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Several series of novel banana-shaped H-bonded symmetric trimers (with two H-bonds) and asymmetric
heterodimers (with one H-bond) were self-assembled by appropriate molar ratios of proton donors (H-donors)
and acceptors (H-acceptors). The influences of H-bonded linking positions and aromatic ring numbers (4-8
aromatic rings in the rigid cores) as well as the chain lengths (n, m ) 12 or 16, respectively, in the flexible
parts) on the mesomorphism and the switching behavior of the bent-core supramolecules were evaluated and
theoretically analyzed. Except for the supramolecular structures with longer rigid cores or shorter flexible
chains possessing the rectangular columnar (Colr or B1) phase, the SmCAPA phase was revealed in most
supramolecular asymmetric heterodimers and switched to the SmCSPF phase by applying electric fields. The
polar smectic C phase was dominated for those with H-bonded sites apart from the core center. Interestingly,
the SmA and nematic phases were observed in H-bonded asymmetric dimers with H-bonded sites close to
the core center, which theoretically proved that the polar smectic C phase was disfavored due to an unfavorable
bend angle (smaller than the lower limit of 110°) in the lowest-energy H-bonded conformer. Compared with
the fully covalently bonded analogue, lower transition temperatures and lower threshold voltages were developed
in the H-bonded asymmetric dimers with the polar smectic C phase. On the basis of the theoretical calculations
of molecular modeling, the existence of polar switching behavior in the polar smectic C phase of asymmetric
heterodimers was proven to be associated with their configurations with higher dipole moments and suitable
bend angles. Furthermore, the lack of polar switching behavior in supramolecular symmetric trimers, which
exhibited the regular SmC phase with weak electrical stabilities, was related to their configurations with
smaller dipole moments and confirmed by theoretical calculations.

Introduction

The concept of supermolecules bearing noncovalent bond
segments (e.g., hydrogen-bonds (H-bonds)) was investigated and
developed because of its functional properties and extensive
availabilities by the molecular design of inter- or intramolecular
configurations. Self-assembed phenomena through molecular
recognition between complementary constituents have been
explored in various areas, such as biomaterials, liquid crystalline
(LC) materials, and materials for electrooptical applications.1

Interestingly, supramolecular approaches have been employed
recently in mesomorphic studies to establish self-assembled
molecules, such as H-bonded mesogens.2 Ferroelectric and
antiferroelectric liquid crystals (FLCs and AFLCs) become more
important due to their fast response of electrooptical properties
by applying external electric fields.3 At early stages, the
molecular design of FLCs was confined to molecular structures
having chiral centers. However, since the first example of the
achiral bent-core (banana-shaped) mesogen possessing switch-
able behavior was explored,4 many kinds of bent-core liquid
crystals have been synthesized to examine their mesomorphic
and electrooptical properties.

Regarding single bent-core molecules with low molecular
weights, the configuration effects, such as various rigid core
shapes, flexible chain lengths, and substituents at different
positions of rigid cores, have been studied, as well.5 Further-
more, bent-core molecules with rodlike rigid units attached to
one end of the terminal flexible chains6 and special bent-core
structures connnected to silicon groups at the centers or the
termini of the flexible chains7 were inspected. In addition,
polymeric,8 dimeric,9 and dendritic bent-core molecules10 also
have been developed. Hence, detailed studies of banana-shaped
molecules with bent-core structures connected by normal
covalent bonds have been surveyed thoroughly. In recent years,
the supramolecular bent-core model in which two complemen-
tary segments are linked through H-bonds has been explained.11

One H-bonded bent-core system formed by oxadiazole me-
sogens was developed and only the SmA phase without
switching behavior was exhibited.12 So far, few records regard-
ing H-bonded banana-shaped liquid crystals with given funda-
mental electric and optical behavior have been reported, and
their analogous side-chain polymers were developed by Serra-
no’s group.13 However, the comprehensive influences of the
number and site of H-bonds on the spontaneous polarization
and switching current behavior of banana-shaped liquid crystal-
line supramolecules are lacking. In addition, the influence of
H-bonds on the threshold voltages of (anti)ferroelectric switch-
ing phenomena and the investigation of dipole moment and bend
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angle effects on polar switching behaviors in H-bonded bent-
core supramolecules have still not been reported.

Herein, to investigate the influence of H-bonded configura-
tions (H-bonded linking positions, the aromatic ring numbers,
and the chain lengths) in molecular skeletons on mesomorphic
and the electrooptical properties of bent-core structures, several
series of novel banana-shaped supramolecules consisting of
H-bonded symmetric trimers (with two H-bonds) and asym-
metric heterodimers (with one H-bond) were self-assembled by
appropriate molar ratios of proton donors (H-donors) and
acceptors (H-acceptors). Three kinds of acidic H-donors (Am,
Bm, and Cm) and five kinds of bent-core H-acceptors (I-II
and IIIn-Vn, bearing double and single terminal pyridyl
groups, respectively) were synthesized and are displayed in
Figure 1. H-bonded symmetric supramolecules were self-
assembled by bis-pyridyl H-acceptors (I-II) with acidic H-
donors (Am and Bm) to form trimers (with two H-bonds), where
acidic H-donor Cm was not used due to the superhigh transition
temperatures of their supramolecules consisting of Cm and
H-acceptors (I-II). H-bonded asymmetric supramolecules were
self-assembled by single-pyridyl H-acceptors (IIIn-Vn) with
acidic H-donors (Am, Bm, and Cm) to form heterodimers (with
one H-bond). In contrast to the fully covalently bonded
structures, the H-bonded effects of H-bonded symmetric trimers
(with two H-bonds) and asymmetric heterodimers (with one
H-bond) with analogous H-bonded configurations with meso-
morphic and electrooptical properties were investigated. The
mesomorphic and electrooptical properties of all H-bonded
complexes were examined and surveyed by polarizing optical
microscopy (POM), differential scanning calorimetry (DSC),
powder X-ray diffraction (XRD) measurements, and electroop-
tical switching experiments. The variation of polar switching
behavior for H-bonded symmetric trimers and asymmetric
heterodimers were evaluated by the theoretical calculation of
electron cloud dispersions, dipole moments, and bend angles.

