appealing and diverse responses
have been found for bent-core liquid crystals. Specifically, by using
these nonchiral molecules, ferro-, antiferro-2 and piezoelectricity3 or
nonlinear optical activity,4 optical biaxiality,5 or flexoelectric behavior2,6

have been reported for bent-core based mesomorphic materials,
realizing their attractive potential as new functional materials.

The singular properties of this kind of liquid-crystalline
materials arise from their lamellar [SmCP (polar smectic C
mesosphase), SmAP (polar smectic A mesosphase), DC (“dark
conglomerate” mesophase), B7, B4, etc]1,7 or columnar meso-
phases [Colr, Colob, etc],

1 different from the classic calamitic or
discotic ones. Consequently, the variety of mesophases exhibited
by BCLCs has also become a main research focus in the field due
to their novelty and peculiarities. Since their discovery, the
understanding of both the organization of the molecules within
the different phases and the origin of their atypical properties,
BCLCs have caught the attention of researchers. All these efforts
have resulted in an improved knowledge of the mesophases, but
important unsolved issues remain yet to be assessed. Among them,
to understand and to control the occurrence ofmesophases leading

to the chiral resolution of racemic bent-coremesogens into enantio-
pure domains, proposed to be originated through the presence of
chiral conformational states for bent-core molecules at the molec-
ular level1c and their singular supramolecular arrangements, such as
in the B4 phase8 or the so-called “dark conglomerate” (DC) phase,9

are nowadays two main goals within this field of investigation.
One of the most remarkable phenomena in the physics of

achiral bent-core liquid crystals is the spontaneous segregation of
macroscopic chiral domains in the mesophase (spontaneous
desymmetrization); an especially important case happens when
the mesophase is optically isotropic, and this is the case for the
DC phase.

A singularity that distinguishes liquid crystals is they are
anisotropic fluids; the DCmesophase is considered an exception.
The DC phase is a spontaneous chiral, optically isotropic fluid
formed by achiral bent-core liquid crystal molecules, character-
ized by well-defined locally deformed liquid-crystalline smectic
layers. The DC layer system is locally lamellar but globally
disordered, with the layer normal ordered only for very short
distances, resulting in independently oriented domains whose
characteristic dimensions are smaller than the light wavelength.
Hough et al.10 have recently proved that in this DC phase the
chiral coupling of local tilt, polarization and layer deformation,
limits the orientational and translational order, with handedness
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ABSTRACT: We report the synthesis and characterization of
main-chain liquid-crystalline polymers via the hydrosilylation
polyaddition of a divinyl terminated bent-core mesogenic
monomer and tetramethyldisiloxane. Interestingly, these bent-
core main-chain polymers form the “dark conglomerate”meso-
sphase (DC) in broad ranges of temperature. This unique chiral
isotropic fluid phase induced from achiral molecules vitrifies
keeping at room temperature the chiral domains characteristics
of this mesophase. Furthermore, while electric fields switch the
bent-core moieties at the molecular level, strong electric fields are able to change the lamellar structure of the DC to a conventional
SmCP phase.
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as the only macroscopic ordering. The DC phase has little or no
birefringence and thus are nearly dark between crossed polar-
izers, only at the borderlines between domains sometimes
birefringent defects can be observed. However, they provide
spontaneous macroscopic chirality very robust, manifested by
conglomerate domains up to hundreds of micrometers in size.
On the basis of these unique characteristics, interests from basic
supramolecular-knowledge to photonic applications possibilities
as controlled-dimensional periodic dielectric media are in mind
for materials showing this mesophase.

Even though a number of bent-core molecules10 have been
reported to form this optically isotropic phase, it can be said that
bent-core silylated materials have revealed a strong ability to
promote this type of phase; furthermore the segregation and
steric effects caused by the presence of voluminous silicon-
substituted units have been proposed as the origin of this
trend.11 Among them, only few examples of silylated polymers
showing a DC phase have been reported so far; a side-chain
siloxane with a low concentration of bent-core units,12 or a
couple of copolymers containing siloxane units, but the full
characterization of the materials have not been achieved due to
their high viscosities.13

In general, research on bent-core basedmacromolecules (side-
chain or main-chain polymers, networks or dendrimers) is still
very limited. However, as it has been made evident for classic
liquid crystals, BCLC polymers seem attractive materials as they
could combine the unique properties of bent-shaped liquid
crystals previously detailed,2�6 and the great advantages of high
molecular weight systems (stability, processability, mechanical
properties, flexibility, etc.), most likely around room tempera-
ture, either in a mesophase or glassy state.

Former bent-core based macromolecules reported in the litera-
ture concern highly cross-linked networks showing SmCP-like

order.14 However, most of the work has been focused on side-
chain polymers and both hydrogen bonding15 and more often
covalent approaches, have been explored to this end. Along with
the already mentioned siloxane based BCLCs, acrylate- and
methacrylate-based BCLCs have also been reported by Tenetti
et al.16 These systems largely form lamellar liquid crystal
mesophases (SmCP)16a however, as said above, their high
viscosity and glass transition temperature seriously limit their
electro-optical response. Similar results have also been published
for the few bent-core based dendrimers reported so far.17

Additionally, singular examples of block copolymers bringing
together bent-core based and polystyrene blocks have also been
prepared.16b In this case; lamellar or columnar mesomorphism
can be promoted depending on the content of the bent-core
based block.

A less explored and unsuccessful research in order to promote
bent-core mesophases, has to do with BCLC main-chain poly-
mers. Block copolymers combining bent-shaped and calamitic
units have been prepared by alternating diene metathesis poly-
condensation (ALMET), leading to nematic materials.18 Both
nematic and smectic mesomorphism have been reported by Choi
et al.19 for bent-shaped azomethine-derivated polymers, synthe-
sized by polycondensation of aldehydes and amines. By using the
same polymerization approach, they also have reported recently
main-chain polymers based on very acute-angle bent-core struc-
tures, claiming the formation of smectic C phases and ferro-
electric behavior for one of them.20

Herein, we report the first examples of BCLC main-chain
polymers, which form a chiral optically isotropic liquid phase, the
liquid-crystalline DC phase. Hydrosilylation polyaddition has
allowed preparing two macromolecules of different size by using
solvents of different polarity and boiling point, namely toluene
and tetrahydrofuran. For this purpose, a reactive bent-core

Scheme 1. Synthetic Route Followed for the Preparation of Polymers P1 and P2
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monomer was polymerized using 1,1,3,3-tetramethyldisiloxane
as chain extender and divinyltetramethyldisiloxane platinum(0)
complex as catalyst. Structural characterization of the materials
was carried out by 1H NMR, FTIR and GPC. Their thermal and
mesomorphic properties were investigated by differential scan-
ning calorimetry (DSC), polarized optical microscopy (POM),
small and wide-angle X-ray scattering (SWAXS) and thermo-
gravimetric analysis (TGA). Moreover, studies of their electro-
optical and dielectric behavior have been also performed.

’EXPERIMENTAL SECTION

The synthetic route followed to obtain bent-core liquid-crystalline
polymers is shown in Scheme 1. The monomer (M) was prepared
according to a synthetic procedure similar to the one reported in the
literature11j with minor modifications. Further details on the synthesis and
full characterization of the monomer M are gathered in the Supporting
Information and are in agreement with reported previously.11j

Polymers P1 and P2 were prepared using the hydrosilylation poly-
addition reaction. P1 was prepared using tetrahydrofuran (THF) as
solvent, whereasP2was synthesized in toluene. The synthetic procedure
and complete characterization of both polymers is given below.
Synthesis and Characterization of the Liquid-Crystalline

Polymers. In a 5mL round-bottomed flask, themonomer (M) (217mg,
0.223 mmol) and 1,1,3,3-tetramethyldisiloxane (TMDSO) (30 mg,
0.223 mmol) were placed, and 2 mL of solvent (tetrahydrofuran or
toluene) and 15 μL of 2.1�2.4%-Pt divinyltetramethyldisiloxane
platinum(0) complex (Pt(DVTMDSO)) in xylenes were added. The
mixture was heated at 60 �C for 2 days. Then the solvent was evaporated
and the viscous product was dissolved in dichloromethane. The solution
was poured in cold methanol to precipitate the polymer and centrifuged
at 3000 rpm at 0 �C during 15 min. This process was repeated three
times and, afterward, the solvent was evaporated. The polymer was
freeze-dried during 1 day.