Experimental Section

Characterization Methods. 1H NMR spectra were recorded
on a Varian Unity 300 MHz spectrometer using DMSO-d6 and
CDCl3 as solvents. Mass data were measured by a Micromass
TRIO-2000 GC/MS. Elemental analyses were performed on a
Heraeus CHN-OS RAPID elemental analyzer. Mesophasic
textures were characterized by polarizing optical microscopy
using a Leica DMLP equipped with a hot stage. Infrared (IR)
spectra were investigated by a Perkin-Elmer Spectrum 100
instrument. Temperatures and enthalpies of phase transitions
were determined by differential scanning calorimetry (model:
Perkin-Elmer Pyris 7) under N2 at a heating and cooling rate of
5 °C min-1. Synchrotron powder X-ray diffraction measure-
ments were performed at beamline BL17A of the National
Synchrotron Radiation Research Center (NSRRC), Taiwan,
where the wavelength of the X-ray was 1.334 431 Å. The XRD
data were collected using imaging plates (area ) 2 × 40 cm2

and a pixel resolution of 100) curved with a radius equivalent
to a sample-to-image plate distance of 280 mm, and the
diffraction signals were accumulated for 3 min. The powder
samples were packed into a capillary tube and heated by a heat
gun, for which the temperature controller is programmable by
a PC with a PID feedback system. The scattering angle, θ, was
calibrated by a mixture of silver behenate and silicon. The
electrooptical properties were determined in commercially
available ITO cells (from Mesostate Corp., thickness ) 4.25
µm, active area ) 1 cm2) with rubbed polyimide alignment
coatings (parallel rubbing direction). A digital oscilloscope
(Tektronix TDS-3012B) was used in these measurements, and
a high-power amplifier connected to a function generator (GW
model GFG-813) with a dc power supply (Keithley 2400) was
utilized in the dc field experiments. During electrooptical
measurements, the modulations of textures by applying electric
fields were observed by POM. The dielectric permittivity studies
were investigated by an impedance/gain-phase analyzer (HP41-
94A) in nonrubbing cells with a cell gap of 9 µm at a frequency
of 5 kHz and various cooling temperatures.

Computational Method. Sets of low-energy structures were
obtained from a systematic pseudo Monte Carlo search using
MacroModel V 9.5 with an all-atom amber* force field in the
gas phase on each bent-core structure of S1, I-A1, IV1-A1,
and III1-B1.14 Five thousand structures were sampled (with
an energy window of 5 kcal/mol) for each search, and they were
minimized using a PR conjugated gradient method to obtain
the lowest-energy structure in each simulation. Unique confor-
mations within 1 kcal/mol of the global minimum were used in
full geometry optimization using Gaussian03 at the B3LYP level
with the 6-31G(d) basis set.15

Synthesis. All synthetic processes were followed according
to the five routes shown in Scheme S1 (see the Supporting
Information). The esterification reactions were carried out via
two procedures (i.e., steps i and iii) to acquire related products.
Protecting reactions proceeded via step iv. Deprotecting actions
were executed by two procedures (i.e., steps ii and v) to
eliminate the protecting groups. In addition, the starting
compounds Am (m ) 12 and 16) were prepared according to
the literature procedures,16 and all synthetic details are described
in the Supporting Information.

Sample Preparation. All H-bonded complexes were con-
structed by mixing appropriate molar ratios of proton donors
and acceptors in solutions of chloroform/THF (∼1:1 vol), which
were self-assembled into supramolecules by evaporating solvents
slowly. Several series of H-bonded, bent-core structures with
4-8 aromatic rings were formed in two types of configurations:

Figure 1. Chemical structures of fully covalently bonded five-ring
bent-core molecule S12,13 H-bonded bent-core symmetric trimers, and
asymmetric dimers containing acidic H-donors (Am, Bm, and Cm)
and pyridyl H-acceptors (I-II and IIIn-Vn).
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(i) asymmetric heterodimers (with one H-bond) consisting of
single-pyridyl H-acceptors (IIIn-Vn, where n ) 12 and 16)
with acidic H-donors (Am, Bm, and Cm, where m ) 12 and
16) and (ii) H-bonded symmetric trimers (with two H-bonds)
consisting of bis-pyridyl H-acceptors (I-II) with acidic H-
donors (Am and Bm, where m ) 12 and 16).

Results and Discussion

Mesophasic and Thermal Properties of H-Bonded Asym-
metric Heterodimers (with One H-Bond). (i) Four- and FiWe-
Ring Systems (IIIn-Am, IIIn-Bm, and IVn-Am). To
understand the influence of H-bonded sites (at the rigid cores)
on mesomorphism, molecular stacking, and thermal properties,
H-bonded four- and five-ring asymmetric heterodimers (i.e.,
IIIn-Am, IIIn-Bm, and IVn-Am (n, m ) 12 and 16,
respectively)), were investigated by POM and DSC measure-
ments. In addition, an analogous fully covalently bonded
structure S12 (n ) 12) with five rings (see Figure 1), which
has been reported by Pelzl et al.,17 was compared, as well.
Furthermore, their mesophasic textures, phase transition tem-
peratures, and enthalpy values are shown in Figure 2a, g, h,
Figure 3a, and Table 1. All complexes IIIn-Am and IIIn-Bm
(n, m ) 12 and 16, respectively) possessed the smectic A (SmA)
phase, which was verified by POM to show the enantiotropic
fanlike texture. For instance, the fanlike texture of complexes
III16-A16 and III16-B16 are demonstrated in Figure 2h and
g, respectively. However, complexes IVn-Am revealed a polar
smectic (B2 or SmCP) phase18 in both heating and cooling
processes, and the POM texture of complex IV12-A12 is
shown in Figure 2a.