P1. 1HNMR (400MHz, CDCl3): δ = 8.30 (2H, d, Ha, J = 8.6Hz), 8.29
(2H, d, Hb, J = 8.6Hz), 8.16 (4H, d, Hc, J = 8.5Hz), 7.67 (2H, d, Hd, J= 8.4
Hz), 7.51 (2H, d, He and Hf, J = 3.9 Hz), 7.46 (1H, s, Hg), 7.38 (2H, d, Hh

andHi, J = 8.6Hz), 7.32 (2H, d, Hj, J = 8.3), 7.24 (1H,m, Hk), 6.99 (4H, d,
Hl, J = 8.8 Hz), 4.05 (4H, t, HI, J = 6.5 Hz), 1.83 (4H, HII, m, J = 7.0 Hz),
1.70�1.20 (32H, HIII, m). 0.51 (4H, t, HIV, J = 7.2 Hz), 0.04 (12H, s, HV)
ppm. Mn = 12200 g 3mol

�1, DP = 11. FTIR (ATR-diamond): 3074 (st,
ArC�H), 2956 (st, SiC-H), 2922 (st, C�H), 2852 (st, OC-H), 1730 (st,
ArCCdO), 1603 (st as, ArC�ArC), 1510 (st sy, ArC�ArC), 1251 (st as,
ArC�O�AlC;δ sy, Si-CH3), 1203 (st as, C�O), 1159 (st sy, C�O), 1057
(st sy, ArC�O�AlC; st, Si�O�Si), 843 (γ, Si�CH3), 760 (st,
Si�C) cm�1. GPC (THF, 1 mL 3min

�1): Mn = 10300 g 3mol
�1, Mw =

18100 g 3mol
�1, PDI = 1.76, DP = 9. Yield: 215 mg (87%).

P2. 1H NMR (400 MHz, CDCl3): δ = 8.30 (2H, d, Ha, J = 8.6 Hz),
8.29 (2H, d, Hb, J = 8.6Hz), 8.16 (4H, d, Hc, J = 8.5Hz), 7.67 (2H, d, Hd,
J = 8.4 Hz), 7.51 (2H, d, He and Hf, J = 3.9 Hz), 7.46 (1H, s, Hg), 7.38
(2H, d, Hh andHi, J= 8.6Hz), 7.32 (2H, d, Hj, J= 8.3), 7.24 (1H,m,Hk),
6.99 (4H, d, Hl, J = 8.8 Hz), 4.05 (4H, t, HI, J = 6.5 Hz), 1.83 (4H, HII, m,
J = 7.0 Hz), 1.70�1.20 (32H, HIII, m). 0.51 (4H, t, HIV, J = 7.2 Hz), 0.04
(12H, s, HV) ppm. Mn = 23200 g 3mol�1, DP = 21. FTIR (ATR-
diamond): 3074 (st, ArC�H), 2956 (st, SiC�H), 2922 (st, C�H),
2852 (st, OC�H), 1730 (st, ArCCdO), 1603 (st as, ArC�ArC), 1510
(st sy, ArC�ArC), 1252 (st as, ArC�O�AlC;δ sy, Si-CH3), 1201 (st as,
C�O), 1157 (st sy, C�O), 1055 (st sy, ArC�O�AlC; st, Si�O�Si),
840 (γ, Si�CH3), 760 (st, Si�C) cm�1. GPC (THF, 1 mL 3min�1):
Mn = 17000 g 3mol

�1,Mw = 29800 g 3mol�1, PDI = 1.75, DP = 15. Yield:
223 mg (90%).
Apparatus and Techniques. 1H NMR experiments were carried

out at room temperature on a Bruker Avance Spectrometer operating at
400 MHz, and using CDCl3 as solvents and as the internal standards.

Fourier-transform infrared (FTIR) spectra of solid samples were
recorded at room temperature with a Varian 640 FTIR spectrometer and
using aMKII Golden Gate single attenuated total reflection (ATR) system.