Regarding H-bonded four- and five-ring asymmetric het-
erodimers IIIn-Am and IIIn-Bm with different bent-core
lengths (4 and 5 rings) but the same near-central H-bonded sites
at the rigid cores, complexes IIIn-Bm bearing longer bent-
core lengths (5 rings) possessed higher phase transition tem-
peratures and broader SmA phase ranges than analogous
complexes IIIn-Am (4 rings). To compare the mesophasic type
of five-ring complexes IIIn-Bm and IVn-Am with different
H-bonded sites at the rigid cores, the SmCP and SmA meso-
phases were achieved for supramolecular mesogens with far-
and near-central H-bonded sites, respectively. This phenomenon
suggested that the polar smectic phase would be preferred if
the H-bonded site was far away from the bent-core center in
supramolecular design, which means the higher stability of the
SmCP phase was induced by longer covalently bonded bent
cores of IVn in complexes IVn-Am. Moreover, the isotro-
pization temperatures of complexes IIIn-Bm are higher than
those of complexes IVn-Am due to the relatively higher
isotropization temperatures of H-donors Bm with longer rigid
cores in analogous Am and Bm (m ) 12 and 16). In comparison
with analogous compound S12, complexes IVn-Am show
lower phase transition temperatures and similar mesophasic
ranges.

(ii) Six-Ring Systems (IIIn-Cm, IVn-Bm, and Vn-Am).
Three series of comparable six-ring asymmetric heterodimers
(i.e., IIIn-Cm, IVn-Bm, and Vn-Am (n, m ) 12 and 16,
respectively)), were investigated for the influence of different
H-bonded sites (at the rigid cores) on their mesophasic types
and phase transition temperatures, as shown in Table 2 and

Figure 2. POM textures at the cooling process: (a) the polar smectic phase with the spherulite texture of complex IV12-A12 at 96 °C; (b) the
polar smectic phase with spherulite and nonspecific grainy textures of complex IV12-B16 at 100 °C; (c) the polar smectic phase with spherulite
and stripe textures of complex V12-A12 at 100 °C; (d) the Colr phase with dendritic- and mosaic-like textures of complex V12-B12 at 120 °C;
(e) the polar smectic phase with the fanlike texture of complex V16-B16 at 140 °C; (f) the Colr phase with dendritic- and mosaic-like textures of
complex V12-C12 at 130 °C; (g) the smectic A phase with the fanlike texture of complex III16-B16 at 110 °C. (h) the smectic A phase with the
fanlike texture of complex III16-A16 at 95°.
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Figure 3b. With respect to the mesophasic types, the enantio-
tropic nematic phase was obtained in complexes IIIn-Cm (n,
m ) 12 and 16, respectively) with near-central H-bonded sites
(at the rigid cores) to indicate their loose molecular stackings,
but analogous complexes IVn-Bm and Vn-Am (n, m ) 12
and 16, respectively) exhibited SmCP phases owing to their far-
central H-bonded sites, whose trends are the same as five-ring
asymmetric heterodimers IVn-Am with H-bonded sites far
away from the bent-core centers. The mesophasic textures were
examined by POM experiments. For instance, complex
IV12-B16 reveals spherulite and nonspecific grainy textures
in Figure 2b, and complex IV12-A12 exhibited spherulite and
stripe textures in Figure 2c, which suggested the polar smectic
(SmCP) phase.

Comparing the phase transition temperatures of six-ring
asymmetric heterodimers IIIn-Cm, IVn-Bm, and Vn-Am
(Figure 3b), complexes IIIn-Cm revealed the highest isotro-
pization temperatures due to the relatively much higher isotro-
pization temperatures of ingredients in H-donors Cm with the
longest rigid cores (see Supporting Information Figure S1 and
Table S1) in analogous Am, Bm, and Cm (m ) 12 and 16).
Similar phenomena were also displayed for isotropization
temperatures of five-ring complexes IIIn-Bm and IVn-An.
Meanwhile, the SmCP phase ranges of Vn-Am are slightly
wider than those of IVn-Bm, which might be due to the higher
stability of the SmCP phase caused by longer covalently bonded
bent cores of Vn in complexes Vn-Am.

(iii) SeWen- and Eight-Ring Systems (IVn-Cm, Vn-Bm,
and Vn-Cm). Three series of H-bonded seven- and eight-ring
asymmetric heterodimers (i.e., IVn-Cm, Vn-Bm, and
Vn-Cm (n, m ) 12 and 16, respectively)), were investigated
for the influence of different H-bonded sites (at the rigid cores)
and ring numbers on their mesophasic types and phase transition

Figure 3. Phase diagrams (upon second cooling) of asymmetric heterodimers: (a) four- and five-ring systems (IIIn-Am, IIIn-Bm, and IVn-Am);
(b) six-ring systems (IIIn-Cm, IVn-Bm, and Vn-Am); (c) seven- and eight-ring systems (Vn-Bm and Vn-Cm), and symmetric trimers: (d)
five- and seven-ring systems (I-Am and II-Am).

TABLE 1: Phase Transition Temperatures and Enthalpies
of H-Bonded Four- and Five-Ring Asymmetric
Hetero-Dimers (with One H-Bond)a

a I ) isoptropic state; SmA ) smectic phase with no (or less) tilt
angle arrangements; SmCP ) polar tilt smectic phase; K )
crystalline state. The phase transitions were measured by DSC at
the 2nd cooling scan with a cooling rate of 5 °C min-1. Phase
transitions of compound S12 were obtained as I 119.0 [22.5]
CmCP 109.0 [41.9] K, which were reported by Pelzl et al.13
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temperatures, as shown in Table 3 and Figure 3c. Due to the
large variation of solubilities in H-donors Cm and H-acceptors
IVn, phase separation occurred in the preparation of complexes
IVn-Cm, so these complexes could not be compared in this
study. In regard to the mesophasic types, the nematic phase was
observed in both series of complexes Vn-Bm and Vn-Cm.
In addition, the rectangular columnar (Colr or B1) and SmCP
phases were obtained in complexes Vn-Bm (n, m ) 12 and
16, respectively) with seven rings (at the rigid cores), where
complex V12-B12 demonstrated the Colr phase due to its
shorter flexible chain length (n, m ) 12). However, analogous
complexes Vn-Cm (n, m ) 12 and 16) with eight rings (at
the rigid cores) exhibited only the Colr phase owing to their
longer rigid cores, in contrast to complexes Vn-Bm (with seven
rings). The mesophasic textures were evidenced by POM
experiments. For example, complex V16-B16 displayed the
fanlike texture in Figure 2e as evidence of the polar smectic
(SmCP) phase, and complexes V12-B12 and V12-C12
exhibited dendritic-like and mosaic-like textures in Figure 2d
and f, which were the symbolic textures of the Colr phase. In
general, complexes Vn-Cm (with eight rings) had higher
transition temperatures and wider nematic phase ranges than
Vn-Bm (with seven rings), in which the wider nematic phase

ranges in complexes Vn-Cm is due to their higher length ratios
of rigid cores (with eight rings) to flexible chains.