Gel permeation chromatography (GPC) analyses were performed at
35 �C using a Viscotek TriSEC 302 GPC system equipped with a triple
detector array (refractive index, light scattering, and viscosity). Two PSS
SDV linear M analytic columns from Polymer Standards Service (pore
size 10 μm, 8.0� 300 mm) using tetrahydrofuran as an eluent at a flow
rate of 1 mL 3min�1 were used. The molecular weight calibration curve
was obtained using polystyrene standards.

Microanalyses were performed with a Perkin-Elmer 2400 microanalyser.
Simultaneous small and wide-angle X-ray scattering (SAXS and

WAXS, respectively) experiments were performed using a Rigaku
MicroMax-002+ microfocused beam (4 kW,45 kV, 0.88 mA) in order
to obtain direct information on the SAXS andWAXS reflections. The Cu
Kα radiation (λCuKα = 1.5418 Å) was collimated by three pinhole (0.4,
0.3, and 0.8 mm) collimators. The incident beam was normal to the
surface of the sample. The scattered X-ray intensity was detected by a
Fuji Film BAS-MS 2025 imaging plate system (15.2 � 15.2 cm2, 50 μm
resolution) and a two-dimensional Triton-200 X-ray detector (20 cm
diameter, 200 μm resolution). An effective scattering vector range of
0.05 nm�1 < q < 25 nm�1 was obtained, where q is the scattering
wavevector defined as q = 4π(sin θ)/λCuKα, with a scattering angle of 2θ.

Measurements of the transition temperatures were made on a TA
Instruments Q-1000 and Q-2000 differential scanning calorimeter. The
apparatus were calibrated with indium (156.6 �C, 28.7 J 3 g

�1) and tin
(232.1 �C, 60.5 J 3 g

�1). Thermal stability of the polymers was measured
on a TA Instruments STD 2960 under a N2 atmosphere with a heating
rate of 10 �C 3min.

The textures of the mesophases were studied with an optical
microscope Olympus BH2 with crossed polarizers and connected to
a Linkam THS60 hot stage. Photomicrographs were taken with a Sony
DXC-950P video camera and an Olympus C-5050 and DP-12 cameras.

The dielectric permittivity was measured on Linkam (5 μm thick)
cells using an impedance analyzer HP4192A on heating and on cooling
rates of 1 �C 3min�1. The spontaneous polarization was measured using
the triangular wavemethod on EHC (7 μm thick) cells where the voltage
was supplied by an HP33220A arbitrary waveform generator and a
Kepco BOP500 M amplifier. The polarization current was recorded
using an HP54624A oscilloscope and HP3458A multimeter.

’RESULTS AND DISCUSSION

Synthesis of Polymers. The main-chain liquid-crystalline
polymers P1 and P2 were obtained with high yields by poly-
addition reaction of the monomerM and a siloxane-based chain
extender in two different solvents, THF and toluene. The
polymers were characterized by FTIR and NMR spectroscopy,
elemental analysis and GPC in order to confirm their chemical
composition and the results obtained were in accordance with
expectation. FTIR experiments were performed in order to
monitor the disappearance of the silane (Si�H) and double
bonds (CHdCH2). Number-average molar mass (Mn) was
slightly lower for the polymer prepared in THF with respect to
the one prepared in toluene (10300 g 3mol�1 vs 17000 g 3mol

�1).
However, the polydispersity indexes had practically the same
value of PDI = 1.75, lower than the theoretical value for addition
polymerization of 2.0 due to the fractioning during the purifica-
tion process. A degree of polymerization of 9 and 15 repeating
units by GPC could be calculated from these data for P1 and P2,
respectively, which are consistent with the analysis of the ending
groups by 1H NMR (11 and 21 repeating units, respectively).
Further details on these measurements are gathered in Table 1.
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Liquid-Crystalline Properties. All the materials (M, P1, and
P2) reported here, were studied by polarizing optical microscopy
(POM), differential scanning calorimetry (DSC) and X-ray
diffraction (XRD) at variable temperature in order to character-
ize their liquid-crystalline behavior. Furthermore, the electro-
optic responses of the different materials were also investigated
by POM under an electric field in order to obtain additional
information about the liquid-crystalline phases formed by these
molecules and their ability to switch under electric fields.
Mesomorphic behavior of monomer M (first heating,

crystal 104 �C [35.9 kJ 3mol�1]; columnar rectangular 146 �C
[18.1 kJ 3mol

�1]; isotropic liquid;first cooling, isotropic liquid145 �C
[18.9 kJ 3mol�1]; columnar rectangular 62 �C [8.3 kJ 3mol�1];
crystal) is in agreement with the one previously reported for the
same material.11j A columnar rectangular (Colr) mesophase with
a characteristic mosaic texture was observed under cross polarizer
(POM) in a wide range of temperatures on the cooling process
(for a graphic representation of the Colr mesosphase see
Figure 1). The nature of the mesophase was confirmed by