Overall, comparing all H-bonded asymmetric heterodimers
(with one H-bond), complexes IVn-Am, IVn-Bm, Vn-Am,
and Vn-Bm (n, m ) 12 and 16, respectively, except
V12-B12) possessed the SmCP phase. Furthermore, complexes
Vn-Bm (n, m ) 12 and 16, respectively, except V12-B12)
had the highest transition temperatures and the widest ranges
of the SmCP phase.

Mesophasic and Thermal Properties of H-Bonded Sym-
metric Trimers (I-Am, I-Bm, II-Am, and II-Bm with
Two H-Bonds). Four series of analogous symmetric trimers
(i.e., I-Am, I-Bm, II-Am, and II-Bm (m ) 12 and 16)
with five, seven, and nine rings) were investigated for the
influence of different ring numbers and H-bonded sites (at the
rigid cores) on their mesophasic types and phase transition
temperatures, as shown in Table 4 and Figure 3d. Due to the
large variation of solubilities in H-donors Am, Bm, and
H-acceptor II, phase separation occurred in the preparation of
complexes II-Am and II-Bm, so these complexes could not
be compared in this study. Regarding the mesophasic types, a
tilt smectic phase was observed in both series of complexes
I-Am and I-Bm (m ) 12 and 16), in which a SmX phase

TABLE 2: Phase Transition Temperatures and Enthalpies of H-Bonded Six-Ring Asymmetric Heterodimers (with One
H-Bond)a

a I ) isoptropic state; N ) nematic phase; SmCP ) polar tilt smectic phase; K ) crystalline state. The phase transitions were measured by
DSC at the 2nd cooling scan with a cooling rate of 5 °C min-1.
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was obtained in complexes I-Bm with seven rings (at the rigid
cores). The mesophasic textures were observed by POM
experiments. For instance, complex I-A12 revealed the tilt
smectic phase with spherulite and schlieren textures in Figure
4a, and complex I-B12 exhibited the tilt smectic (SmC) phase
with the fanlike texture in Figure 4b, which were evidence of
the tilt smectic (SmC) phase. In addition, complex I-B12
demonstrated the undefined smectic phase with the arced fanlike
texture in Figure 4c.

To compare the phase transition temperatures of symmetric
trimers I-Bm and I-Am (m ) 12 and 16) (Figure 3c),
complexes I-Bm (with seven rings) possessed higher isotro-
pization temperatures and wider SmC phase ranges than

complexes I-Am (with five rings) due to the longer rigid core
of I-Bm. Overall, in contrast to H-bonded asymmetric het-
erodimers (with one H-bond), not all H-bonded symmetric
trimers (I-Am and I-Bm with two H-bonds) show the SmCP
phase due to higher flexibilities of two H-bonds in the
supramolecular complexes.

IR Characterization. To prove the formation of supramol-
ecules (compared with the transition temperatures of individual
components in Figure S1 and Table S1 of the Supporting
Information), new transition temperatures and homogeneous
phase transitions of H-bonded complexes would be observed
in DSC and POM measurements, respectively. In addition, the
existence of H-bonds in these H-bonded complexes can be
characterized by IR spectra at various temperatures. Therefore,
two examples of asymmetric and symmetric H-bonded com-
plexes are demonstrated as follows:

The IR spectra of H-bonded asymmetric complex V16-B16
(with one H-bond) and its constituents V16 (H-acceptor) and
B16 (H-donor) are compared in Figure 5 to examine the H-bonds
in crystalline and mesophasic states. In contrast to the O-H
band of pure B16 (self-H-bonded dimeric acids) at 2546 cm-1,
the weaker O-H bands observed at 2506 and 1920 cm-1 in the
H-bonded complex V16-B16 were indicative of hydrogen
bonding between the pyridyl group of H-acceptor V16 and acidic
group of H-donor B16. On the other hand, a CdO stretching
vibration appeared at 1742 cm-1 in complex V16-B16, which
showed that the carbonyl group is in a less associated state than
that in pure B16 with a weaker CdO stretching vibration
appearing at 1729 cm-1 in either the crystalline phase or
mesophases (Figure 5a and b).19 Both results suggested that
H-bonds formed between B16 and V16 in both the solid and
mesophasic states of complex V16-B16.

In addition, similar IR analysis of H-bonds in symmetric
H-bonded complex I-B16 (with one H-bond) was inspected
at various temperatures. With the IR evidence of a weak O-H
band at 2516 and 1914 cm-1 and less association of CdO
stretching vibration at 1740 cm-1, as shown in Figures 5c and
d, it revealed the successful supramolecular framework of
H-bonded complex I-B16 by complexation of H-donor B16
and H-acceptor I in 2:1 molar ratio.