X-ray diffraction; a columnar rectangular lattice with parameters
a = 39.7 Å and b = 49.0 Å were measured (see Figure SI-5,
Supporting Information).11j Moreover, no switching was ob-
served when applying an electric field to 5 μm Linkam commer-
cial cells filled with the product.
In the case of polymers, the results obtained using the different

techniques led us to assign the liquid-crystalline properties
gathered in Tables 2 and 3 for the different materials.
DSC thermograms of P1 and P2 are shown in Figure 2. As it

can be seen, both polymeric materials have a highly liquid-
crystalline like nature. Polymer P1 shows a glass transition
(Tg) at 45 �C and the transition to isotropic liquid at 158 �C,
whereas the polymer P2, prepared in toluene, confirms an
increase of bothTg = 54 �C andTc = 180 �C, which can be ascribed
to the high degree of polymerization of this polymer. Concerning
the enthalpies changes per repeating unit (in kJ 3mol

�1) at the
clearing points, the calculated values are in good agreement with
typical values for bent-coremesophase-to-isotropic liquid transitions
in low molecular weight BCLCs.1c

Figure 3 shows the TGA curves of both polymers. Decom-
position temperature is significantly higher for P2 versus P1,
both remaining stable within the mesophase interval. More
details are given in Table 2.
Polarized optical microscopy (POM) and X-ray diffraction

(XRD) experiments were performed in order to assign the nature
of the mesophase of the polymers. Additionally, electro-optical
studies were also carried out in order to obtain complementary
information concerning the organization of the molecules.
On cooling from the isotropic phase and in the absence of any

electric field, mesophase of these polymers appear as fractal
nuclei which coalesce to a grainy unspecific texture which appears
as very dark (optically isotropic) between crossed polarizers,
showing only very small irregularly distributed bright inclusions.
The texture is easily noticed if the analyzer is rotated a few
degrees (between 5 and 10�) from the crossed position. In these
conditions, two domains without birefringence but with opposite
optical rotations are clearly detected (Figure 4). The optical
activity is clearly visible due to the low birefringence of the DC
phase. The color of the domains is interchanged if the direction
of rotation of the analyzer is inverted. However, no change is
observed when rotating the sample instead of the polarizers,
indicating a conglomerate of macroscopically chiral domains
with opposite chirality sense and the optically isotropic character
of the sample. Likewise it could be observed that the size of the
domains depends strongly on the cooling rates. Comparing the
first and second rows of Figure 4 it can be observed that for
similar cooling rates the size of the domains of compound P2 is
smaller than those of P1, which also has less birefringent defects.
When shearing the sample between cover and slide at mesophase
temperature, the chiral domains disappear and a bright texture is
observed (see Supporting Information).
On the basis of these particular features, the formation of a

“dark conglomerate” phase (DC) for both polymers is proposed.

Table 1. Number Average Molar Mass (Mn), Weight Average Molar Mass (Mw), Polydispersity Index (PDI), and Number of
Repeating Units (DP) for the Polymers P1 and P2

polymer solvent yield (%) Mn(GPC) (g 3mol
�1) Mw(GPC) (g 3mol�1) PDI DP (GPC) Mn(NMR) (g 3mol�1) DP (NMR)

P1 THF 87 10 300 18 100 1.76 9 12 200 11

P2 toluene 90 17 000 29 800 1.75 15 23 200 21

Figure 1. (a) Schematic representations used for tilted bent-shaped
molecules: lateral and front views. (b) Bent-coremesophases reported in
this study: Colr. (columnar rectangular) and SmCP (polar smectic C)
and models proposed for the arrangements of the molecules in the four
possible polar tilted smectic C phases (SmCP) and the distorted SmCP
(DC)mesphases, which are distinguished by the relative tilt sense and
the polar order in the smectic layers. S and A denote synclinic or an
anticlinic tilt and F and A refer to a ferro- or antiferroelectricelectric polar
order. The color (gray andwhite) indicates the chirality of the layers, two
of them are racemic and two of them homochiral. (c) Ferroelectric
molecular switching. It reverses polar direction and tilt direction and
retains the layer chirality.