Powder XRD Analyses of H-Bonded Asymmetric Het-
erodimers (with One H-Bond). (i) Four- and FiWe-Ring
Systems (IIIn-Am, IIIn-Bm, and IVn-Am). The H-bonded
molecular organizations of four- and five-ring asymmetric
complexes in different mesophases (smectic phases) were
investigated by XRD measurements (see Table 5). Wide-angle
diffuse peaks corresponding to a d-spacing value of 4.6 Å
indicated that similar liquidlike, in-plane orders with average
intermolecular distances were prevalent inside the smectic layers
of all H-bonded complexes. In addition, sharp XRD peaks
indexed as (001) were observed at the corresponding d-spacing
values of d1 ) 42.5, 46.1, 46.6, and 49.5 Å in small-angle
regions of III12-A12, III12-A16, III16-A12, and
III16-A16, respectively. The tilt angle values (between the
molecular axis and the layer normal) were calculated from the
values of d-spacing (d1) and molecular length (L), where L is
the theoretical coplanar molecular length from the molecular
modeling. Almost equal values of d-spacing and calculated L
were obtained in all complexes IIIn-Am (n, m ) 12 and 16),
which revealed that LC molecules were nearly perpendicular
to the plane surface. Hence, the XRD data supported the
existence of the SmA phase, which was also verified by POM
experiments to observe the fanlike and homeotropic textures.
The analogous XRD results also suggested the SmA phase for

TABLE 3: Phase Transition Temperatures and Enthalpies
of H-Bonded Seven- and Eight-Ring Asymmetric
Heterodimers (with One H-Bond)a

a I ) isoptropic state; N ) nematic phase; Colr ) column
rectangular (Colr) phase; SmCP ) polar tilt smectic phase; K )
crystalline state. The phase transitions were measured by DSC at
the second cooling scan at a cooling rate of 5 °C min-1.

TABLE 4: Phase Transition Temperatures and Enthalpies
of H-Bonded Symmetric Trimers (with Two H-Bonds)

a The temperature data is observed in POM only. The phase
transitions were measured by DSC at the second cooling scan with
a cooling rate of 5 °C min-1. I ) isoptropic state; SmC ) normal
tilt smectic phase without polar switching behavior; B1 ) column
rectangular (Colr) phase; SmX ) undefinded smectic phase; K )
crystalline state.
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all complexes IIIn-Bm, which exhibited a single sharp
reflection peak in the small-angle region with d1 corresponding
to the calculated L to prove the SmA phase. The detailed XRD
data are illustrated in Table 5.

With respect to complexes IVn-Am, sharp peaks indexed
as (001) in the small-angle region were obtained at the associated

d-spacing values of d1 ) 42.2, 47.6, 46.3, and 50.6 Å in
IV12-A12, IV12-A16, IV16-A12, and IV16-A16, respec-
tively. The tilt angles (θ) calculated from the values of d1 and
L were around 35-39°, and the tilt angles were normally larger
than those of the SmC phase (without polar switching behavior),
which has also been confirmed in previous reports.20 It is an
indication that tilt lamellar arrangements existed in the me-
sophasic range of all complexes IVn-An. Therefore, the two-
dimensional structures of the SmCP phase in complexes
IVn-An were further confirmed by the XRD results.

(ii) Six-Ring Systems (IIIn-Cm, IVn-Bm, and Vn-Am).
The structural arrangements of six-ring asymmetric complexes
IVn-Bm and Vn-Am investigated by XRD measurements are
shown in Table 6. Only broad peaks of complexes IIIn-Cm
in small- and wide-angle regions were obtained in the mesopha-
sic ranges, which ruled out the presence of the smectic phase
and thus suggested the existence of the nematic phase. However,
one set of sharp peaks indexed as (001) with lamellar orders in
complexes IVn-Bm and Vn-Am were observed at the related
d1 values of 42-52 Å, which implied the polar smectic (SmCP)
phase with tilt angles of 31-42°.

Figure 4. POM textures at the cooling process: (a) the until smectic phase with spherulite and schlieren texture of complex I-A12 at 100 °C; (b)
the till smectic phase with the fanlike texture of complex I-B12 at 130 °C; (c) the undefined smectic phase with the arced fanlike texture of
complex I-B12 at 80 °C.

Figure 5. IR spectra of H-bonded asymmetric heterodimeric complex V16-B16 (a) at variable temperatures and (b) its composed moieties (at
room temperature); H-bonded symmetric trimeric complex I-B16 (c) at variable temperatures and (d) its composed moieties (at room temperature).

TABLE 5: XRD Data of H-Bonded Four- and Five-Ring
Asymmetric Hetero-Dimers (with One H-Bond)

complex
measured

spacing (d)/Å
Miller
index

theoretical
length (L)/Å

tilt
angle/°

III12-A12 42.5 (001) 43.4 11.7
III12-A16 46.1 (001) 46.5 7.5
III16-A12 46.6 (001) 46.7 3.8
III16-A16 49.5 (001) 49.7 5.1
III12-B12 51.9 (001) 52.1 5.9
III12-B16 55.4 (001) 55.6 4.9
III16-B12 54.6 (001) 55.5 10.3
III16-B16 59.2 (001) 59.8 8.2
IV12-A12 42.2 (001) 54.5 39.2
IV12-A16 47.6 (001) 58.3 35.2
IV16-A12 46.3 (001) 58.2 37.2
IV16-A16 50.6 (001) 61.8 35.0
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(iii) SeWen- and Eight-Ring Systems (Vn-Bm and
Vn-Cm). The structural arrangements of seven- and eight-ring
asymmetric complexes Vn-Bm and Vn-Cm investigated by
XRD measurements are shown in Table 7. Regarding the
complexes Vn-Bm, the tilt smectic arrangements were dem-
onstrated in V12-B16, V16-B12, and V16-B16. For example,
sharp layer reflection peaks (up to the third-order diffraction,
as shown in Figure 6a) were observed at the associated d-spacing
values of d1 ) 54.2 Å, d2 ) 27.6 Å, and d3 ) 17.9 Å, with tilt
angles ∼42° in complex V16-B16 as the evidence of the tilt
lamellar arrangements. However, two sharp reflection peaks
indexed as (011) and (002) were observed at the corresponding
d-spacing values of d1 ) 44.9 Å and d2 ) 32.4 Å in complex
V12-B12 to reveal the rectangular columnar arrangement.5f,21

The analogous XRD results also suggested the Colr phase for
all complexes Vn-Cm. For instance, two sharp reflection peaks
indexed as (011) and (002) indicated the rectangular columnar
arrangement as the example of one- and two-dimensional XRD
patterns in complex V16-C16 (see Figure 6b). The two-
dimensional lattice parameters could be calculated as a ) 67.2
Å and b ) 60.5 Å, as shown in the inserted pattern of Figure
5b. All center-rectangular lattices with two-dimensional lattice
parameters were identified as a Colr phase, as revealed in
Table 7.