9590 dx.doi.org/10.1021/ma202109z |Macromolecules 2011, 44, 9586–9594

Macromolecules ARTICLE

Different structural models have been reported for DC phase,9,10

a mesophase characterized by its locally lamellar structure but

globally disordered. It has been suggested that the disordered
disposition of the domains is not extrinsic but inherent to the
nature of the phase itself. According to these models, in this

Table 2. Thermal Properties of the Polymers P1 and P2, Glass Transition Temperature (Tg), Clearing Temperature (Tc),
Isotropization Enthalpy (ΔHc), Enthalpy per Repeating Unit (ΔHc/DP), Decomposition Temperature (Td), and Pyrolisis
Residue at T = 600 �C (m600/m30)

polymer DSC scana Tg (�C) Tc (�C) ΔHc (J 3 g
�1) ΔHc / DP (kJ 3mol�1) Td (�C)c m600/m30 (wt %)

d

P1 heating 45.5 158.5b 18.5 20.4 401 25.8

cooling 40.0 154.6 14.1 15.5

P2 heating 54.0 179.6b 20.5 22.7 433 18.7

cooling 55.3 179.2 19.7 21.8
aData from the second scan at 10 �C 3min�1. bMaximum of a broad peak. cDecomposition temperature given at the onset of the weight loss curve.
d Pyrolysis residue at 600 �C determined from the weight loss curve.

Table 3. X-ray Diffraction Data of Polymers P1 and P2 at Variable Temperature

polymer T (�C) q1 (nm
�1)a q2 (nm

�1) q3 (nm
�1) dlayer (nm) ξlayer (nm) θ (deg)b dmesogen (Å) ξmesogen (Å)

P1 70 1.44 2.89 4.26 4.38 60.7 43 4.5 20.3

140 1.42 2.81 4.19 4.43 66.5 44 4.7 18.2

P2 70 1.45 2.90 4.30 4.33 61.8 42 4.5 21.7

160 1.44 2.86 4.27 4.36 66.4 43 4.7 15.5
a q1/q2/q3 = 1:2:3. b Length of the mesogen 6.5 nm.

Figure 2. DSC thermograms of polymers P1 and P2 at a rate of 10
�C 3min�1; corresponding to the heating and cooling processes from
the second heating scan.

Figure 3. TGA thermograms of polymers P1 and P2 at a heating rate of
10 �C 3min

�1.

Figure 4. Textures of a thin film of P2 and P1 in a 7 μm cells. 1st row:
P2, at 170 �C (without electric field), under cross polarizers, over-
crossing polarizers +θ� and uncrossing polarizers �θ�. Pictures width:
220 μm. 2nd row: P1, at 150 �C (without electric field), under cross
polarizers, overcrossing polarizers +θ� and uncrossing polarizers �θ�.
Pictures width: 1.2 mm. 3rd row: P1, at 150 �C (under a triangular-wave
electric field (50 Hz, 27 Vpp 3 μm

�1), under cross polarizers, over-
crossing polarizers +θ� and uncrossing polarizers �θ�. Pictures width:
1.2 mm. 4th row: P1, at 150 �C (after field removal), under cross
polarizers, overcrossing polarizers +θ� and uncrossing polarizers �θ�.
Pictures width: 1.2 mm.
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phase the smectic planes are strongly folded and the resulting
structure is stabilized by a high negative value of the saddle splay
elastic constant. The optical isotropy is explained as due to the
small size of the flat smectic regions (smaller that the optical
wavelength).
When cooling the sample down to room temperature no