Powder XRD Analyses of H-Bonded Symmetric Trimers
(I-Am and I-Bm, with Two H-Bonds). Two series of
analogous symmetric trimers with mesomorphic properties (i.e.,
I-Am and I-Bm (m ) 12 and 16) containing 5 and 7 rings)
were investigated by XRD measurements to evaluate the
influence of different ring numbers (at the rigid cores) on their

layer spacing values, as shown in Table 8. The tilt lamellar
arrangements with various tilt angles (as shown in Table 8) were
confirmed by XRD measurements in the mesophasic ranges of
complexes I-Am and I-Bm (m ) 12 and 16) according to
the observation of sharp and broad diffuse XRD diffraction
peaks in small and wide angle regions, respectively. Generally,
the tilt angles of complexes I-Bm (containing seven rings) are
larger than those of complexes I-Am (containing five rings).

Spontaneous Polarization (Ps) Behavior and Dielectric
Analysis of H-Bonded Complexes. To prove the polar switch-
ing properties in symmetric trimer and asymmetric heterodimer
complexes, the triangular wave method22 was applied to measure
the switching current behavior (i.e., the spontaneous polariza-
tion) under 4.25-µm-thick parallel rubbing cells. Two current
peaks per half period of an applied triangular voltage were
obtained in the switching current response curves of all SmCP
phase in the asymmetric heterodimeric complexes IVn-Am,

TABLE 6: XRD Data of H-Bonded Six-Ring Asymmetric
Hetero-Dimers (with One H-Bond)

complex
measured

spacing (d)/Å
Miller
index

theoretical
length (L)/Å

tilt
angle/°

IV12-B12 42.3 (001) 57.5 42.6
IV12-B16 49.0 (001) 60.9 36.4
IV16-B12 50.3 (001) 60.7 34.1
IV16-B16 52.7 (001) 64.0 34.6
V12-A12 46.6 (001) 54.1 31.0
V12-A16 48.7 (001) 59.2 34.9

24.4 (002)
V16-A12 49.0 (001) 59.3 34.3

24.3 (001)
V16-A16 51.3 (100) 61.7 33.9

TABLE 7: XRD Data of H-Bonded Seven- and Eight-Ring
Asymmetric Heterodimers (with One H-Bond)

complex
measured

spacing (d)/Å
Miller
index

theoretical
length (L)/Å

tilt angle or
lattice parameters

V12-B12 44.9 (011) 65.8 a ) 64.8 Å
32.4 (002) b ) 62.3 Å

V12-B16 51.3 (001) 69.4 42.3°
25.8 (002)

V16-B12 52.4 (001) L ) 69.6 41.2°
26.2 (002)

V16-B16 54.2 (001) 72.9 41.9°
27.6 (002)
17.9 (003)

V12-C12 40.0 (011) 66.9 a ) 65.2 Å
32.6 (002) b ) 50.6 Å

V12-C16 42.2 (011) 70.5 a ) 65.8 Å
32.9 (002) b ) 55.0 Å

V16-C12 41.1 (011) 69.7 a ) 66.2 Å
33.1 (002) b ) 52.4 Å

V16-C16 46.3 (011) 73.1 a ) 67.2 Å
33.6 (002) b ) 60.5 Å

Figure 6. Powder X-ray diffraction intensity vs angle profiles
obtained upon cooling from the isotropic phase: (a) in the polar
smectic phase of complex V16-B16 and (b) in the Colr phase of
complex V16-C16.

TABLE 8: XRD Data of H-Bonded Symmetric Trimers
(with Two H-Bonds)

complex
measured

spacing (d)/Å
Miller
index

theoretical
length (L)/Å

tilt
angle/°

I-A12 32.5 (001) 46.2 45.3
I-A16 40.9 (001) 50.9 36.5
I-B12 33.5 (001) 61.1 56.7
I-B16 37.6 (001) 66.6 55.6
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IVn-Bm, Vn-Am, and Vn-Bm (n and m ) 12 and 16,
except V12-B12). For instance, the two-peak switching current
response curves of complexes IV12-A12 and V16-B16 are
shown in Figure 7. Here, the characteristic behavior of a
sequential electric response was due to a ferroelectric state
switched into an antiferroelectric ground state and back to the
opposite ferroelectric state, which confirmed the SmCPA (A )
antiferroelectric behavior) structure of the B2 phase in these
asymmetric heterodimeric complexes.23 The Ps values (the
saturated values at high voltages) could be calculated in the
ranges of 200-240, 135-140, 140-145, and 115-125 nC/cm2

for complexes Vn-Bn, Vn-An, IVn-Bn, and IVn-An,
respectively. The Ps values were higher in complexes with
longer rigid-core rings but were not influenced by the H-bonded
sites and flexible chain lengths. As shown in Figure 8, the
spontaneous polarization values vs applied electric fields were
surveyed in the SmCP phase of the H-bonded asymmetric
heterodimers (Vn-Bn, Vn-An, IVn-Bn, and IVn-An),
where the maximum applied voltages (peak to peak) were Vpp

) 600-650 V and the saturated Ps values were reached at
voltages above Vpp ) 200-230 V. In contrast, the saturated Ps
value of 500 nC/cm-2 in compound S12 was obtained at a much
higher voltage above Vpp ) 320 V in our study (as shown in
Figure S2 of the Supporting Information). Hence, the H-bonded
substitution for the covalently bonded ester groups in the bent-
core systems would not only decrease the phase transition
temperatures but also reduce the voltages of the saturated Ps
values due to the softer rigid-core configurations in the H-bonded
complexes.