changes in the texture are observed, the mesosphase order is
frozen and the chiral domains can be seen at room temperature
for long time. The stability of the mesosphase order has been also
checked by DSC experiments, and after several weeks, previously
melted samples offer similar transitions; a clear Tg accompanied
by a enthalpic relaxation due to the reorganization of the alkyl
chains can be observed in the first heating scan of these treated
samples (Figure 5). This a typical behavior of polymers with glass
transition above room temperature. Thus, interestingly, these main-
chain siloxane-based polymers offer the possibility to stabilize DC
phases at room temperature, opening new chances for further
structural studies and applications of this attractive chiral supramo-
lecular arrangement.
In order to propose the polymer arrangement in the meso-

phase, X-ray diffraction studies have been performed, and the
scattering patterns of the polymers P1 and P2 showed three
reflections in the low-q region, q1 = 1.44 nm�1, q2 = 2.85 nm�1,
and q3 = 4.25 nm�1, corresponding to a layer distance of dlayer =
4.4 nm. The ratios q2/q1 = 2 and q3/q1 = 3 indicate a lamellar
distribution of the mesogens. The low intensity of the second
reflection q2 is due to the nearly symmetric volume fraction of
both the aromatic (ϕaromatic =0.48) and aliphatic (ϕaliphatic = 0.52)
domains. Indeed, for a perfectly symmetric case of ϕaromatic =
ϕaliphatic, a vanishing second order reflection is expected; in the
present case, a slightly asymmetric distribution of the two
components and the additional presence of siloxane groups in
the polymer backbone, are expected to be responsible for a weak,
but still observable second order reflection. Additionally, two
broad peaks in the high-q region corresponding to the siloxane
interchain (qs = 10.5 nm�1, ds = 6.0 Å) distance and mesogen�
mesogen distance (qm = 13.9 nm�1, dmesogen = 4.5 Å) were
found. An expansion between the bent-core molecules was found
when analyzing the wavevector value at 70 �C - qm = 13.9 nm�1

(dmesogen = 4.5 Å)—and at higher temperatures—qm =
13.5 nm�1 (dmesogen = 4.7 Å). The correlation length of the
mesogens ξmesogen shows the good interaction between the bent-
core molecules with values around 20 Å at 70 �C and 15 Å at

higher temperatures (Table 3 and Figure 6). These data support
the lamellar nature of the liquid-crystalline phase, as the textures
pointed out. In accordance to the packing Tschierske’s proposals
for siloxane-containing bent-core molecules,11b the absence of
microphase separated siloxane domains might be due to the low
silicone content in the flexible domains of the molecule (see
Supporting Information, Figure SI-4). From the reflections in the
small angle region, the layer spacing dlayer could be determined.
Thus, layer spacing of 4.43 and 4.36 nm were measured for
polymers P1 and P2 at temperatures (140 and 150 �C re-
spectively), with respect to the distance between layers of
4.38 nm (P1) and 4.33 nm (P2) measured at 70 �C. The
correlation length ξlayer is in the range of 60�65 nm length
scale, which supports the good layering formation at this volume
fraction of the two components of the repeating unit in the
polymer backbone. Moreover, when experiments were per-
formed at room temperature after heating and cooling processes,
diffractograms similar to those obtained at high temperature
were also acquired. The diffuse wide angle scattering was
maintained at room temperature that confirms the glassy nature
of the materials and allows ruling out crystallization processes, as
also seen by DSC and POM. When comparing experimental
values of the layer spacing with the molecular length of the
repeating unit in the extended conformation of the terminal
chains, it was possible to calculate tilting angles of the mesogenic
units around 43�, accordingly to values reported for bent-core
compounds in many tilted mesophases.2

All these data validate the lamellar nature of the mesophase
promoted by these main-chain polymers, in agreement with the
typical X-ray diffraction patterns reported for the DCmesophase,
as a variety of SmCP arrangements (for a graphic representation
of the SmCP mesosphase see Figure 1). Furthermore, as can be
seen from these data, the incorporation of the bent-core structure
as part of a polymer chain, allows a significant stabilization of the
mesophase as well as a change from columnar to a lamellar
organization.
Among the different types of SmCP-like order, the presence of

chiral domains can be only explained by an anticlinic and
antiferroelectric (SmCAPA) or a synclinic and ferroelectric
(SmCSPF) arrangement of the molecules, since the other two
possibilities (SmCSPA and SmCAPF) are racemic and therefore
optically inactive (for a graphic representation of these SmCP
mesophases see Figure 1).1 It has been proposed1 that a
correlation exists between the molecular structure inducing the
DC phase and the stabilization of the ferroelectric arrangement
or destabilization of the antiferroelectric organization. However,
results also confirm that the formation of DC textures is
independent of polar order, and layer distortion is also found
in nonpolar SmCPA phases, pointing out that steric and chirality
effects are also required.11e