However, since the B1rev and B1rev,tilt phases have the
switching phenomena by applying electric fields,10a,24 the Colr

(B1) phase in complexes V12-B12 and Vn-Cm (n, m ) 12
and 16) was confirmed considering no switching current
behavior was observed. Moreover, the Colr phase was further
verified in view of no texture variation (in 4.25-µm-thick parallel
rubbing cells) under polarizing optical microscopy by applying

Figure 7. Switching current responses of H-bonded asymmetric
heterodimers (a) IV12-A12 at 95 °C (as Vpp ) 180 V, f ) 60 Hz) and
(b) V16-B16 at 130 °C (as Vpp ) 120 V and f ) 100 Hz) by applying
a triangular wave (in parallel rubbing cells with 4.25 µm thickness).

Figure 8. Ps values as a function of applied voltages (at the SmCP phase as f ) 60 Hz) for complexes (a) IVn-Am, (b) IVn-Bm, (c) Vn-Am,
and (d) Vn-Bm.
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electric fields up to 400 Vpp (peak to peak). Regarding the
electrooptical properties of the SmC phase in symmetric trimers
I-Am and I-Bm (m ) 12 and 16, with two H-bonds), it was
proven that no switching current responses were observed under
AC fields. As the applied electric field was raised to 200 Vpp,
the fanlike domain was broken into the grainy domain, which
suggested the unstable H-bonds were due to the symmetric bent-
core structures with two H-bonds.

The antiferroelectricity was also further evidenced by the
dielectric permittivity studies, and compound S12 and H-bonded
complexes IV12-A12, V16-B16, and I-A12 were investi-
gated under their cooling processes at a frequency of 5 kHz in
nonrubbing cells (9 µm cell gap), as shown in Figure 9. Higher
permittivity values (ε ∼ 32) of the SmCP phase were observed
than those of the isotropic, nematic, and crystalline states in
complex V16-B16, which indicates the antiferroelectric polar
smectic phase.25 Similar higher permittivity values (ε ∼ 10-15)
of the SmCP phase in compound S12 and H-bonded complex
IV12-A12 were also obtained. However, no higher permittivity
values were achieved in the SmC phase of complex I-A12 to
further prove the tilt smectic phase without polar switching
behavior.

Chirality Investigation. In addition to the triangular wave
method, a switching process could also be checked through the
rotation of the extinction crosses (Figure 10) by applying (or
after removing) opposite dc electric fields in the bent-core
H-bonded complexes with the SmCP phase. For instance,
circular domains of complex IV16-A16 were formed in the
SmCP mesophasic range, in which the smectic layers were
circularly arranged around the centers of the domains. The layer
structures were arranged according to the domain models
proposed by Link et al.26 As shown in Figure 10, the rotation
of the extinction crosses during the switched on and off states
in complexes IV16-A16 and V16-B16 demonstrated the chiral
domain behavior.27 In view of Figure 10a and c, by applying
dc electric fields (with reverse polarities), the extinction crosses
rotated either counterclockwise or clockwise (i.e., rotated
oppositely with positive and negative fields), indicating a
synclinic tilt in the ferroelectric state (SmCSPF). By removing
the electric fields (off state), the extinction crosses were
reoriented back to the crossed polarizer directions (see Figure
10b), indicating an anticlinic tilt in the antiferroelectric ground
state (SmCAPA). Similarly, complex V16-B16 yielded the
synclinic and ferroelectric SmCSPF state by applying opposite

dc electric fields (see Figure 10d and f), and the SmCAPA state
after removing electric fields (see Figure 10e).

The chiral domain behavior could also be proven by the
method of rotating the polarizer without applying electric
fields.15 For example, the polarizer was rotated clockwise by a
small angle of 10° from the crossed position in complex
V16-B16, then the dark and bright domains become clearly
distinguishable (see Figure 11a). On rotating the polarizer
counterclockwise by the same angle (10°) from the crossed
position, the previously observed dark domains turned to bright
domains, and vice versa (see Figure 11b). This observation was
also indicative of the occurrence of chiral domains with opposite
handedness.

Theoretical Analyses of Dipole Moments and Bent Angles
in H-Bonded Complexes. To analyze the variation of the
polarities by insertion of single and double H-bonds in H-bonded
complexes, the supramolecular dipole moments, electron cloud
distributions, and bend angles were calculated by molecular
modeling, which would influence the polar switching behavior
in covalently and H-bonded bent-core structures with suitable
bent cores and flexible chains. Four simplified bent-core
structures, including H-bonded complexes I-A1, III1-B1, and
IV1-A1 and covalently bonded compound S1, bearing meth-
oxyl groups at their terminuses were designed as shown in
Figure 12, where the electron cloud distributions of these model
structures are demonstrated. Due to the H-bonds, the polarities
and dipoles of complexes I-A1, III1-B1, and IV1-A1 were
reduced by the noncovalent aggregation of H-bonded electrons
at benzoic acid positions. As shown in Table 9, the theoretical
calculations of molecular modeling for covalently and H-bonded
bent-core structures with lowest energies (see Supporting
Information) were simulated by Gaussian0315 at the B3LYP
level with the 6-31G(d) basis set. Regarding covalently bonded
compound S1, the projected low values of dipole moments along
the X and Z directions were equal to 1.394 and 0.172 D, which
were mutually offset due to the symmetric structure. However,
a large value of -4.123 D in the Y direction was evaluated to
contribute to the total dipole moment in the molecular polar
direction. Because of the symmetric skeleton in H-bonded
complex I-A1, similar results of the projected low values of
dipole moments in the X and Z dimensions were eliminated to
1.041 and -0.090 D, and a very small value of 1.126 D was
acquired in the Y dimension due to the noncovalent electron
aggregation of H-bonded sites. Hence, a much smaller total
dipole moment of 1.53 D (along with the smallest polarity) was
obtained for the simplified H-bonded complex I-A1, thus
suggesting the nonpolar switching behavior for H-bonded
symmetric trimers I-Am (with two H-bonds). In contrast to
complex I-A1, the polar destruction was also obtained in the
Y direction (-2.971 D) for complex IV1-A1 due to the
noncovalent electron aggregation of H-bonded sites. However,
the projective dipole contribution along X and Z directions
(-3.418 and -0.022 D, respectively) were revealed as a result
of the asymmetric structure in complex IV1-A1. Therefore,
the total dipole moment of 4.53 D in complex IV1-A1 was
achieved to suggest the polar switching behavior for H-bonded
asymmetric dimers IVn-Am (with one H-bond). Comparing
complexes I-A1 and IV1-A1, the polar switching behavior
of H-bonded asymmetric dimers IVn-Am can be expected
according to the visualization of the simplified model complex
IV1-A1 with larger total dipole moments.

In the investigation of bend angle effect on the polar switching
behavior of bent-core liquid crystals, the suitable bend angle
for bent-core molecular configuartion is better close to 120°

Figure 9. Dielectric permittivity studies of compound S12 and
H-bonded complexes IV12-A12, I-A12, and V16-B16 in the cooling
processes.
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(or in the range of 110-130°).28,5f Usually, calamitic LC
materials possessing bent-core configurations with bend angles
larger than 130° or less than 110° will reveal normal mesophases
without polar switching behavior, such as the smectic C, smectic
A, and nematic phases. In our theoretical molecular modeling,
bend angles of almost 120° and 114° were obtained in molecules
S1 and IV1-A1, respectively, to support the existence of
spontaneous polarization. However, the lower bend angle values
(less than ∼100°) were achieved in complex III1-B1 due to
the near central-site H-bonds, even if the sufficient total dipole
moment values (∼4.10 D) were acquired. It would be speculated
that the deficiency of polar switching behavior in H-bonded
asymmetric dimers with single near-central H-bonded sites, such
as complexes IIIn-Bm and IIIn-Cm, was a result of their
small bend angles (less than ∼100°). Overall, the asymmetric
H-bonded molecular design as well as the suitable molecular
bend angle is useful to enhance the total dipole moments and
polarities in accordance with the theoretical analyses of mo-
lecular modeling, and the spontaneous polarization and switch-
ing behavior can be not only experimentally proven but also
theoretically predicted in our study.

Conclusions

In summary, several series of novel banana-shaped liquid
crystalline supramolecules consisting of H-bonded symmetric
trimers (with two H-bonds) and asymmetric heterodimers
(with one H-bond) were self-assembled by appropriate molar
ratios of proton donors and acceptors. The influences of
H-bonded linking positions and aromatic ring numbers (in
the rigid cores) as well as the chain lengths (in the flexible
parts) on the mesomorphism and the switching behavior of
the bent-core supramolecules were reported. Moreover, the
voltage-dependent switching properties of spontaneous po-
larization (Ps) in the polar smectic C phase of the banana-
shaped H-bonded complexes were observed. In the normal
field-off state, except for the supramolecular structures with
longer rigid cores or shorter flexible chains possessing the
rectangular columnar (Colr or B1) phase, the SmCAPA phase
was revealed in most supramolecular asymmetric het-
erodimers (with one H-bond), which was switched to the
SmCSPF phase by applying electric fields. In addition, the
SmA and nematic phases were observed in H-bonded

Figure 10. POM textures of the antiferroelectric SmCAPA chiral domain (in a parallel rubbing cell with a cell gap of 4.25 µm) in five-ring complex
IV16-A16 by applying dc electric fields from (a) -50 to (b) 0 to (c) +50 V; in seven-ring complex V16-B16 by applying dc electric fields from
(d) -50 to (e) 0 to (f) +50 V. (White arrows are the directions of polarizers and analyzers.)
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asymmetric dimers with H-bonded sites close to the core
center, but the polar smectic C phase dominated for those
with H-bonded sites apart from the core center. Compared
with the fully covalently bonded analogue, lower transition
temperatures and lower threshold voltages were developed
in H-bonded asymmetric dimers with the polar smectic C
phase. The existence of polar switching behavior in the polar

smectic C phase of asymmetric heterodimers (with one
H-bond) related to the molecular configurations with higher
dipole moments as well as the suitable bend angle was further
demonstrated by the theoretical calculations of molecular
modeling. In addition, the lack of polar switching behavior
in supramolecular symmetric trimers (with two H-bonds),
which exhibited the regular SmC phase with weak electrical
stabilities, might be related to their configurations with
smaller dipole moments. Finally, due to the low electrical
stabilities of the H-bonded symmetric trimers (with two
H-bonds), their supramolecular architectures with the polar
smectic C phase may be preserved or created by the
stabilization H-bonded structures through further auxiliary
techniques (such as copolymerization and blending with
covalently bonded analogues) in the future studies. Finally,
the spontaneous polarization and switching behavior of
H-bonded banana-shaped LC materials are for the first time
experimentally proven and theoretically predicted in our
study.
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Figure 11. Chiral domain textures for complex V16-B16. (Arrows
are the directions of polarizers and analyzers.)

Figure 12. Molecular electrostatic potential mapped on the electron
density isosurface of 0.0004 au of the lowest energy structure for the
four bent-core structures: (a) S1, (b) I-A1, (c) IV1-A1, and (d)
III1-B1.

TABLE 9: Calculated Dipole Moments and Bent Angles of
Optimized Covalently and H-Bonded Bent-Core Structures
at the B3LYP/6-31G(d) Level

compound bend angle (°)a axial dipole moment (Debye)

S1 120.0 X 1.394
Y -4.123
Z 0.172
total 4.35

I-A1 131.2 X 1.041
Y 1.126
Z -0.090
total 1.53

IV1-A1 113.7 X -3.418
Y -2.971
Z -0.022
total 4.53

III1-B1 99.6 X -1.385
Y -3.837
Z -0.457
total 4.10

a Bend angle (°) measured as the angle between the first, central,
and final benzene rings’ centers of the bent-core structures. The
dipole moments of the lowest energy structure are given, and the
calculated dipoles are in the range of 4.00-8.85 (S1), 0.21-1.94
(I-A1), 4.53-6.69 (IV1-A1), and 4.10-7.24 (III-B1) (see
Supporting Information). Sets of unique conformations within 1
kcal/mol of the global minimum from conformational search using
molecular mechanics force-field were used for full geometry
optimization at the B3LYP/6-31G(d) level.
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by theoretical calculations of molecular modeling. This
information is available free of charge via the Internet at
http://pubs.acs.org.
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