In the case of compounds P1 and P2, the DC phase is
observed on cooling from the isotropic phase in the absence of
an external electric field. However, when cooling under a strong
square wave (12 V 3 μm

�1 at 10 Hz) a grainy birefringent texture
is obtained.11i,21 The same texture is observed by applying high
electric fields to the DC phase (Figure 4). Nonetheless, by any
event, the typical birefringent texture with circular domains is not
observed in these materials.
In the aim to state the polar nature of the lamellar mesophase

promoted by these main-chain polymers P1 and P2, polarization
studies have been carried out under different field conditions, for
a triangular wave of 50Hz and 26Vpp 3μm

�1 (Figure 7a), and for a

Figure 5. Thermogram of the first heating scan at 20 �C 3min
�1 of a

previously thermally treated sample of polymer P2 several weeks after of
this thermal treatment.
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modified triangular wave that includes a plateau at 0 voltage
(Figure 7b). As the behavior of both compounds has been found
to be similar, Figure 7 shows as an example the switching current
for P1 under a triangular wave and for P2 under a modified
triangular wave. It can be seen that the switching of the field-
induced state is ferroelectric-like (Figure 1c), with only one
broad peak per half cycle, delayed with respect to the field sign
change, as it has been reported for other DC phases of
BCLC.11e,j,l,21 This peak only emerges after the application of

a threshold field of 20 Vpp 3 μm
�1 but by reducing the field

gradually, the peak is also observed for lower voltages. Macro-
scopic polarization values of around 500 nC 3 cm

�2 for P1 and
250 nC 3 cm

�2 for P2 in polydomain samples have been
obtained.
Concerning the dielectric studies, Figure 8 shows the tem-

perature dependence of the dielectric permittivity for 125Hz and
1 kHz for both polymers. The results are reproducible in the
heating and cooling processes and the dielectric permittivity

Figure 6. (a) Model of the polymer organization: (rigth) lateral view of the molecular packing in the tilted lamellar mesophase (see also Figure 1a) and
(b) X-ray scattering radial distribution in the DC phase for the polymer P1 (at 70 and 140 �C) and polymer P2 (at 70 and 160 �C).

Figure 7. Polarization switching current in the SmCP phase of P1 (at 150 �C) under a triangular-wave electric field (50 Hz, 26 Vpp 3 μm
�1) and P2 (at

170 �C) under a modified triangular-wave electric field (50 Hz, 26 Vpp 3 μm
�1).

Figure 8. Dielectric permittivity versus temperature for polymers P1 and P2, on heating and cooling runs.
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reaches a value of ca. 30 in the mesophase. These values are
frequently found in SmCP mesophases.2

We conclude by mentioning that the effect of electric fields on
the distorted layer structure depends heavily on the previously
applied electric fields. After the removal of square or triangular
waves in some occasions the dark texture has been recovered
even with fewer defects than before the application of the field,
see Figure 4, 4th row, for example.

’CONCLUSIONS

Hydrosilylation polyaddition of a bent-core monomer has
allowed preparing for the first time bent-core based main-chain
liquid-crystalline polymers that form the peculiar “dark conglom-
erate” mesosphase (DC) in broad ranges of temperature. Inter-
estingly, in the case of the present main-chain siloxane-based
polymer, this unique fluid from achiral molecules with segregated
homoquiral domains, vitrifies which allows keeping the chiral
order at room temperature. Moreover, due to the macromole-
cular nature of these materials, strong electric fields are needed to
affect the locally but globally disordered lamellar structure
precluding the evolution to a conventional SmCP phase. These
results open new possibilities in the route to the knowledge of
this chiral organization but also for the application of this phase as a
new source of optical activity in supramolecular systems and for new
stimuli-responsive functional materials with useful properties.
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